; QRSTe3eppL, 6bT h METHODS AND APPARATUS FOR CHARACTERI ZI NG BOARD TEST
COVERAGE Background of the Invention I'n the past) the "board test coverage"
provi ded by a particular test 5 10 suite was often neasured in terns of
"devi ce coverage" and "shorts coverage". Device coverage ﬂﬂﬁ”ﬂmm

t he percentage of board devices with working tests, and s ﬂmmm
measured as the percentage of accessible board nodes. Device Ggygiage =
Test ed Dew mmmmmmmmg of Devices Shorts Coverage = # Accessible Nodes
Total # Ommmm The above nodel of board test coverage was devel oped
at a tinme whepshigsters had full nodal-iaccess to a board (i.e., access to
the mpjority (typically 95-100% of a board's nodes). Boards were also | ess
dense, | ess conplex) and sonewhat nore forgiving due to their | ower
frequency of operation. In this environment, the above nodel was
acceptable. Over the | ast decade, boards have mgrated towards |limted
access. In fact, it is anticipated that boards with access to | ess than 20%
of their nodes will soon be common. Sone drivers of access limtation

i ncl ude: * I ncreasing board density (devices/square centineter is
increasing) * Fine tine and space geonetry in board |layouts (i.e., smaller
5 probe targets) * Gid array devices of increasing pitch density *

Hi gh-frequency signals that demand precise |ayouts and offer no probe
targets Board node gg+3icps AND Wﬂ)ﬁ#dﬂ&ﬁ CrERZING2N the 10

maxi mum avai |l abl e on any test g ?E ave made application of
the "ol d" nodel of board test coverage dl? I'cu at best, and neani ngl ess
in many cases. 15 Useful ness of the "ok!" nodel of board test coverage has
al so been inpacted by the advent of new and radically different approaches
to testing (e.g.) Automated Optical inspection (AO) and Automated X-ray

i nspection (AXl)). Many of tEe Eew teEt Sggroacges are very good at testing
for certain defects, but |im v unber of defects they can
test. Thus, 20 nore and nore often, it is becom ng erroneous to presune

that a device with working tests is a suffici entlig tested device. As a
result) a board il8the past the "board test coverage” provided by a particular test

suite was often measured in terms of "device coverage” and “shorts

5 coverage”. Device coverage was measured as the percentage of board
devices with working tests, and shorts coverage was measured as the
percentage of accessible board nodes.

Device Coverage = # Tested Devices

10 Total # of Devices
Shorts Coverage = # Accessible Nodes
Totat # of Nodes
15 The above mode! of board test coverage was developed at a time

when testers had full nodal access to a board (i.e., access to the majority
(typically 95-100%) of a board’s nodes). Boards were also less dense, less
complex, and somewhat more forgiving due to their lower frequency of
operation. In this environment, the above model was acceptable.
20
Over the last decade, boards have migrated towards limited access.
In fact, it is anticipated that boards with access to less than 20% of their

nodes will soon be common. Some drivers of access limitation include:



submtted to different test processes, which in conbination define the
"test suite" for a particular board (see FIG 2). 25 Gven the above state
of« characteri zing board test coverage, new nethods and apparatus for
characterizing board test coverage are needed. Sunmary of the Invention 30
According to one exenplary enbodi nent of the invention) a nmethod for
characterizing board test coverage commences with the enuneration of
potentially defective properties for a board, w thout regard for how the
potentially defective properties mght be tested. For each potentially -3
defective property enunerated, a propergy score is generated. Each property
score is indicative of whether a test suite tests for a potentially
defective property. Property scores are then conbined to characterize board
test coverage for 't he insseasig haard demsityddevigesisquere eantieteis Dr awi nos

Il lustrative and preseincreasingdf erred enbodi nents of the invention are 10
illustrated in the drafinedineiandspacegedrha@niinitioanslayoute{i.e, smallesd f or
characters zi ng board t prbedargetsfge; FIG 2 |llustrates a defect universe)
and a VENN di agram of Gpatapiay deligés 60éreating pien e@ensityni verse; 15 ~ FIG 3

Il lustrates the appli cmg' %ﬁmgmgme Précist! o8 @Ad ofiet G 4
illustrates an exenpl apy Liwatd on of conponent property scores; FIG 5

i[lustrates an exenpl agy. AERae colhs g@&%wégﬁyﬁ%v%age to a
{"gi Sy aring
|

user, 2Q,FIG 6 illust oard test coverage for

t wo tes?msui tes; FIG ?’M@?ﬁ%es maxi‘mum t heor eti cal conponent PCOLA

scores versus test technology for an arbitrary resistor; FIG 8 illustrates

maxi mum t heor et i cgheabope okatigebGake atiecpplication of theU'eid” eeddet ofbumt ogy f or

an arbitrary digital deyvice; and glﬁ&ﬁ 9- 1iL il lustrate various enbodi nents
sty 98¢ Jeap '

of appar at us YPEhCOVREAOS OiTEcitat NOIESS N MaRY cases.

16 Usefuiness of the “old” model of board test coverage has aiso been
impacted by the advent of new and radically different approaches to testing
(e.g., Automated Optical Inspection (AOl) and Automated X‘-ray Inspection
(AX1)). Many of the new test approaches are very good at testing for certain
defects, but limited in terms of the number of defects they can test. Thus,

20 more and more often, it is becoming erroneous to presume that a device with
working tests is a sufficiently tested device. As a result, a board is often
submitted to different test processes, which in combination define the “test
suite” for a particular board (see FIG. 2).

25 Given the above state of characterizing board test coverage, new
methods and apparatus for characterizing board test coverage are needed.

Summary of the Invention
30

According to one exemplary embodiment of the invention, a method
for characterizing board test coverage commences with the enumeration of
potentially defective properties for a board, without regard for how the
potentially defective properties might be tested. For each potentially



-4_ Description of the Preferred Enbodi nent Definitions 5 Before describing
nmet hods and apparatus for characterizing board test coverage, sone
definitions wilt be provided. "Board test coverage" (or sinply "coverage")
is an indication of the quality of a test suite. 10 A "defective property”
is any property that deviates unacceptably froma norm Defective
properties include, but are not limted to: * An open solder joint. 15 * A
sol der joint wish insufficient, excess) or matfornmed sol der (possibly with
or without electrical manifestation). * A short caused by excess sol der,
bent pins, or device ' msregisration.3* A dead device (e.g., an integrated
circuit damaged by el ectro- 20 static discharge, or a cracked resistor). *
A conponent defegtive propestyrensimerateg) apogerty sgorenissgenajalednpesdnt . A pol ari zed

conmponent t j : * ] I nt (typically
lateral 'y d!@é?%’@e%‘)%}%ggq'%g@%%ﬁeﬁ atedt e Z#?@?gﬁg%ﬁéﬁf. ally

def ecti ve prdufective propettys Rebperty scofes'dre $iieh cointiined jo clmrabtérizecbanerein, is
an experinment of arbitrary. conplexity that wig pass if the tested
properties 69%%65@4%6?#@5@- of conponents) and their associ ated
connectgons are all acceptable. A test may fail if any 30 tested propefty
is not acceptable. A sinple test mght neasure the value of a single
resistor. A conplex test mght test thousands of connections anbng many

conponents. A "test suite"B' g ShidticH nation .of tests, the
collection of which is de t a boats so that the
board is likely to performits intended functions) in the field. -5

Met-hods for Chargcter,zing Board Test verage Ilnt ast, test engineers
ave typi cal |y aUREETIVe Ak PTaRnly profmsh enbgiigenis ¢libe FREManS puever )
this qygsti qRustratedlih 8k draWitiiRdn Whichnt eractions . with unantici pated
defects) or even the robustness of a test itself. For exanple, when testing

a sinple digital device with an In-Circuit test, the test could fail for a

number of 1 easongy | fifluidhida mfhod ok chefaltdfiai BRGIEY erapel Ner e 1S an
open sol der joint On one or nore pins; e device I's dead; or an upstream
devi ce i s not pr bj&r2 Busiratedd defecbuniverse,carid d YENN diagrasyaf desters

characteri ziﬁa boarg?tgeft caverage, it is nore nmeaningful to ask) "What

does it rreaﬁ 2\ g%ﬁ@%@”?" For exanple) K a sinple resistor

nmeasur ¢srent passEr3. 3 ilkustatésibeapplicitioh béa pasirmity basedshone middel; S
functioning, is pp.t orrect resistance.range, and has connections that
are not open or ER‘bﬁhﬂ %e#‘%m%'vrﬁ%%'la%ﬂmm BrOReMod 100 for
characteri zigggrggoard test coverage. The nmethod 100 commences with the

~enuneration 162 of potentially defective properties for a board, w thout
regard for how t RIS follustiaten an exepmplanyinganner ghdisplaying bogritesle t ested. For

each pot ent icﬁ%%g@ﬁiE%&ﬁ’e property 25 enunerated, a property score is
generated 104. Each propeéerty score is indicative of whether a test suite

tests 2®r a pot eflG.4 ilystetgsce melhoddoneamparing boardrtesheoveyagedfor two ace t hen
conbi ned 10@0&M@r acterize board test coverage for the test suite.
FIG. 7 llustrates maximum theoretical component PCOLA scores
versus test technology for an arbitrary resistor; )
FIG. 8 illustrates maximum theoretical component PCOLA scores
25 versus test technology for an arbitrary digital device; and
- FIGS. 9-11 illustrate various embodiments of apparatus for

characterizing board test coverage.
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30 Potentially Defective Properties A board's potentially defective
properties can be enunerated by parsing descriptive information for the
board) including, but not limted to: 5 topology data (including XY

position data), a netlist a bill of materials, and/or conputer aided design
(CAD) data. Together) the potentialty defective properties for a board
conprise a "defect universe". FIG 2 illustrates such a defect universe

200, as well as a 10 VENN di agram of various testers (Tester A Tester B)
and Tester C) that cover the defect universe 200. Although FIG 2
illustrates a VENN di agram of testersq.the potentially defective properties
conprising a defect unlverse 200 can (and typical I'y shoul d) be enunerated
wi t hout regard for BSC nof the Prefderpd hedimenperti es m ght be
tested. 15 There are a nunber of potentlally defective properties that my
be enunerated for a board. In one enbodi nent of the FIG 1 method)
potenti al | ypefitisrig ve properties are grouped into "conponent properties”
and "connectiron properties”. Properties in these two groups are believed
to 20 account for nmore than 90% of a board's potentially defective

propertd es. The mq}[gg,ﬁm ERaracleliaing bdB Pe further
subdi V|dded into ungﬂr nent%t properties” and "qualitat P\a}e properties”

Fundanent al tqsthmmgeesomedeﬁnmwws providedii rect |y i npact the operati on of
a 25 board. Qualitative properties may not directly or inmediately inpact
board operation) but have the potential to do so at sone point in tinme
(i.e., as a | at eBbariabstTovbrage” (@rF Simplylfodebiage™)dd amindication of theg pr ocess
probl ems that shoul d be addressed before the probl ens degenerate to the

poi nt of i nfkANMY ¢fP testWifent al properties. 30 -7 Conponent Properties As
defineg herein, a "conponent” is anything placed on a board, such as a
passi ve corrponent (e 8) a resistor or inductor}, an integrated circuit 5

(tQ, a connecto‘r')d &P’Wﬁﬁf is anyrprIReRy dhat devietescingcseptablyfiomie | abel , a
radi o-fi eqvgﬁg; megﬁﬁddesgmgr?emﬁfrﬁﬁdtetg chi p-nmodule (MCM) a

resi stor pac so on aS|ca y any 1 in a board's bill of
An open solder joint.
15 * A sokier joint with insufficient, excess, or malformed solder

(possibly with or without electrical manifestation).
> A short caused by excess sokier, bent pins, or device
misregistration.
* A dead device (e.g., an integrated circuit damaged by electro-
20 static discharge, or a cracked resistor).
A component that is incomrectly placed.
A missing component.
A polarized component that is rotated 180 degrees.
A misaligned component (typically laterally displaced).

¥ * % @

25
A board can be tested for a potentially defective property by executing

a “test”. A test, as defined herein, is an experiment of arbitrary complexity
that will pass if the tested properties of a component (or set of components)
and their associated connections are all acceptable. A test may fail if any

30 tested property is not'acceptable. A simplé test might measure the value of
a single resistor. A complex test might test thousands of connections among
many components. A “test suite” is a test or combination of tests, the
collection of which is designed to sufficiently test a board so that the board is
likely to perform its intended function(s) in the field.



materials is a conponent (although nost conponents will take the formof an
el ectrical device). Note, however) that the internal elenents of an MCM or
<10 resistor pack are typically not counted as conponents. Although the
above listed conponents are all tangible, conmponents may al so be intangible
(e.g., a flash nmenory or Conpl ex Progranmabl e Logic Device (CPLD) downl oad,
or a functional test of a device duster}. 15 in one enbodinent of the FIG 1
nmet hod, the fundanmental properties of a conponent conprise: presence,
correctness, orientation and liveness. O these) presence is the nost
critical as the other three propertieg.cannot be assessed ii a conponent is
m ssing. 20 Note that a test for conponent presence will sonetines inply
that a conponent is the correct conponent However) presence and
correctness,are pref -di stirxt properties so that

: 0_0047 1 | Rrage
i ncorrect pre ness are not nmade when
characterizing board test coverage. For exanple, it can be determ ned from
25 a resistor neasurenent test that a resistive conponent i s present.

However, the sank thepestciest engineqss hevalypigalisasked, Whatiwees timearor r ect

resi st is al=To ﬁ}?ﬂiﬁr cannot
determcgrrte mﬁgéﬁ§qa%é'§g?sﬁoor |gq§£car on l"'\‘\(':(E)’ﬁén | Ion Tesl Es){tnor a wre-wound
resi stor) awitﬁmhﬂc:ua%&!defectsmrweﬁmemstmssohms)m For g Presence may
be judged 'partiall d" n,t not _c | et ty that a
conponent i EX4TRME W“%t%s@%ﬁﬁtm f’@ﬂa';f *'@'pa'}'g’%l? ﬁeﬁgo{mgﬂged bet ween
VCC and a dbﬁblﬁ?é:lfbﬂﬂhbmbbfﬁfréaﬁﬁisnmrﬁcan test can verify that the pin
is held high. However) this state could also occur ff the pin 5 was open or
floati ng A subset of the presence property is the "not present property".

In thelGsame way *t hat Riis theswrgpgidewigeie t o det er mi ne whet her the conponents of
a board are tested f&rerpiscareopen salderijeintiznsonedf motepissine cases to nake sure
10 that a conporfent ithe deMiceiseeaditoron a board (e.g., in the case where a

gi ven board is rot t anlupsireand ddvioe isnatipraperly disableddajaadedextt) . A
determ nation as to whet her a test suite tests for conmponent correctness

can only be mad ter ﬁgtﬂ %%é@g% rd etermned 15 that the
test stite test ar P@gf’e 518 conponent
correct nessmaﬁmmwmdmsattd&smdné&nMaaétﬁnpéé@)smmeﬁampbmed on a
conponent using .an Aut onat ed Opti cal - | ns ectl on AOlé_é tem or executing
thedksisioF
and/has

a Boundar y- 3Eipple Kesistor PassesHdds k Sgramed into an
IC. 20 Corre@&aﬂ%mmmgmmmmamwcé%@d there is rat

conplete certainty that a conmponent is correct. F(')r exanpl e, consider the
previ ousl y eannegionsthatare sobepenerahoradingethess 25 - Anot her fundanent al
conporgnt property is orientation. Typically) orientation defects present
as conponent rotation errors in increments of 90

FIG. 1 Hlustrates a method 100 for characterizing board test coverage.

The method 100 commences with the enumeration 102 of potentially
defective properties for a board, without regard for how the potentially
defective properties might be tested. For each potentially defective property

25 enumerated, a property score is generated 104. Each property score is
indicative of whether a test suite tests for a potentially defective property.
Property scores are then combined 106 to characterize board test coverage
for the test suite.
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degrees. There ace a nunber of ways that a test suite mght test for
orientation detects. For exanple) an AO system m ght | ook for a
Jegistration notch on an IC. An Automated X-ray Inspection (AXI) system
m ght took for 30 the orientation of polarized chip capacitors. An
in-Circuit Test (ICT) system _g_ mght verify the polarity of a diode.
-The conponent property of |iveness may enconpass as many factors as is
desired. in one enbodinment of the FIG 1 nethod, |iveness neans 5 grossly
functional, and does not nmean that a conponent perfornms well enough to
fulfill any specific purpose. For exggple) if a Boundary-Scan interconnect
test passes, then the conponents that participated in the test nust be

reasonabl y al i vPofentigihy Défeelive Prepertisscess ports (TAPs) are good, their TAP
controllers work, their t/O pins work, etc. ). An assunption of IC |iveness
10 could also be made if one NAND gate of a 7400 quad- NAND were to pass a

test. Also, theaYHarPs %ﬂwg}g ropiekticd dafYeSéritimeratéal Is indicative
of the gross f.unctio.ne}ﬁ)_t of a resi srbtor (e.qg.) the re$i§tug$ i s not
cracked, omamgadcmnpyvesnémeﬁomforb‘ppebgard.llscluﬂna. bt @ptlimited torbodi ment  at

t he FI 1 )aﬁ@,‘l o At | DI, . 0 that is
enumner g‘:[ ed t@%a&% @ﬁf’%@ﬂgn ngtMA? 3 h"%?ﬁdé&é@{)fs'ﬂ?%%ﬂéﬁpgﬁ er al
di spl aceneromiputer aidedadesignl (CADYdatd. di st ance, rotation by a few degrees) or

"bill-boarding” (where a device is soldered in place but is laid on its
side rather than flush with a board). Alignnent differs 20 fromorientation

i that an al | o%sRsther tesdienaty Befective tlopeties it o BEEM cainpriseh! Uncti on) but

may be indicative of a %ﬁ_genera i ve process problemor a tuture reliability

probl em Trhdefegidmivessaip Fifank gstrates syadsa defgglamivarse 20Q, asweltasal to at tines
25 heggin . ' ' ' SS,
ori en?gt i Oﬁ{ih{&@gﬁ@éﬁ%& ai F%g}]&n%g§51%e Ir'—gl %E@ﬁe-'%%f)eg?%r eferably
enuner at es caveér thé defectuniyerse 200.aAlthoughf 6. Rilustratesex VENN diagram boar d, and
possi bly ot bhers. e ieSs oWt hi e of IS di sclosure to
enuner at e nggﬁgﬁ%ﬁag?wt%é@wﬁ%@%&e@%ﬁ’gra Eéf??te‘frg‘fﬁ'g%r operties.
Furt her mo(r]I egodhg(mf picameshobid) b6 ddume?ﬂﬁlimg?mmgém fochow thyg d be
enuner at e or rent conponen - nd/ or conponent types on a
board. | nt RAGPERY QSRR aRPeRATBION be iested
15
There are a number of potentially defective properties that may be
enumerated for a board. In one embodiment of the FIG. 1 method,
potentially defective properties are grouped into "component properties” and
"connection properties”. Properties in these two groups are believed to
20 account for more than 90% of a board’s potentially defective properties.

The properties for components and connections may be further
subdivided into_“fundamental properties” and “qualitative properties”.
Fundamental properties are properties that directly impact the operation of a

25 board. Qualitative properties may not directly or immediately impact board
operation: but have the potentie-al to do so at some point in time (i.e., as a
latent defect), or are indicative of manufacturing process problems that
should be addressed before the problems degenerate to the point of
impacting fundamental properties. |
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Al t hough the concept of "intangi ble conponents” has already been

I ntroduced, intangi ble conponent properties deserve further discussion.

1 ntangi bl e conponents will usually be related to tangi bl e conponents by the
addition of one or nore activities. in the context of a flash nmenory or
CPLD 10 downl oad) the activity is an on-board progranm ng process that
installs bias into the relevant tangi ble conponent. Once identified)

i nt angi bl e conponents and their properties may be treated as part of a
board's "conponent space" for purposes of characterizing board test
coverage. Many of the conponent and cgnnection properties outlined above
wll not 15 apply to intangible conponents. For exanple, only presence and
, correctness (i.e., GompmenhPropefiessence and progranm ng correctness)
woul d be applicable to a fish nmenory downl oad. 20 Properties by Conponent
Type Al though the PCOLA conponent properties are believed to account for

90% or nore of %asm%a%éiﬁ,_é)%;oﬁiﬁohéb#’k&@mﬁd Pmee@wa%tai@%hcﬁone of

these properties may be nmeaningless with réespect to particular conponent 25
types. !f aapapaesivg componenife.oea rasisterpr indystor), anietegratest cigditenuner at ed. As

aresulg) o i t Jat |,f Lerent

pot ent iéal I yagb%g%%gﬁgrao%%art %?\gsﬂng%rché? 'P?eér}%? g‘géﬁb%?a g%/'p%s. 30 _11

Properti es radidhedqagey-intederence(RATEshieldpapaitechipmodete (MGM)@ be known, but
it may be possible to identif ackage . I f this, is the case, the FIG
1 et hod mﬁ?@rﬂ?ﬁ&wm%%?%ﬂ%yp%%ﬁﬁﬁ%'%wi@?ir]opert ies for

di fferent pamehas is\Rem 8 PanesticolmpbRents Wil Bké Bk foAmiofhRr red from

package types). Connection Properties 10 A "connection" is (typically) how

a conponent elegtricalalavice) Noie, bowenes:that the intermakelaments of apdMEMOr connect i ons

are f d FB)QE | ”ﬁ,gg REKIE ?g&gg oses of this
di scl iﬁfe,%%%%g'p ﬁﬂl?ysrﬂil}s%é as ag%ge eral 'rg er hcﬁg'&tagagéh)y means for
connecti ng listecbogpopenents arezlidangible, ainponentsonay)also he)intaagitie, (elgnl | s)

col umms, andgot,her n e [ =f o opent s
conprise c ofh ﬂ@%l ?'gﬂg’?y ﬁ@'ﬁ?ﬁegﬁ%&%&%&% gorﬁ?‘l‘p éﬁ% g@%"@é‘?&@% re

connect i onsort ®functioril thst bba devieetluster)a resi stor has only two connections,

an | C may have hundreds of connections) and a heat sink nay have none. 20 A
speci al instance of a connection is the photonic connection (e.g., a

15 In one embodiment of the FIG. 1 method, the fundamental properties
of a component comprise: presence, comrectness, orientation and liveness.
Of these, presence is the most critical, as the other three properties cannot
be assessed i a component is missing.

20 Note that a test for component presence will sometimes imply that a
component is the correct component. However, presence and correctness
are preferably enumerated as two-distinct properties so that incorrect
presumptions as to component correctness are not made when
characterizing board test coverage. For example, it can be determined from

25 a resistor measurement test that a resistive component is present. However,
the same test can only partially assess whether the correct resistor is
present (e.g., because a resistor measurement test cannot determine
whether a resistor is a carbon composition resistor, a wire-wound ‘resistor, a
16 watt resistor or a 0.1 watt resistor). |
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connection between fight: emtting and |light receiving devices, or a
connection between a Nght _emttinglrece'rving device and a photonic
<connector or cable) . Wile not an el echical connection) a photonic 25
connection is nonetheless used to transmt signals. Thus, on a board where
an optoelectronic transmtter is connected to an optoel ectronic receiver by
means of a fiber optic cable) the transmtter) receiver and cable would alt
be conponents, with the cable having a connection at each of its ends. 30
An assunption factored into the follow ng discussion is that bare -12
boards are known good" before val uabl.g. conponents are nounted on them
Thus, it is assuned that there an: no node trace defects (e.g.) shorts,
opens, or qual i tRresenceiranbe jtdged "pastiallydestediawhern hetesis inot corppidience)

intrinsic tg t th nt.s 5..n one enbodi nent
of the FIG® ‘*I?aﬁﬁt/ﬁt?ga%f’ﬂ?"ﬁﬁ M”FSWW fgrEB&EBgEW%ctlon conpri se:
shorts, Op%ﬁnéat@d%ahéérwceaﬁﬁw.gneﬂ trﬁftttﬁrnxh%uﬁdarymﬂ%éﬂ&ﬂ Shorts are
t ypi cal hr caused by 10 attachment defects such as bent pi ns and excess

sol der. As ‘eeme%watgtsemmn@rhﬁdh&y blowenerthis stale eatidiglsa ogewnif thetpjn based nodel
{seeFG W ndki (e.g.) pins A) B, C, D, E) are within a specified
short||5ng S)éa {)ft’e'; " ﬁén there is an opportunity for themto be

i mproperly connected) and a short between the two pins should be enunerated
as a potentially defect ve ro ert of a 15 board rOX|mty based shorts
enuner ati on may A pf"!{"t‘fl?% W?Reé‘?) dadPe pin, 2) the
sk3e of a wywaka&m@m%tmimﬁem%ﬂmmmt ed) and 3}
ir~fom-ation as to vrhether a conmponent 300 is surface or Through-tioie

nount ed. ZMQ@MMWH‘ streb'pmmemstoma&ﬁme(u e.) if pin

Ails ort suite's
covergge o?q%ttéjﬁor{ |s est assé‘ggﬂégbg %ﬁ’e’ratl ng a orta?or onIy one of

the two pi nmard/%mot&mbuhadadnghammmel)ahmmmnpu&m bl e that two pins within
a shorting 25 radius wi N be connected to the sane node by a board's |ayout.
As a result, it mght seemthat a potentially defective short property does
not exist bet mmammmmmmuwsunatmwpbmponemxcess sol der

could still exist and th pin t erefor rted in an
i nappr opr i ZOTCRBAESFAN r’E%‘fﬂ‘;%egz ﬁ@?f!} exiped pe enumer at ed

for thegse Rhﬁ&he%%umtfﬁﬁé@ﬁﬁorﬁﬂlﬁﬁ%ﬁ&stmkgim% PcoThtrienP! Operty,
and an identified defect be beni wever, the defect m ght wam
of a reli alfPreetpess thegd tian (ID) number printed on a

component using an Automateg Optical-Inspection (AOJ) system, or
executing a Boundary-Scan test 1o read the 1D code that has been
programmed into an iC.

20
Cormrreciness may be judged "partially tested” when there is not
complete certainty that a component is correct. For example, consider the
previously discussed resistor measurement test.
25 - Another fundamental component property is orientation. Typically,

onentatnon defects present as component rotation errors in increments of 90
degrees. There are a number of ways that a test suite might test for
orientation defects. For example, an AOI system might look for a registration
notch on an IC. An Automated X-ray Inspection (AX!) system might look for
30 the orientation of polarized chip capacitors. An In-Circuit Test (ICT) system



In the past) electrical testers with full nodal access to a board woul d
test each node for electrical independence fromalt other nodes (unless
there 5 existed a reason for why the nodes m ght be property shorted).

Al t hough thorough, these testers tested for a |lot of shorts that were

hi ghly inprobable. Valuable test tine was therefore wasted. Now that

el ectrical access to a board's nodes has becone |imted, new technol ogies
have arisen for detecting shorts. Many of these technol ogies focus on
subsets of board 10 nodes, and these subsets are typicaNy (but not
necessarily) disjoint. By enuneratinggpotential shorts using a

proxi mty-based nodel, the FIG 1 nethod can better characterize the shorts
cover age ofmighteaifnthe patarityobgydiede. 15 An open (sonetines referred to herein
as a "joint open") is a lack of continuity in a connection. Typically, an
open is conplete - as is the case, tar exanple) when there is an infinite

direst current (fhéebmpoRésidrsperysfiveness rmybm;iabeabw@fmds pad to

which it is supposed to be connected. There is a class of "resistive'

connect i onastindesitade Inoeneemhodingnt of M'%Wﬁeoebdwem%mq y invisible
duri ngg tes E'Wflﬁ %d%e&%?m@gﬁﬁdt nBﬁl[ wigf ects based on
as gua

t hese reS| We connecti’'ons are enuner at e itatlve connect| on
properties erbnghtmﬁmlanvweeﬁGMt Forfexampid; if@ BoundarmwSdant he onl y

ual i Ly oiereang e beRrest R ing Ebtndif ek BaickBlenth e edt </ 0.1 o

excess sol gRust bbﬁéaéd‘nably%ﬁ% (e, dneiy tq@omesebbn@gvAmlaebZoamdhéﬂ on.

Typi cal ly) _these detects, do nob result in an i mediate (or permanent) open

or short. I:H\Vemm'?ﬁé@ﬂ‘ﬁﬁ?’&g Pins Weiks 8lCor A\ assumphien p HQ'W'Pﬁy pr obl ens

t hat ed W g‘?@m (g%af aCan result
in an gpentﬁagpﬁat'é?%?g%% -14 in a’boaM s E&Aess soI der on adj acent
pi ns can i nesteAdso, thecsucapssiilmgasurdmentoé a moﬂ vajye jsondicativeenfr i ment  of
their hi gh e tipg or voi ds may
lead to |nc g%gﬁ%@?éélﬁ?:@%ﬁ og gcﬁ%ﬁeglsk@éﬁ&%ra%@tgr lFati ve defects
s~h as a piirtemally shartedest dpeh).5 cracked pint are very diff~cutt to test.
Yet, these defects shoukt be considered in enunerating the potentially
defective properties for a connection. If ra tester is capable of testing

for aipotenti al irva griferfdd ermbaiiMBAT dfthe FIG.i Smbthdd, thednly didiitdtiver eveal ed when
board test covergge is assessed. 10 Wth, respect to opens and shorts, note

that a phoPpesy ﬁ@mmmﬂwmmv%@@m@a!@mto opens, but

shorts woulsgighfet difled® MeiudedatBRi BRBBCEMBAI byld RiliVely Sl digncés coul d
occur if cables were swapped. 15 The above connecti on propefi es, together,

are ref er r &iatien by afew deomes.ar bikbopriings (wherg asipvice is soldered il shorts, opens
and qual i t%o%&nﬁéﬁon%s@&%&%@h‘%@%ﬁtﬂ Rgrivient Offfe }{ese

potenti al | flective properties for a board) and possibly others
Howev2@ , i fromsonigntation in ﬂ‘@tgoapmmemtdﬁ@tmamesultnmaemmdatee | ess than

S: :‘f g]; eh?eonww h“'ﬁ@?@gb‘%“&q ® sepgé %%&WSW%'SMH” her nor e)

future reliability problem.

The above component properties, together, are referred to at times
25 herein as the PCOLA properties (i.e., presence, correctness, orientation,
liveness and alignment). The FIG. 1 method preferably enumerates all of
these potentially defective properties for a board, and possibly others.
However, it is within the scope of this disclosure to enumerate less than all of
these properties and/or different broperties. Furthermore, different ones of
30 the PCOLA property set could be enumerated for different components



enunerated for different conponents andl or conponent types on a board.
Property Scoring 25 According to the FIG 1 nethod) for each potentially
defective property enunerated, a. property score is generated. Each
property score is indicative of whether a test suite tests for a
potentially defective property. 30 in a sinple scoring systen) a
potentially defective property is either -15 tested far, or not. However)
such a sinple scoring will often fail to expose enough variance in the test
coverage offered by different test suites. In one enbodinent of the FIG 1
met hod, a test suite's testing for a_Hpgentially defective property is
scored as: Fully Tested) Partially Tested) or Untested. 5 So that it is
easi er to CosddreohipoRentIgEssn abbad. ey be converted to nunerica
eaui val ents) such as: Untested - O Patially Tested = 0.5 10 Fully Tested
=1.0 As wll be explained in greater detail later in this description, two
or nore property scores can be generated for the sane potentially defective
property if the property is tested by two or nore tests in a test suite. In
such 15 instances, i tintdnoiblelConipohentdyoperties t hat two Partially Tested
scores add to yield a Fully Tested score. Such an addition can only be
undert aRen by anal yzing the scope of what is tested by each of the two

tests. By defaul andigh the lcBREeph of SntaRdible dofhpoRERIs" Ras ¥Redtlydié@ht Y scores
using a MAX( ) funct igon.eThus, for eggrrpl e) pt%\‘/a\‘o Partially Tested scores

400) 402 ( Flintrodyced.dnenaible: comppnentpraperties desepve furthes disgussioi-e 404. FIG 4
Il lustrates | ' | I and AQ
testing of t'h%ﬂgig%e@gg%{r)%ﬁ%r@ﬁ u%ﬁﬁgﬁgjﬁo%cg@%ﬁﬁﬁopﬁrﬁgﬁ properties
are t he onesdtitieh ofianeobmere activities.ainctbe content ofteeflashopembry or @RI (dps) for
a given, component ( . he comhined to generate a:"raw goppapent score”
(REs) 3057 ofdRupltiads b gciyi & 27 Ghchesrd ogrliina o e 4pe(
-16 I ndi vi dystb tiseraRsant{angibiy &mpaienh cORcEIEAETRG, iItdigitsie at e a board
conponent score (i.e.) an . indication of a test suite's component coverage
i n gener al ) compohents and their properties may be treated as part of a board's

"component space” for purposes of characterizing board test coverage.

Many of the component and connection properties outlined above will not

15 apply to intangible components. For example, only presence and
correctness (i.e., programming presence and programming correctness)
wouid be applicable to a flash memory download.

20 Properties by Component Type

Although the PCOLA component properties are believed to account
for 90% or more of a component’s potentially defective properties, some of
these properties may be meaningless with respect to particular component

25 types. ¥ a property need not be tested, then it need not be enumerated. As
a result, one embodiment of the FIG. 1 method enumerates different
potentially defective properties for different component types.

30



5 Board conponent scores for different test suites and the sane board may
be conpared to determne the relative test coverage that each suite

provi des for the board. These conparisons nay then be used in selecting a
test suife that provides adequate test coverage for a board. Note) however,
that the test suite offering the "best"” coverage may not be chosen due to
16 factors such as: tine needed for execution, cost of execution, ease of

i npl enentation) etc. Board conponent scores nay al so be conpared for the
pur pose of adjusting the nmakeup of a test suite. For exanple, if a certain
defect is being noted "in the field") apditional tests for this defect

m ght be desired. 15 20 Board conponent scores may al so be conpared for a
given test system in tHroperiesibePackageiTyppossi ble to eval uate the
robustness of a test systemin its ability to test different types of
boards for the sanme types of enunerated defects. Cor~nec~ion Scoring If the

SQQ properties ar eSérH&:rﬁé?%o%heﬁt%sbﬁ@‘n&Wﬂmﬁﬁﬁ? bg> . the

property scores (cps) for a given connection (c) may be conbined to

generate a "r aossehimceldsmdm peckags typeecd thisds the mthem( &)meth@qbs(aS) +

encr at 6 5 bogpymerate Bthf iilonfilh QEfrkoy prRpehes Tt EnERGF . 7

suite's connegpes (sivcavsongmentiypenicarpdiien K& mferred fyorh patiaigeltpses). connect i on
scores may be conpared for 5 different test suites andl or boards) board

connection scores may al so be conpared. Generation of Pronertv Scores 10
Property scores are derived fromthe tests of a test suite. For each test)
it is deterrr~ned 1 ) what conponents and connections are referenced by the
t est) and 2) how wel | Qenneetionfiroperties def ective properties of the
conpone and connections are tested by the test. Follow ng ane sone 15
exenpl ary formulas for deriving scores fromtests. U ~~owered Anal 04
El ectrical Tests 20"cbheedtion! isviypialtiyyfhow a comporeny ishalectsierdly lwpnaectedpover ed
anal og test system  ,Test statenent:.. For alog. in-circuit) this is the
Sour ce- | evel - TeaEtirtnaR e ot SHfirectons preJafraf heSesn itwotebiih (1 o
“resistor”). ?}ﬁd%rﬂlmdéﬁadsgmmsmmﬂvsmfm hewid opighisaise@st , t hen
it comments the neasu nt statement in an analog in-circuit test
Devi e i t - 4 GoneTPLBIATRGS torory Beae P EbMmSCR SRR I B08Bhol ogy. 30
_~8_ 15 including pins, leads, balls, columns, and other contacts. Both soldered and

press-fit components comprise connections. A particular component may

have zero or more connections to a board. For example, a resistor has only
two connections, an IC may have hundreds of connections, and a heat sink
may have none.

-

20
A special instance of a connection is the photonic connection (e.g., a

connection between light emitting and light receiving devices, or a
connection between a light emitting/receiving device and a photonic
connector or cable) . While not an electrical connection, a photonic

25 connection is nonetheless used to transmit signails. Thus, on a board where
an optoelectronic transmitter is connected to an optoélectronic receiver by-
means of a fiber optic cable, the transmitter, receiver and cable would ali be
components, with the cable having a connection at each of its ends.

30 An assumption factored into the following discussion is that bare



Test-limt: The high and low limts of the test as speciilted in the test
sourcx. Akhough high and ow |inks need to be considered separately, for
sinplicity, they are treated collectively in the following rules. 5 For
analog ir~circuit tests of resistors, capacitors, fuses, junpers,

I nductors, field-etfed transistors (FETs), diodes, and zener diodes) score:
Presence (P): if (test statenent not commented) then P = Full 10
Correctness (C): tf (L > Untested) then C = Partial L'rveness (L): if (test
limt < 1.8 '" device limt) then L = Full, else if (test statenent not
commented) then L = Partial 15 Oientgtion (O: if ((test type is DI CDE or
ZENER or FET) and (L > Untested)) then O = FuM Shorts (S): if (P >

Unt est ed) t BE4rdd@re “KMBIMG g2BAT bTofeOvRiale tHIREnets MedRolttedBR iferk JO : i f (P
> Untested) then device's pins score JO = Full 25 The Mark Shod Coverage
routine mar Kbusiys assumedtthabthese angdencde tranedeigcts (e.g. shortstepers. Thi s

i ncl ud i [ik.Ss. . OF A . ' . F
transi st of <O SialtalE ReftE g BioBhe el imboaie) PRHEROR . 0. (). ¢
((BE di ode bboaticttwd timecomponems arb) placet!. (BC di ode statenent rat comment ed)

then P = Full) else-H ((BE di ode statenent not commented) or (BC
di ode~t%t ement not 35 comment ed) then P = Partial Correctness (O: if (L >

Unt est ed) then Gn%ngwdo%kn.érhwmdh)miﬁéd,(wmwmm not

conmment ed) and -19 (BETA test limt < * BETA device I'imt)) then L =

Ful 1) el se ofa¢amectioncomprise: cshorts, opensapghaalited) then L = Partial 5
Oienation (O: if (L > Untested) then O= Full, else if ( P > Untested)
then O = Full Shorts and opens coverage on base) emtter and collector
joints are incl kishbrt is anhendesived:canmertion. cShaliscaretypiddlly icausddbbyabove scori ng)

note that B ase/endtter), an C.(basel coAect por ests e, PN junction
tests 1trbnaft g .Wﬁe %‘%’QE&%@&%’%‘SP eﬁ‘éﬁﬁégg& 3&8“%?:'?"’?% used to
test the jumgybeenuilerdted QtiRg & RbxiFRy-Dabes moBbHlsBEFIG. FEWWoSiInd he current
gain of the transistor for two 15 diifereM values of base current. For part

l'i braries, (e RiBs AgBpGi Dnbl anejwithina specified; isbpdingsadivg I, dhemtherehi | d' s
scores nma l%g mr% kS . P = <the
best presgnig%ns rgao a?gﬁéh‘%ot%; rre t‘%‘e‘@?%%’ﬁl’f EI @e'ﬁ%‘%sted) then C
= Partial -theitwepinsshpuid be énymératedrasie poteptially lefattive pperyafa 25 t ot al

nmb f ' B#ed: I 350 | f ~ fully >=1
?EenerL‘tsg P;%"g'lr E@)ﬁi’g&ga |ons%:&rﬁ%ﬁnbrﬁé}f% gﬁ%ﬁ“&“%ﬁ?% gho?ts aZ]d
opens coverXYdcatiomoheaah pic,!2)Ithe side iof a8 board(tomet battodh)ion wiich a subt exts. -
Note that children, liveTtest ul I he . nunber of child devices
Scor i ng L -SAmyrirens niSuied 278 2 e BsTo WhEaL 2 Hempeneflidgts,

surface or through-hole mounted.

20 Since a short is a reflexive property of two pins (i.e., if pin A is shorted
to pin B, then pin B is shorted 1o pin A), a test suite's coverage of a short is
best assessed by enumerating a short for only one of the two pins.

When enumerating shorts, it is possible that two pins within a shorting
25 radius will be connected to the same node by a board’s layout. As a result, it
might seem that a poterrﬂaﬂ.y defective short property does not exist between
these two pins. However, a bent pin or excess solder could still exist, and
the pins lﬁight therefore be shorted in an inappropriate manner. As a result,
a short property can still be enumerated for these pins. Only some testers
30 can test for such a short property, and an identified defect may be benign.



35 nunber of child devices and does not include "no test" child devices.
"No test" devices have an "NT" option entered in board topol ogy. - zoFor
switches (threshold test - might have subtests) and potentioneter (resistor
test with two subtests), the following rules nmay be applied after all

subt ests have been scored according to previously provided rules: 5
Presence (P): P = <the best presence score of the chiklren> Correctness
(©: if (L > Untested) then C = Partial Liveness (L): if (subtest tested
fully ectuals 10 total nunmber of subtests) then L = Futl) eke if (subtest
-tested firNy >=t) then L = Partial .ggientation (GQ: O =L 15 Shorts and
opens coverage on pins of tested devices are included in their subtests. 20
For capaci t diawever,shedelatt mightiwemcmfie)reliahiite issie oeproress rrablesnpaci t ance i s
the sum of the device values, each capacitor is evaluated as fol bws: -
Presence (P): if ((test high limt - device highlimt) < (test lowbmt))
then P = Full Shprthe pasl eMHemmwxmuQermmn@verage( Node
A, Node B) Opens (J P>Unt est e t hen bqt ns .score JO=Ful |
30 In the alS?ﬁ’@aF'bF‘%ﬁgg)e ﬂn&wﬁmﬁ?@aﬂw&wﬁﬂ ‘{q??ﬁst t he
accunl gt ed gigled 2ftsn Kir wiiyiné ABdEd ifhE be topetly $héed) AnBsagst €d

nmeasur enent errors of test systemitself (and test lowlimt is the

opposi te). Nworoegh, Mwmteﬂsdﬂé lobef shorts thas were, higblydmprobableevi ce bei ng
tested, add I & se nodes on
~35 the cap%@%kﬁwgwg}éew%apacpﬁv aeg?"g ﬁ%gg%e tested for
Presence ar boaﬁéﬁoddslr@slﬂeeomnimieﬂ Fﬂe“&eohmdogieslhdm aftseyfons cover age.

Par al | el capamtors | i r.the remainin operties of
Cor r ect ness fetect y(;i"é%"glﬂ’%w W this rule for

bypassmapaﬁbaé& %nﬂ%héd%aéubﬁé!h)éré &?ﬂ;ﬁiy {Wﬁrﬁéﬁmﬂa}ﬁﬁﬁs Byapacitors will

receive a grade for Presence. frequency capaC| tors will score

Unt est ed foﬁ’»‘"w\@fi@nﬂ@(’t%ﬂ?@k&ﬁrﬁﬁ'@g ale’@BW!'lbéé‘P wedel, 4eFie-1i n paral | el

S0 P < Ful | oc il CndgtHeq by Bonf ESversif ofthen By >0 “Gon der i x

100 nF capatedhoologies. parallel, ail with 10% 15 tol erance. For Cx, 66D - ?
10 = 550 > 540, so P = Unt ested for each capacitor. 20 TestJet~ Test
TestJet~ tests measure, for each pin on a device, the capacitance between
the pitsand a semmtmmmwwhemmrpmmmamms of the pins

cach 1 ost ed SO P Someclion . RS, a1 O e camelete e be detea) ¢ hon P =
Ful | for example, when there is an Infinite direct current (DC) impedance between
a pin and the board node pad to which it is supposed to be connected.
There is a class of “resistive” connections that are not truly open that may be
20 electrically invisible during tt_est. For purposes of this description, potential
defects based on these resistive connections are enumerated as qualitative
connection properties.

In a preferred embodiment of the FIG. 1 method, the only qualitative
25 property of a connection that is enumerated is “joint quality” or simply
“quality”. Joint quality encompasses defects such as excess solder,
insufficient solder, poor wetting, voids, and so on. Typically, these defects
do not result in an immediate (or permanent) open or short, However, they
indicate process problems and reliability prbblems that need to be
30 addressed. For example, insufficient solder can result in an open joint later



30 Opens (JO: ail tested pins score ,fO = Full In some cases, due to
limted access, a TestJet~ neasurenent is nade through a series resistor
-connected directly to the device under test. Consequently) properties of
the series resistor are inplicitly tested. The Test3ete pin measurenent can
only pass if the series n~sistor is present arxf 35 connected. Thus, the
Presence of the series resistor inherits the Joint Open -22score of the
tested pin (i.e., P for resistor = JO score of the tested pin). Likew se)
the Joint Open property for each pin of the resistor is inplicitly tested
by a test of the pin. The Joint Openg4gcore for the series conponent also
inherits the JO score of the tested device joint (i.e., JO = JO score of 5
tested pi n)ma‘ﬂmaedslifa Excess saiderancadiaceshpins caminergaspitberti es of devices

not tradltlonal f _as t tested as well. tt
t herefore é’ﬁ“"%e\'/\ﬂﬁ? pﬁ'&e{éﬁﬁ dﬁ&@%’]&f’f{g‘ah@%’ ?P%I a~~ 10 A
Pol arity wa%d&&twaw&iréperwm@ mmsbhgsbadﬁ@rncréds&d@éastawm tors and

rnay be scored as fol k3ws: Presence (’ if (device test statenent nat
6

comment ed) iR ﬁ@ﬂﬂ@@‘!ﬁ Cerigin %?'Wﬁ‘leaﬂ RfS slegh aﬁ a propgay formeddst st at enent not

commen ed) Check test usualNy
cont ai ns subse s%’mig%&%le deV| ceés am;{%ﬂg gésscore as folbvrs: 25
Presence (Ebnsndéreddeunmelahngﬂamtemﬂydatmtmpnpameslfortmen P = Full Opens

(JO: if (P > Untested) then teste |ns oreJ -Ful , Maaic Tests A
Magi ¢ t est nggt&ﬂ‘)tﬁﬁ'&f c‘@ﬁ?é‘?r@ E’? The

- 23scori ng pRspepty, s besti Bt s me%wedwuéﬁ bémeéstgﬁvmgb&r s cal cul ated for
each device by the conpiler. A value of "2" for a particular fault neans

the fault P§S9%$eH detectabl e and di agnosable. A value of "1" for a
partigglar fault neans the fault is only detectable. 5 Presence {P): if
(OpensDetected >=1 ) then P = Futl Correctnessﬁibc if (L > Untested) then
C = Partial 10 Wlthenwt(q_qpensanﬂsppv&rwgnta gonmnmetm_ow >=1 )) then

then O = paeFIdFbah) BlsisChonie 0 0aérs bl din Solie dnBe pblsile i 7, 214
(excl udi ng bBtwesnotyerghoigniadevies, as cowd ocowrif &blqsnwarswipbednr aries of test

vectors, and are often nodified in fight of board topology. For a t~ital
In-Circuit test, device and connection properties may be scored as follows:

Presetge (P): lThdawmﬁnpuabntprgmﬂbgdﬂmnaBmfertaﬁtﬁmsect ness (O):

if (pin ou utst >0) then Partial O<err

( pi r aout pu %%@M QQFSPPS%?"EWQ%QE""M s'ﬁi'i“’f"'('gi)l n out puts
t oggl ed>t) feraily ehumeités émarthéd@otemfan Iy Refective Hies frnd (pin
t oggl ed) then JO = Ful elsé if ((pin_outputs to gled>0 and {pinis

i nput) anda(bﬁﬁﬁ’ @pg possibly others, b‘@”‘%’aﬂﬁ‘& 'BU'QSGOPGO

disclosure to enumerate less than all of these properties and/or different
20 properties. Furthermore, different ones of the SOQ property set could be
enumerated for different components and/or component types on a board.

Pro Scori
25
According- to the FIG. 1 method, for each potentially defective property
enumerated, a property score is generated. Each property score is
" indicative of whether a test suite tests for a potentially defective property.

30 in a simple scoring system, a potentially defective property is either



in the above fornulas) pin outputs toggled is the nunber of output (or
bklirectional) pins that are tested for _receiving high and | ow signals.

-l nput pin opens are preferably never scored better than Partial since 1)
fault sinulated patterns are extrenely rare, and 2) sone test vectors nay
have been di scarded due to topol ogical conflicts (e.g., tied pins). 5
"Bour xf ar ~Scan Tests Boundary-, Scan.In-Circuit tests may be scored as sinple
digital InCrcuit tests (see supra). 10 All Boundary-Scan tests include TAP
(test access port) integrity tests that ensure that the Boundary-Scan
control connections and chain wiring4ace working. Thus, each lest covered

i n subsequent sections will cover all defects related to this test

i nfrastn, i ctested fori-or nataHowbyer, sach a simfile scatingywill sfi€o &ail tolexpose t he

fiotiow ng scores are giyen: Presence (P): P = Full Correctness (C): if
(Devi ce hase%\’gﬁlﬁa@ﬂ?fé)" W stcoyemqqf‘eé%%gy gifferes tesh suitest OPent ation (O):
O = Futl Li Y e R0 suife e % ) TDt, TDO pins)
JO = Futl; %ﬁ%@gwé%F&ﬁp%gﬁg'e enat§) e pi ﬁts")@floé);:g%%nrti al 30 Inplicit
Cover age: Glefedtiva property imscaredips: Bl ested; Partjaly Jested, oridmested. cover age of

Series.co o y LCl V] verage, r. L. this

Descri Bti gﬁ?@%&gg%%?er&%@ﬁe%tﬁsﬁgbgg@g etﬁes%%r:eha%r each tested

pi n, JO = Miinherical edifatentsatbh tisxed hi gh/l ow or hold highltow pin) JO =
Partial Inplicit Coverage: Check all tested pins for inplicit coverage of 5
~ series conmponents. Far trrterconnect Tests, score: Opens (JO: For each
tested pin, JO Untested o o FoF elich fixed highlbw or hold highlbw pin, JO =
Partial Shorts allyrtested | n5®® tested, Mark_Shorts Coverage(). Powered
nodes 18houl d beFd ed this=I%@t 15 because shorts between Boundary-Scan
nodes and powered nodes are detected as well. Inplicit Coverage: Check af!

tested pins fOrﬁgwﬂ)ﬁ%&ﬂ?ﬁ?ﬁa&g&#%"éﬁ%@ '"%%%%W%S‘!’%& ::?r Buswire

Tests, score: oin each teste For each
fi xed hi ghlrhare ppopéntylscolesgianitevgenerated for the’Sarfe potentiallygefective Cover age: .

Power ed. ShoreRerIEb briritty s Teskeel bR kg 1631s i ek sviteo iR
associgt ed jNétacesi & sl AECKE &8sulviidithat v Farfamy FetfiR) dobtesBidddd | Nplicit

Coverage: Check ail _tested pins for i-nplicit coverage of serié€s conmponents.

A silicon rvigld afally Teded score; Sugh@nagHitiop 6ar aply-becurdedtakerby For these
tests, devighaRziig¥heScopetWhat Raestbd BY lekch Bf thi Swb sts. Bkl it devi ces.

Thus, 40 is therefore safer to combine two property scores using a MAX( ) function.
Thus, for example, two Partially Tested scores 400, 402 (FIG. 4) combine to
20 yield a Partially Tested score 404. FIG. 4 illustrates the combination of
PCOLA scores corresponding to ICT and AOI testing of the same
component. '

25 Component Scoring

If the PCOLA properties are the ones that have been enumerated,
then the property scores (dps) for a given component (d) may be combined
to generaté a “raw component score” (RDS) as follows:

30
RDS(d) = dps(P) + dps(C) + dps(O) + dps(L) + dps(A)



Opens (JO): For each Boundary-Scan pin used to test a target - 26devi ce
pin, JO = <inherit JO value of target device pin> Inplicit Coverage: Check
-all tested pins for inplicit coverage of 5 series conponents. Anal og

Functl onai Tests 10 Tests that apply to a devfce will receive POOL and JO
scores. Tests that apply to circuit function may be considered "irttang~le"
-and scored as such. Presence (P): if (device test statenent not conmented)
then P 15 = Full In the above case) the device test statenent can take a
variety of . forms. For exanple, many anal og powered tests contain caNs to
measur enment subtests. O her tests do.qgot contain subtesis) and take only a
20 single neasurenent. Various criteria will therefore be nsquired to

det er mi ne whet hémdnmdudspmoneM@meesdumﬂ@ubmsdro genarplecd board t ests havi ng

subtests) a c r ca t ook f.or and for

tests not h%% %%0@% '?} Et’h'gd' 6‘?’9& ﬁ%?earn{égg#ﬁg&?%ﬁhﬁ&%%éd "measure”

or report P statenents. The remai ni ng PCOL and JO properties nay be
o]

25 scon~d as follows: Correctness (C: if (L > Untested) the C = Partial 30
Liveness (L): if (P > Untested) then L = Parti aal Orientation (O: if (P>

Unt est gd) then ' g Fuil for
tested pi ns 35 oPd:ﬁ]rhgéﬁéﬁﬁ%%%%orggie{é&tﬁséggﬁ%ﬁ |veness scorr ng assumes
t hat t est s mpay becomparedito getdrminedbe relative: test aviverrgedhatesich sbidect i ons. - 27

Source of - REPEARDOT Heborrtc ievd StitisBof Bied et e LiR i et iog Bl oot o i
only be conestdeme thdtprovidescidegaieitestoveragbdoria beardc Note, Inoweeeng cal | ed and

is not conmmented. 5 Coupon  Tests A _coupon test i s assunmed to be wel | fom-d.

Thai is, tHEatl‘bemﬁ?%?%ﬂ“ﬁéh%rQﬁ?gs@vP@gﬁme&mmm es about the

sequeqgl ng ,%dghqﬁegpg Ffmmb dihe

reprggent a’tg(la\?e |s%§e§| ned as g%’/tfoggegsct?ﬁa bg?«%}a;set ested. The

r epr esent atimplementatiopeetcs Boarheampenant scoreamauraml@ ermopayed ferot  bei ng
tested. Th t he

r epr esent a? P‘\E/EB'?%%%?&’ ue t@e%@@gﬁégzqgﬁ équ&%ﬁaaﬁ'éclc‘)’%ﬁ%ec%ss (O):
<const i t uerdefect istbeing hotied ¢indhe fieldt, adbitiohalitests &grithis defest mightb80 | nmal icit

Devi ce Covg;agéqSorre devices, due to limted access, are not directly

t ested by ‘er) but may have properties inplicitly tested (e.g., when a
seem pgly 25 unrel ated test passes, and it is can be deduced that the test
cannot pass unbess a rron-target conponent is present and connected. if a

test resource | SOBBHEOBRANGN $rozes Way dlsohe sampared far i siveniest es conponent

such as a SHklefir ih%@%rbp'?négébﬂ&térm eVAGae WHE rdbUSHRES Bf flest Nat 30

resistor is'inplicitly tested testi n the tested devi ce. Thus)
system in its ability to test drfferent types o boards for the same types of
enumerated defects.

20

Connection Scoring

If the SOQ properties are the ones that have been enumerated, then
25 . the property scores (cps) for a given connection (c) may be combined to
generate a "raw connection score” (RCS) as follows:

RCS(c) = cps(S) + cps(O) + cps(Q)

30 Individual connection scores may be combined to generate a board



-2& Presence (P): P = <presence score of tested device> If a test resource
is connected to a tested device through a series conponent such as a series
termnation resistor) then the open properties of 5 the resistor's pins are
tested by testing the tested device. The open properties of the series
conmponent inherit the opens score of the tested device. Thus, Opens (JO:
JO = <open score of tested device pin> 10 Automated X-Rav | nspection ~~AXt)
Tests AXI systens | ook at dense objects on a board, such as | ead solder 15
joints and the tantal um slugs within certain capacitors) some at which may
be pol arized. AXt systems can also rayg joints for quality. An AXl system
can also correlate a group of problens (e.g.) opens) with a m ssing device
or an al i gnnemhegtionscere (i.8() abirdicatioh©f a tésirsuitels Bonmextion cpwerage irscare JO =
Ful I Presence gr:%: if all pins of a device are viewed and correl ated, then
score P = F#8nefAlk the device 25 Shorts ($): for each viewed joint pair)
score S = Full Alignrnent (A): if ail pins of a device are viewed and
correlated, then score A = Partial for the device 30 Joint 4uality (4):
for each vi ewed Sinilerly to howihioaed cormeotidri stores inay be comparesikfors t est ed, t hen
score Q.= Partial, else if both insu~cigentlvoid and excess tested) then
score Q°= th{'#e'g%‘@%rs“ﬁ%F ’BM&&*E}? nngg%qrbsqgrgsmyla'fqofbe[ he capacitor
is viewed, ajfhpared?d_ score Orientation (O = Fuli if the capacitor's

pol ari zation is viewed. Board Test Coverage 5 FIG 5 Illustrates the manner
in which board test coverage results mght be reported to a user. Note,
however, that Ft G 5 is nore of a conceptual i~ustration) and is not

necessarily intended to depict a particx~ar "screen inage" that m ght be
presented to use i | t es "board test coverage" as being the
r oot ot' a tree. In one enbodi mrent of the invention) there is no single

i ndi catPon or "score" that is indicative of board test coverage. Rather)
board test cover Rgperty sceres ase deradifiont the testsiof aaéstenitef For éavhr d conponent

score and a,bqard oonn~jiqgn.score (i.e. indigcators of board conponent
cover age ande"gg]gisd}eiweélrbl@??tﬁvﬁ and-gon ’&sﬁ'ﬁrfﬁffﬁ‘é'?ﬁ"dg’cyore is

i ndi cafive aqhe test,ah812) howiveelithe polentiallydefedive propedtiesidfeh@ot enti al | y
defective properties of all of the conmponents on_a board. Likew se) the

board oonne&PRWOREHS @nd conpegtions atedegled Ry tha test Fellowing.aeisome t o test al |
of theqHot enkbmplayy fRhElak frerving Scbre frofi tedls.  Of

U red Analog Electrical Tests

20 The following definitions may be used by an unpowered analog test
system:

Test_statement: For analog in-circuit, this is the source-level
measurement statement that performs the measurement (i.e., “resistor”). If
25 the test generator cannot write a reasonable test, then it comments the

measurement statement in an analog in-circuit test.

Device_limit: The tolerances o‘f the device as entered in board -

topology.
30



20 the connections on a board. tf a user desires to review board conponent
coverage in further deta~, a user may drill down to scores (coverage
indicators) for various individual conponents. Attemativeiy (not shown)) a
user mght drill down from board 25 conponent coverage to a "conponent
type") and then drill down to individual conponents. For each conponent, a
user may drill down to the individual properties of the conponent. if
desirable, the properties could be grouped 30 as "fundanental " and
"qualitafrve", as previously described. -30 Simlar to the way that users
may revi ew conponent coverage in furtygr detail, users may drill down to
scores (coverage indicators) for var'rous individual connecEi ons andl or
connecti on gr oupFest rlimit: sSTiwennigh aRd love iralts ofbthe det ias ispecifiedsiathetestdri | | down

e L B T e i
further ill Hﬁ“"‘@’hﬁ‘ég%%ﬁm gqnggmngﬁ,rmnent s and connecti ons.
of thi's Corr

As a result espondence) a user mght be offered 10 the option
of drflling down into conponent coverage, and then crossing over to view

t he connection coverage .for tiecul.ar c t . be conmponent
type). "15 @ma~t§ggpmm‘@)@§{sé’é%ﬁ “c%%?i@)“@#ﬁ@%’gm sections
have i nt r odingeétols) fieldafieciransistors (PETS)Ndioties tand@enerdiodes; stere: f or two t est
suites that are designed to test the sane board. FIG 6 iNustrates this
concept nore generally, as a nethod 600 for 20 conparing board test
coverage for twdresenced): es. Hitest statementoet opynentedyithep PreFdhuner ati on
602 of potentially defective properties for a board, wthout regard for

ei t hertOof t he t dsarectness{C).Forlf (bacUntested) thent@Q:= Ramialsuite is scored 6U4 in
response to whether the suite tests for the potentially defective
properties enuntdivneds (IJor r es [b{best ignits< d18'Sddvine_tiinit) theo Lt=eBill, sui t es may 25
t hen be conpared 606 to det er relgedf (tost_stetenient aoconanasied)theh Leach suite
provi des for the board. 30 _Ritial Theoreti cal Maxi num Scores There are at
| east w0 types of theoretical "maxinmum scores” that are useful in

characteri zi ng |Qrentation(0)c OV af (st _typeas DIGDE ot ZENERCor FET) and (L
> Untested)) then O = Full

Shorts (S): if (P > Untested) then
20 . Mark_Shorts_Coverage{Node_A, Node_B)
Opens (JO):. if (P > Untested) then device’s pins score JO =
Full
25 The Mark_Shorts_Coverage routine marks any adjacent pins
(Node_A, Node_B) as Fully Tested. This includes pin pairs on devices other
than the target device(s).
For transistors (two diode tests and one BETA test), score:
30
Presence (P): if ((BE_diode_statement not commented) and
- (BC_diode_statement not commented) then P =
Full, else if ((BE_diode statement not
commented) or (BC_diode_statement not
35 ‘ commented) then P = Partial -

Comrectness (C):  if (L > Untested) then C = Partial

Liveness (L); if ((BETA_test_statement not commented) and



5 "' scores (conmponent $ connection) that can be achi eved assuming that all
potentially defective properties are Futiy Tested, and 2) the maxi num
-scores that can be achieved by a particular test system (or systens) if a
test suite is robust. 10 The maxi mum scores that can be achi eved assum ng
that all potentially defective properties are Fully Tested is sinply:
‘Max~(BDS) = for all d, Sum RDS(d); (where BDS = board conponent score; and
where 15 . aII conponent properties influendng RDS(d) are !=ally Tested)
Max, (BCS) = for all ¢, Sum RCS(c); (where BCS = boarcl 20 ~ connedbn score;
and where arI connection pr operties |r§_tuenc ng RCS(c) are Futly Tested) 25
The above "nmaxi mum scores” are useful I n determ ning whether there are
potentially defective properti(BETANest fimit ORBSBETA elesicopimi)) a t est
suite's coverage. However, thehabpweq:uua&'seﬁrmam fest_statelhentinot whet her a
defect is beyond the scope of cagminfintedthérel = Ratiglr age because 9 ) the test
suite is not robust, or 2) testing for the defect is beyond the capability
of avaig abl e 30q Etl&ﬁ/ CNE. ,fl(£>| gﬁﬁﬁh@ﬁ?}“ﬁr‘l%lfé gegpalculate the

maxi mum scores t can' oe ac )sﬁ?'z 8'r|cul ar tes system (or
systens) if a test suite is r second pair of maxi num scores does
not assune that all property scores inliuencing RDS(d) and RCS(c) are Fully
Tested, but rat [Shorts aht Bpéns EsVerafcon basy) ehitlersaicoNeabi jpinisarehe nMaxi num
val ue that i s possible given -32 a particular test system (or systens).
Thus, Max~(ipeiagedindthe abpye tgstsdondiodess d); (where ail conponerft properties
influgpcing RDS(d) S are set to therr maxi mum val ue given a parE~utar test
system (or systens}) Maxj (BCS) for all' ¢) Sum RCS(c); (where all
connection 10 pintheratiove Wﬂwm&ﬂt@ﬁiﬁﬂ(@]ﬁl&mﬁeﬁa&tﬂﬁo their maxi nurn

val ue give e I | ustrates
maxi wmther}BE%@%é‘gFﬁ’ ﬂ%éﬁ%%?hﬁwéﬁqééé%?ey%‘g@@é’%&ﬁ% ogy for an
arbitrary rdevicet o diode testis@sed to tdstitherjahetioniaisomats titor et i cal conponent
PCA A scor ersus test technolo fior .an, ar devi ce. The
Labl o5 i n FREHA.tosl-sigtoment reasiyes bie pirsint Bgmcribe ERdat e heg, “Fune o
"Partiqgl " |Jmé,9ﬁlrﬁma%@wsyvaumgr ven test systemcan 20 ever score full or
partial coverage for the particular conponent type at issue (e.g.,

resistors in FIG 7, and digital devices in FIG 8}. ~ In filling out the
tables in FIGS. Fzré?ﬁubrsn&ﬂmwmwuﬁ.ﬁe@smar%mb~ gy of a bHrwal ued
capaator in parallel wth | ar ge- val ued capacitor, or whether a given !C

has a readdhilt'sisaores may:he pseddo assess iigpasgnta Thuat si nk) woul d typically not
be 25 considered (since the is on "theoretical” maximuns). if Max~(BDS) and

Maxz( ) score g capcu S’Wg-&g - | test system

t hen ?ﬁs C&%eg‘gg?be)g canbbehg%t%rgac e eé&%ﬁwg@( Hov~ever, if
Max~( BDS) and oreg ,a ed wi th respect to a
conbi nati on of %M@SA@ g(lt LQ‘PR%)} ens E:"j\-hgﬁh%orrespondr ng PCO A
scores for the é&) I Irg n 1 can Psg conmbi ned using a
MAXI } _functi on, e WI} %aﬂ Pet% lg)élg s'? usedd n cak: uiating
the Mg 2( BDS) and Max2(BCS) s P e, glsedf ¢ o exarrpl e

t hat the maxi mum Correct ness '@"-f-'b’re-EPs" >rra1t)|'69f'51= Paialand Ax

testi ng is "Full" oarafus for Characterizing Board Test Coverage
X Orie n(O).  if (L = Full) then O = Full

30 Shorts and opens coverage on pins of child devices are included in
their subtests. )

Note that children_live_ tested_fully equals the number of child
devices scoring L = Full. Also, total_number_of_children equals the total
35 number of child devices and does not include “no test” child devices. “No
test” devices have an "NT" option entered in board topology.



5 FIG 9illustrates a first enbodi nent of apparatus 9~ for characteri zing
board test coverage. The apparatus 900 conprises 1 ) neans 902 for
enunerating potentially defective properties for a board) vvhhout regard
for how the potentially defective properties m ghE be tested, 2) neans 10
904 for determning and scoring) in relation to each potentially defective
property enunerated, whether a test suite tests for the potentially
defective property) and 3) neans 906 for conbining scores to characterize
board test coverage for the test suite. By way of exanple, the apparatus
900 could take the formof software) $prmare, hardware, or sone

conmbi nation thereof. 15- In one enbodi nent of the apparatus, each of its
conponents i s enBurdivakthes(tbresheld dest - eughtthiare pultgstahancbptestiometdr on conput er
readabl e stora i uch as: CD: a DVD flo i S a hard

G ve) or o TRaNGr JPet i 6 GuiiBetef 1% Iipwibe FulY ey Becarter aRBCal nent o
appar at us f giipteStahave Beem Scdrédhscd {6 PiDIoREN proVidedaiest at us ~ enbodied in
conput er readabl e program code 1006, 1012, 1016) 1018 stored on conputer
readabl e storage nedia 1000. A first portion of the program code 1006
bui | ds & i st 1da&swch@)EntiaRFMbwmnp¢mepfgs ren>poard. The
code 25 does this by parsing descriptive infom-ation 1002 for the board to
extract conponerCoreeadness{G¥ct iibfl * Untestent) then € siParial boar d) and t hen

associ ating potentiaNy defective properties 1004 with the extracted
conponent and . davenessilon i nf df (sablest) testeds dallyreduaer t i on of the program code
1012 pryses a test suite 1010 otk upiblel At subtedts) teeh IctFul loldd ift her ef rom

Each test object 30 - 1014 conpubtesiStesial My =13 i 12=Papial and a |ist of
conponent s and connections that are tested by the test. Athird port'ron

of the program g&}g'sso hatjes the test objects 1014 with entries in
the fist 1008 o?‘gﬁ?entl al'ly g(?af eLcti ve properties by identifying comon
conmponent s and connections in each. A fourth portion of the program code
1018 ddsi gns 5 [Shastsrang opeps coverage hp pinstof tested devicksfare includedrimperties in
said |isst éggg gfés&otenti ally defective properties) in response to whet her
tests in th SYOE at ed test obj ects 1014 test for the potentialNy defective
properties. The portions of program code need not be d' ~sflnct. Thus, code,

10 objects) routines and the like rn e shared b he vari.ous code
portions, and t é"&BB%""B&'rPiW@W%M%M%@M%mependi ng on
the manner jsihe\Bumibf thedeviséorahies, Badieeapaciter.is dVislustes as fdllowse boar d
infom-ation that is a~ssed by the code may 15 take the form of an XM

topol &y file for the board. However) the descri tive inforrnadon oouid
take ot her fommdiresgnsedBii d béf(ﬂeﬂ.bﬁb_:hm%nﬂﬁ\"%.g et £st, a bits of
materials) CAD data, or other ( milpdhee RehfWbnd connection i nf or mati on
may take a variety of fom~,s. 20 For exanple) conponent infom at;on could

take the form ofShesisiSlient naWd®>bntested)themerrt part nunbers. Connections
m ght 26ake the formof pin Mark_Shorts_Coverage(Node_A, Node_B)

Opens (JO): if (P>Untested) then both connections score
JO=Full .
30 In the above formulas, test_high_limit is the higher limit of the

accumulated tolerances of the capacitors, along with the expected
-measurement errors of the test system itself (and test_low_limit is the
opposite). Device_high_limit is the positive tolerance of the device being
tested, @dded to its nominal value. Node_A and Node_B are those nodes on

35 the capacitor pins.

Only those capacitors determined to be tested for Presence are



and node inforrnation. The potentially defective properties that the code
associates with a 25 board' s conponent and connection information may be
-drawn, for exanple, from a database storing conponent and connection types,
along with their potentially defective properties. Information fromthis
dat abase can then be associated with the conponents and connections that
"are identified for a particxiiar board. In one enbodi nent of the FIG 10
apparatus, the database 30 nmay be updated via an intertace (such as a
graphi cal user interface (GUJ) -35 displayed on a conputer screen).
Properties that are associated wth goard' s conponents and , connections
may conprise sone or aN of the PCOLA and SOQ properties 5 identified supra.
Fur t her mor egligible farrdeint Sporteand doint/Openseavelagep rRasalial cepacitays & associ at ed

2 connect | ofoLHBRELRL 8 SRR Epefied T eatetngs. LieskEEh  1C hore o
property of Ogepgtivecti on v~rith zero or nore shorts by assessing the .

proximty of the oonneation to other pins andlor nodes identified in the 10
board's descriptive information. In one nbodinent of the FIG 10 apparatus,

the tesf object spa/imnildigheth s nidfop Bkl tapsiRy RiinatbnPfeer! O di nary

skiNin the art wts recogni ze, test objects may ariously
mai nt ai ned. liowdmgquenty byymss sapacitbrswill secrivess gresierfot PresepcebPmalls i n an

"object-orignted" programyng sense, . but, al.so any.data stnxture that is
mai nt ai ned 'F'S#"‘?'Fﬂgg'lﬁ!%ﬂ?g@%?g L s[cptdécgptﬁatesr(gr%dggé@qes lgqr CXWPE) as wail as
a list of the conponents and connections that are tested by the test. 20

FIG 11 illustrates acbRsigér GMRGOHFh pakaliePRil 62 us1donF, 86wl er | zi ng boar d
test g@verage. Agai njodislerdnear atus i s enbodied in conputer readable

program code 1102 st ppeds BooHEIW $i0 £302% p =g age nedia 1100. Unli ke
t he apparat us. i ~ust rp&le@%'idbolz_lﬁo ;g?o L@O@W—-—QBM Ll t,~trated in FIG 11

does not participate in building a list of a board s potentially defective

25 properti es. t he 9%9 I bNg test suite and
| i st q pot ent i ﬁi y e?ggcfe' ve%‘?ﬁgg?#“@@’%qgﬁgaﬁ'sggﬁ'%@#ﬁ t hen assigns
property scores to p |y, det i praopernti.es i.n response to whet her
the test suite tests' 0 ’f’%b'ﬂ&ﬂé’n?%? O lect '?}géﬁp Pt es. 30 ' in one
embodi ment of the FI &P p0aratus) properiy scores  -36 conprise
nurerical equivalents for. Fully Tested, Partially Tested, and

20 TestJet® Test

TestJet® tests measure, for each pin on a device, the capacitance
between the pin and a sensor plate placed over the device package. Some
of the pins of the device can be omitted from testing. TestJet® tests are

25 scored for each tested device as:

Presence (P). if (at_least_one_pin_tested) then P = Full
Opens (JO): all tested pins score JO = Full
30 . .
in some cases, due to limited access, a TestJet® measurement is
made through a series resistor connected directly to the device under test.
Consegquently, properties of the series resistor are implicitly tested. The
TestJet® pin measurement can only pass if the series resistor is present and
35 connected. Thus, the Presence of the series resistor inherits the Joint Open



r

Untested. When a potentially defective property is tested by two or nore
tests in 5 atest suite, and two or nore property scores exist for the sane
potentially defective property, additional program code can conbi ne two or
nore property scores using a MAX function. The program code can al so
conbi ne a given conponent's property scores to generate a conponent score
for the given conponent. Likew se, the program code can conbine a given 10
connection's property scores to generate a connection score for the given
connection. The program code may al so conbi ne atl conponent property scores
to generate a board conponent score, .gsd conbine all connection property
scores to generate a board connection score. 15 Note that apparatus for
char act er i zBegyelsdthedtested pire fvesr Bder resistor Rd0 soorpiof the tested pimp t est  dat a.

VWhite illus ive,an L ed eppbodi nents .of .t.he i nvention
have been d%@%ﬁ%e%%i‘%mgg%ﬂb%&'ﬁggﬁh IR °F{§'9685'a‘855r'@f’!5 that the 20
inventive ctusteiihysa tesy obibepimcTive IsintV@peérstory for Moserd conrfpopsil oyed, and

t hat the apgend d clai are |i %ended to . be construed to inchrde such ’
vari ati ons, 2% Ir}hﬂ’é’beﬂi)‘ ghested fdeyicejoint (1.e.. JO =whscoresoty Al VED 1S 1.

A met heg fOfesm»ﬁptﬁf&,zhwm&&%&naﬁhﬁ%?ﬂm&f%gg'gs ?\éf enurer at i ng

potential ly defective properties for a boar reg r how the
pot ent i al | ytraditienaily thoughtpicas: testdargetsmay be tesied:as well.h)t therefoemch poteM atty

i ncl cat i ve BIRRECIHER BERTH el Fo ) BSeRs! Do) cnlial 1y et ect i ve

properly; and c) conbining property scores to characterize board test
coverage for the tesb éuitﬁ' é. The met hod of claim 1, wherein potentially
defective properties ated, at least in part) by parsing a netli st
for thRe board. 3. The nethod of claiml1l) wherein potentially defective
properties are enunerated) at least in part) by Parsing a bill of materials

for the board. 4 Palpatyhecktestusuallyioentainssublests\fopmulliple capagitorsf ect i ve

properties Hgg&@,?g oast in part) by parsing CAD data for the
board. 5. Tﬂgﬁrrg? od o %Fa@m , Wherein the potentially defective
properties enunerated conprise conponent properties and conk Pte. 6. The
met hod of cl ai mPsesencel(R):n t héf (devies tesl| statemenhtndticommermedytheeP enuner at ed
furthdd conprise intangible pedpdirties. 7. The method of claim6, wherein
one intangi ble property is progranm ng correctness. -38 8. The nethod of
claim1, wherei Orenation(Ont i aififevicd_test i stasteMeADRo IcoRfnailediRhér ©1 conpri se
at | east the foll ow ng conponerRullpr operti es: presence) correctness)
orientation, tiveness) and alignnent. 9. The nethod of claim11, wherein the
poten%{;al | y defective properties enunerated conprise at Least one conponent
propefty selected fromthe group consisting of: presence, correctness)
orientation, |ivenesSonrtefiCAbélTeds ~t. 10. The nethod of claim1) wherein
different potentially defectrve properties are enunerated for different
conponent types. 11. The nmethod of claim 1, wherein different potentially

defective A Connect Check test usually contains subsets for multiple devices
and may be scored as follows:
25 )
Presence (P): if (device_test_statement not commented) then P
= Full
2 Opens (JO): if (P > Untested) then tested pins score JO = Full
Maaic Tests

A Magic test is one test that contains multiple device tests. The



properties are ernrnerated for different package types. 12. The net hod of
claiml1, v~rein the poteMaity defective properties enunerated conprise at
1east the follow ng connection properifes: shorts, opens, and quality. 13.
The nethod of claim1) wherein the potentially defecfrve properties

enuner ated conprise at | east one connection property selected fromthe
group consisting of: shorts, opens) and quality. 14. The nethod of claim1,
wherein property scores conprise nunerical equivaients~for. Fully Tested,
Partially Tested) and Untested. 15. The nethod of claim1, wherein

combi ning property scores to charactepzze board test coverage conprises
conbining two or nore properly scores using a MAX function when i) a

pot enti al | y sdedrerbeiove wilk depent onithe fadticodelage humbers caicidatedorsedch t he t est

suite, and ij) two or -3 RLO, ert scor are geperated for the
same pot ent |d§%"P?bM§?%E9W‘R’)@’I gﬂgﬂ’?ﬁf %fg ga ‘%'ﬁ? faullifier ei n
cornbi ni ng p%ﬁ?&été‘dﬁﬁleraﬁa % nﬁgﬂ&@cﬁ\%!&eofb?%ﬂatp%&icu&wﬁnﬁﬂéaﬂémpr' ses)
for a given conmponent) I'ning the conponent’s ‘property scores to

generate a mmmmmweetabm The nmethod of claim 1) wherein conbining
propert$/ scores to characterize board test coverage conprises, for a given
0

connectY on) conbinin con er £s +0 generate a
connecti on scoreb 'qwl‘}lgﬁ %@pﬁggﬁ}ﬁfﬁ% %@?ﬁﬁl‘gg%l ni ng property
scores to characjeri ze bo d t over age co ses: a) conbining ail
conponent proper gfg rgw"gw&rﬂfgﬂent score; and 5 b)
conbi ni ng all connectlon propert scores to generate a board connection
sc~or ~80 "19. Appdveness (kor chdf(&m F hornd(Mesdiowrw dDaben L Sonpr i si ng:
a) conputer readabl e storage rieaibial; and b) conputer readabl e program code,
stored on the conputer readable storage nedia, conprising: 5 i) program
code for buil di nQrientatian(Q)f pdt@mmeyis&&freanwewmm»mmﬁ a board;
said program code A) parsing cRegtiali ptive i nformation for the board to

ext racts conponent and connection information for the board, and B)
associating potentially defective properties with '10 the extracted
conponent and connection information; -4Q i) program code for parsing a
test suite and extragidigii-Ertuitthdstet s therefrom each test object

conprising A) details of a test, and B) a |ist of conponents and
connections that are tested by the test;

Digital In-Circuit tests (excluding Boundary-Scan) are extracted from
20 prepared libraries of test vectors, and are often modified in light of board
topology. For a Digital In-Circuit test, device and connection properties may

be scored as follows:
Presence (P): if (pin_outputs_toggled>0) then P = Full
25
Correctness (C):  if (pin_outputs_toggled>0) then C = Partial
Orientation (O): if (pin_outputs_toggled>0) then O = Full
30 Liveness (L) if {pin_outputs_toggled>0) then L = Full
Joint Open (JO):  if (pin_is_output) and (pin_toggled) then JO =
Full, else if ((pin_outputs_toggled>0) and
(pin_is_input) and (pin_toggled)) then JO = Partial
a5 .

In the above formulas, pin_outputs_toggled is the number of output
(or bidirectional) pins that are tested for receiving high and low signals.



15 iii) program code for associating the test objects with entries in the
list of potentially defective properties, by identifying commbn conponeryts
-and connections in each; and iv) program code for assigning properly scores
to the 20 potentially defective properties in said list of potentially
defective properties, in response to whether tests in the associ ated test
"objects test for the potentially defective properties. 20. The apparatus of
claim19) wherein the descriptive i Momation for the boats is an XM
topology file for the board. 21. The apparatus of claim 19) wherein at

| east sone connection and connectionggnformation is indicated by pin and
node i nformation. 22. The apparatus of claim 19, wherein: a) one

potential | y def daputypin ppensart préférablymeyebscosed bettextieeth Partial sinder act ed
connection iniom-ation is.a short property; b) th rogram code

associ at es DHaultsiguated Bﬁ@@??afﬁeﬁw@é{i%ﬁ% "’R}’Fﬁegégﬁ"’g?"ﬁ%re shorts by
assessi ng tﬁﬁeﬂfs@ﬂd?ﬂay SRS o hh ingg and/ or nodes
idenfiffied In the oarﬂdﬁérl pti vebigm'%trgr(g i'%ﬁag‘%f The apparatus of
claim 19, wherein the programcode for building a fist of potentially

def ecti_ve properties associates dff Eerent potentially -41 defective
properPi es w #h different conponent types. 24. The apparatus of claim19,
wherein the program BogaddreSchnTestsng a |ist of potentially defective
properties associates different potentially defective properties with

di fferent package types. 25. The apparatus of claim19, wherein the test
obj ects are XM gabi, 8&:5'-%3 mgﬁ, |l ; ein the
potentially defective pr?ﬁgﬁcﬁggnconprl S?é?&ﬁegggtﬁﬁo%lgd%%em " property
sel ect ed f rGimuitiesty(seepsupnd)si sti ng of . presence) correctness, orientation)
Iivenqas, and alignment. 27. The apparatus of claim 19, wherein the
potentially defective properties conprise at | east one connection property
sel ect ed from t Al BpundarycSoani tests inphalle: TAM (lestaccessamet) integrity tedts ty.  28.
Apparatus fpor, characteri zi ng boatct test, coverage, copprisi.ng: a) nmeans for
enuner at | ndﬁg&r@nﬁaﬁpf@‘e@@gw%ﬁ&cggﬁpkqoggeﬁgq%sgnﬁgﬁ?w)wws?ﬁm regar d
for how t hewgtRingNtThas, sacaés @overed I Sultehiah setibis iikcowiad;, 5 b} neans

for determ ning and scoring) in relation to each potentially
def ecti ve. W@ﬂmgéﬂf‘m- Fox eagh dayjcedn gBoundalyr t he

pot enykal | &&g.f&sm,%smgw fb Gveeans for combining scores to

characterize board test coverage for the test suite. 29. A nethod for
conparing board test coverage for two test suites) conprising: a)

enuner ati ng pot Esesence {Pref ecPixBulpr operties for a board, -42 wit hout
regard for either of the test suites; 5 b) for each test suite, scoring
whet her the t esCopectness (C) s ifdPevicehamar iR Catle)ther CeeFul@lsorGpert i es
enunel@t ed; and c) conparing Pedieks for the two test suites. 30. A nethod
as in claim?29, wherein the poteM aNy defective properties enunerated

conpri se: Orientation (O): O =Full
Liveness (L) L =Full
25 -
Opens (JO): For TCK, TMS, TDI, TDO pins, JO = Full;
For TRST* and compliance enable pins, JO =
Partial
30 Implicit Coverage: Check all TAP and compliance enable pins for

implicit coverage of series components (see
“Impiicit Device Coverage” later in this
Description).

35 For Connect Tests, score:

Opens {JO): For each tested pin, JO = Full;



a) conponent properties selected fromthe properties: presence)
correctness. orientation) weness. and a~gnnent; and 5 b) connection
-properties selected fromthe properties: shorts) opens) and quality. 31.
Appar atus for charaderaing board test coverage, cor~rising: a) conputer
readabl e storage nedia; and b) conputer readabl e program code) stored on
‘t he conput er readabl e storage nedia, oonpr~ing programcode for i) 5
parsing a test suite and a Cyst of potentially defective properties for a
board, and ii) assigning Property scores to potentially defective
properties in response to whether theyiest suite tests for the potentiaNy
def ecwe properties. 32. The apparatus of claim 31) whenain the property
scores conprise nunerical equifareachdixéd highllow pr heldthigh/loWapib, JO Ey Test ed)
and Untested. 33. The apparat uRartisl cl ai m 31, wherein the conputer readable
program code further conprises program code for conbining two or nore
property scores lrb?dliaﬁcﬁvéﬂ%ezf UOKRECKD 166188 pihs¥8t Iiplitiftoveralid 6Ct | ve property
is testgd by two or nore teswséri@s%fiﬁtpéﬁ?ﬁts.su' te and two or 5 nore property
scores exist for the sane potentirally defective property. -43 34. The

apparatus of claim 31, wherein the conputer readable program code further
conpri ses progr afordoeconnectciests, acorg: a gi ven conponent's property scores to
generate a conponent score for the given conponent. 35. The apparatus of
claim 31) whereif the conputer_readabl rogram.code further conprises

pr ogr am code forge?ﬂftﬁ“m'ng a §W&?°RP??§$§B'§%§” A LY Scores to

general® a connection score fdreReh frethi et g? ?% PiheQPpar at us of
claim 31, wherein the conmput erPartidldanl e program code further conprises
program code for i) conbining all conponent property scores to generate a
board conponent Shastsdf)and u) Forallinodestested, Mank.Shods_Coverage(). scores to
generate a board connecti on sdwered nodes should be added to this list

Ay |16 A{ & As. ALe. AYL. A" . Al 9.beieausiashbrtsAsetwéen Botindasy-Sea® nddesAL. As. AL. AL. A
U A{L_.A (.AL. A3L. ALE . Al ; L. Aind.pbweréd podes drb détectodl as’wéd. AL. A39. AL. Al ;

", AYH&. Al L. Asr A] $d=>5{| wr mhc”YT] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal] ca] cal] ca
U ca Ul c”a] caU] apigieiCbleragd:c Ctheck d tediedins Wramplibicdmvetal ofRa] call ¢ a ]
EKdg: \ ~ysnhc] XRU] ca] cal] ca]seribs eorhpandras] cal] cal] cal] cal] ca

Ul c*a]gaU] ca] ca] ca] ca] ca] ca]ca |

U] c*aU] ca] ca] ca] cal] ca] cal] caU] caU] ca@ +OQUVZHady{ zuoj d_YThc] XRU] ] caU] ca] caU
] ca] caU] ca] calj] cFé]'gAEM’B 1 8@:cal] cal] cal] ca] c”a

Joint Opens (JO): For each tested pin, JO = Full;
For each fixed high/low or hold high/low pin, JO =

25 Partial
Implicit Coverage: Check all tested pins for implicit coverage of
series components.
30 For Powered Shorts Tests, score:
Shorts (S): For each unnailed node A associated with silicon
node B, Mark_Shorts_Coverage (A, B)
35 Implicit Coverage: Check all tested pins for implicit coverage of
series components.

A silicon nail test tests a target non-Boundary-Scan device. For these
tests, devices may be scored identically to digital In-Circuit devices. Thus,

40
Opens (JO): For each Boundary-Scan pin used to test a target

.-
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subtest should only be considered for coverage if the subtest is actually

being called and is not commented.

Coupon Tests

’ A coupon test is assumed to be well formed. Thal is, the
10 manufacturing process is assumed to follow rules about the sequencing of
devices during placement. For coupon tests, the “representative” is defined
as the device actually being tested. The representative represents
“constituents”, which are devices not being tested. The representative is
scored according to its type, and the representative’s constituents are scored
15 as follows: :

Correctness (C):  <constituents inherit the C grade of their
- representative>

20
implicit Device Coverage

Some devices, due to limited access, are not directly tested by a
tester, but may have properties implicitly tested (e.g., when a seemingly
25  unrelated test passes, and it is can be deduced that the test cannot pass
uniess a ngn—target component is present and connecied.

if a test resource is connected to a tested device through a series
component such as a series termination resistor, then the presence of that
30 resistor is implicitly tested by testing the tested device. Thus,
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component such as a series termination resistor, then the open properties of

5 the resistor's pins are tested by testing the tested device. The open
properties of the series component inherit the opens score of the tested

device. Thus,

Opens (JO): JO = <open score of tested device pin>
10

Automated X-Ray Inspection (AXI) Tests

AX) systems look at dense objects on a board, such as lead solder
15 joints and the tantalum slugs within certain capacitors, some of which ma}
be polarized. AX! systems can also rate joints for quality. An AXI system

can also correlate a group of problems (e.g., opens) with a missing device or

an alignment problem.
20 Opens (JO): for each viewed joint, score JO = Full
Presence (P): if all pins of a device are viewed and correlated,
then score P = Full for the device
25 Shorts (S): for each viewed joint pair, score S = Full

Alignment (A): if 2ll pins of a device are viewed and correlated
then score A = Partial for the device

30 Joint Quality (Q):  for each viewed joint, if either insufficient/void or
excess tested, then score Q = Partial, eise if both
insufficient/void and excess tested, then score Q
= Full

35 For tantalum capacitors, score P = Full if the capacitor is viewed, ahd
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score Orientation (O) = Full if the capacitor's polarization is viewed.

Board Test Coverage

5
FIG. 5 illustrates the manner in which board test coverage results
might be reported to a user. Note, however, that FIG. 5 is more of a
conceptual lustration, and is not necessarily intended to depict a particular
*screen image” that might be presented to user.
10

FIG. 5 illustrates "board test cqverage" as being the root of a tree. In
one embodiment of the invention, there is no single indication or “score” that
is indicative of board test coverage. Rather, board test coverage is
represented by the combination of a board component score and a board

15 connection score (i.e., indicators of board component coverage and board
connection coverage). The board component score is indicative of a test
suite’s ability to test all of the potentially defective properties of all of the
components on a board. Likewise, the board connection score is indicative
of a test suite’s ability to test all of the potentially defective properties of all of

20 the connections on a board.

if a user desires 1o review board component coverage in further detail,
a user may drill down to scores {coverage indicators) for various individual
components. Altematively (not shown), a user might drill down from board
25 component coverage 1o a “component type”, and then drill down to individual
ct;mponents.

For each component, a user may drill down to the individual
properties of the component. if desirable, the propertigs could be grouped
30 as "fundamental” and “qualitative”, as previously described.
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connection, a user may drill down to the individual properties of the
5 connection. If desired, the propemes could be grouped as “fundamental”

and "qualitative”.

FIG. 5 further illustrates the correspondence between components
and connections. As a resuit of this correspondence, a user might be offered
10 the option of drilling down into component coverage, and then crossing over |
io view the connection coverage for a particular component (or maybe

component type).

15 Co ; T in ge |

The above sections have introduced the concept of comparing test

coverage scores for two test suites that are designed to test the same board.
FIG. 6 #lustrates this concept more generally, as a method 600 for

20 comparing board test coverage for two test suites. The method 600 begins
with the enumeration 602 of potentially defective properties for a board,
without regard for either of the test suites. For each test suite, the suite is
scored 604 in response to whether the suite tests for the potentially defective
properties enumerated. Corresporxling scores for the two test suites rflay

25 then be compared 606 to determine the relative coverage that each suite
provides for the board.

30
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Theoretical Maximum Scores

There are at least two types of theoretical “maximum scores” that are
useful in characterizing board test coverage. These are 1) the maximum
5 ' scores (component & connection) that can be achieved assuming that all
potentially defective properties are Fully Tested, and 2) the maximum scores
that can be achieved by a particular test system (or systems) if a test suite is
robust.

10 The maximum scores that can be achieved assuming that all
potentially defective properties are Fully Tested is simply:

Max,(BDS) = for all d, Sum RDS(d); {where BDS = board
component score; and where
15 . all component properties
. influencing RDS(d) are Fully
Tested)

Max,(BCS) = for all ¢, Sum RCS(c); (where BCS = board

20 connection score; and where
all connection properties
influencing RCS(c) are Fully
Tested)

25 The above “maximum scores” are useful in determining whether there

are potentially defective properties that are beyond the-scope of a test suite’s
coverage. However, the above maximums do not indicate whether a defect
is beyond the scope of a test suite’s coverage because 1) the test suite is
not robust, or 2) testing for the defect is beyond the capability of available

a0 ) test systems. It is therefore useful to calculate the maximum scores that can
be achieved by a particular test system (or systems) if a test suite is robust.
This second pair of maximum scores does not assume that all property
scores influencing RDS(d) and RCS(c) are Fully Tested, bﬁt rather assumes
that each property score achieves the maximum value that is possible given
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Max(BDS) = for all d, Sum RDS(d); (where all component
' properties influencing RDS(d)
5 ] are set to their maximum
value given a particular test

system (or systems))

Max(BCS) = for all ¢, Sum RCS(c); (where all connection
10 properties influencing RCS(c)
. are set to their maximum
value given a particular test
system (or systems))

15 FIG. 7 illustrates maximum theoretical component PCOLA scores
versus test technology for an arbitrary resistor, and FIG. 8 illusirates
maximum theoretical component PCOLA scores versus test technology for
an arbitrary digital device. The tables in FIGS. 7 & 8 are simply filed by
rating a property “Full” or "Partial” if there is any way a given test system can

20 ever score full or partial coverage for the particular corﬁponent type at issue
(e.g., resistors in FIG. 7, and digital devices in FIG. 8).-In filling out the
tables in FIGS. 7 & 8, considerations such as the testability of a low-valued
capacitor in paraliel with a large-valued capacitor, or whether a given IC has
a readable label that is covered up by a heat sink, would typically not be

25 considered (since the focus is on “theoretical” maximums).

i Max,(BDS) and Max,(BCS) scores are being calculated with respect

to an AX) test system, then the AXI PCOLA scores can be extracted from
FIGS. 7 & 8. However, if Max,(BDS) and Max,(BCS) scores are being

30 calculated with respect to a combination of AXI and AOI and test systems,
then corresponding PCOLA scores for the AOl and AX| l_ines inFIGS.78& 8
can be combined using a MAX() function, and the MAX() PCOLA scores can
then be used in calculating the Mdz(BDS) and Max,(BCS) scores. In this
latter case, note for example that the maximum Correctness score for a
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Apparatus for Characterizing Board Test Coverage

FIG. 9 illustrates a first embodiment of apparatus 900 for

characterizing board test coverage. The apparatus 800 comprises 1) means
902 for enumerating potentially defective properties for a board, without
regard for how the potentially defective properties might be tested, 2) means

10 904 for determining and scoring, in refation to each potentially defective
property enumerated, whether a test suite tests for the potentially defective
property, and 3) means 906 for combining scores to characterize board test
coverage for the test suite. By way of example, the apparatus 900 coukd
take the form of software, finmware, hardware, or some combination thereof.

15 In one embodimgm of the apparatus, each of its components is embodied in
computer readable program code stored on computer readable storage
media such as: a CD-ROM, a DVD, a floppy disk, a hard drive, or a memory
chip.

20 FIG. 10 illustrates a second embodiment of apparatus for
characterizing board test coverage. The apparatus is embodied in computer
readable program code 1006, 1012, 1016, 1018 stored on computer
readable storage media 1000. A first portion of the program code 1006
builds a list 1008 of potentially defective properties for a board. The code

25 does this by parsing descriptive information 1002 for the board to extract
component and connection information for the board, and then associating
potentially defective properties 1004 with the extracted component and

" connection information. A second portion of the program code 1012 parse.;.
a test suite 1010 and extracts test objects 1014 therefrom. Each test object
30 - 1014 comprises the details of a test, and a list of components and
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1016 associates the test objects 1014 with entries in the list 1008 of
potentially defective properties, by identifying common components and
connections in each. A fourth portion of the program code 1018 assigns
5 property scores to the potentially defective properties in said list 1008 of
potentially defective properties, in response to whether tests in the
associated test objects 1014 test for the potentially defective properties.

The portions of program code need not be distinct. Thus, code,
10 objects, routines and the like may be shared by the various oode portions,
and the code portions may be more or less integrated depending on the
manner in which the code is implemented.

The descriptive board information that Is accessed by the code may
15  take the form of an XML topology file for the board. However, the descriptive
information could take other forms, and could be derived from a board netlist,
a bill of materials, CAD data, or other sources._

Component and connection information may take a variety of forms.
20 For example, component information could take the form of component
names or component part numbers. Connections might take the form of pin
and node information.

The potentiaily defective properties that the code associates with a
25 board’s component and connection information may be drawn, for example,
from a database storing component and connection types, along with their
potentially defective properties. Information from this database can then be
associated with thé components and connections that are identified for a
particular board. In one embodiment of the FIG. 10 apparatus, the database
30 may be updated via an interface (such as a graphical user interface (GU!)
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displayed on a computer screen).

Properties that are associated with a board's components and

connections may comprise some or all of the PCOLA and SOQ properties

5 identified supra. Furthermore, different potentiaily defective propeniés may
be associated with different component, package, and/or connection types.
With respect to a connection’s possible shorts, program code may associate
the short property of a connection with zero or more shorts by assessing the
proximity of the connection to other pins and/or nodes identified in the

10 board's descriptive information.

In one embodiment of the FIG. 10 apparatus, the test objects are
created as XML objects. However, as one of ordinary skill in the art will
recoghize, the test objects may be variously maintained. “Object”, as used

15 herein, encompasses not only objects in an “object-oriented” programming
sense, but also any.data structure that is maintained for the purpose of
tracking the details of a test, as well as a list of the components and
connections that are tested by the test.

20 FIG. 11 illustrates a third embodiment of apparatus for characterizing
board test coverage. Again, the apparatus is embodied in computer
readable program code 1102 stored on computer readable storage media
1100. Unlike the apparatus illustrated in FIG. 10, the apparatus illustrated in
FIG. 11 does not participate in building a list of a board’s potentially defective

25 properties. Rather, program code 1102 parses an existing test suite and list
of potentially defective properties for a board, and then assigns property
scores to potentially defective properties in response to whether the test
suite tests for the potentially defective properties. ‘

30 " In one embodiment of the FIG. 11 apparatus, property scores
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comprise numerical equivalents for: Fully Tested, Partially Tested, and
Untested.

When a potentially defective property is tested by two or more tests in
a test suite, and two or more property scores exist for the same potentially
defective property, additional program code can combine two or more
property scores using a MAX function. The program code can also combine
a given component’s property scores to generate a component score for the
given component. Likewise, the program code can combine a given
connection’s property scores to generate a connection séore for the given
connection. The program code may also combine all component property
scores to generate a board component score, and combine all connection
property scores to generate a board connection score.

Note that apparatus for characle}izing board test coverage does not
require run-time test data.

While illustrative and presently preferred embodiments of the
invention have been described in detail herein, it is to be understood that the
inventive concepts may be otherwise variously embodied and employed, and
that the appended claims are intended to be construed to include such
variations, except as limited by the prior art.
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1.

A method for characterizing board test coverage, comprising:

a) enumerating potentially defective properties for a board,
without regard for how the potentially defective properties might
be tested;

b) for each potentially defective property enumerated, generating
a property score that is indicative of whether a test suite tests

for the potentially defective property; and
c) combining property scores to characterize board test coverage
for the test suite.

The method of claim 1, wherein potentially defective properties are
enumerated, at least in part, by parsing a netlist for the board.

The method of claim 1, wherein potentially defective properties are
enumerated, at least in part, by parsing a bill of materials for the
board.

The method of claim 1, wherein potentially defective properties are
enumerated, at least in part, by parsing CAD data for the board.

The method of claim 1, wherein the potentially defective properties
enumerated comprise component properties and connection

properties.

The method of claim 5, wherein the potentially defective properties
enumerated further comprise intangible properties.

The method of claim 6, wherein one intangible property is
programming correctness.
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enumerated comprise at least the following component properties:

presence, correctness, orientation, liveness, and alignment.

9.  The method of claim 1, wherein the potentially defective properties
enumerated comprise at least one component property selected from
the group consisting of: presence, correctness, orientation, liveness,
and alignment.

10. The method of claim 1, wherein different potentially defective
properties are enumerated for different component types.

11.  The method of claim 1, wherein different potentially defective
properties are enumerated for different package types.

12. The method of claim 1, wherein the potentially defective properties
enumerated comprise at least the following connection properties:
shorts, opens, and quality.

13. The method of claim 1, wherein the potentially defective properties
enumerated comprise at least one connection property selected from
the group consisting of. shorts, opens, and quality.

14.  The method of claim 1, wherein property scores comprise numerical
equivalents-for: Fully Tested, Pa!'liaily Tested, and Untested.

15. The method of claim 1, wherein combining property scores to
characterize board test coverage comprises combining two or more
' property scores using a MAX function when i) a poteﬁtially defective
property is tested by two or more tests in the test suite, and ii) two or
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16.

17.

18.

19.

more property scores are generated for the same potentially defective

property.

The method of claim 1, wherein combining property scores to
characterize board test coverage comprises, for a given componeni,
combining the component’s property scores to generate a component
score.

The method of claim 1, wherein combining property scores to
characterize board test coverage comprises, for a given connection,
combining the connection’s property scores to generate a connection
score.

The method of claim 1, wherein combining property scores to

characterize board test coverage comprises:

a) combining all component property scores to generate a board
component score; and

b) combining all connection property scores to generate a board
connection score.

Apparatus for characterizing board test coverage, comprising:

a) computer readable storage media; and

b) computer readable program code, stored on the computer
readable storage media, comprising:

i) program code for building a list of potentially defective
propenties for a board; said program code A) parsing
descriptive information for the board to extract
component and connection information for the boa;'d,
and B) associating potentially defective properties with |
the extracted component and connection information;
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23.

i)

i)
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program code for parsing a test suite and extracting test
objects therefrom; each test object comprising A) details
of a test, and B) a list of components and connections
that are tested by the test;
brogram code for associating the test objects with
entries in the list of poientially defective properties, by
identifying common components and connections in
each; and
program code for assiéning property scores to the
potentially defective properties in said list of potentially
defective properties, in response to whether tests in the
associated test objects test for the potentially defective

properties.

The apparatus of claim 19, wherein the descriptive information for the
board is an XML topology file for the board.

The apparatus of claim 19, wherein at least some connection and
connection information is indicated by pin and node information.

The apparatus of claim 19, wherein:

a)

b)

one potentially defective property that may be associated with

extracted connection information is a short property; and

the program code associates the short property of a connection

with zero or more shorts by assessing the proximity of the

connection to other pins and/or nodes identified in the board’s
descriptive information.

The apparatus of claim 19, wherein the program code for building a

list of potentially defective properties associates different potentially
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defective properties with different component types.

24. The apparatus of claim 19, wherein the program code for building a
list of potentially defective properties associates different potentially
defective properties with different package types. -

25. The apparatus of claim 19, wherein the test objects are XML objects.

26. The apparatus of claim 19, wherein the potentially defective properties
' comprise at least one component property selected from the group
consisting of: presence, correctness, orientation, liveness, and

alignment.

27. The apparatus of claim 19, wherein the potentially defective properties
_ comprise at least one connection property selected from the group
consisting of: shorts, opens, and quality.

28. Apparatus for characterizing board test coverage, comprising:

a) means for enumerating potentially defective properties for a
board, without regard fqr how the potentially defective
properties might be tested;

5 b) means for determining and scoring, in relation to each
potentially defective property enumerated, whether a test suite
tests for the potentially defective property; and

c) means for combining scores to characterize board test

coverage for the test suite.

© 29. A method for comparing board test coverage for two tes{ suites,
' comprising: '
a) enumerating polentially defective properties for a board,
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without regard for either of the test suites;
5 b)  for each test suite, scoring whether the est suite tests for the
potentially defective properties enumerated; and

c) comparing scores for the two test suites.

30. A method as in claim 29, wherein the potentially defective properties
enumerated comprise:
a)  component properties selected from the properties: presence,
correctness, orientation, liveness, and alignment; and
5 b) connection properties selected from the pmpeﬁies: shorts,
opens, and quality.

31.  Apparatus for characterizing board test coverage, comprising:
a) computer readable storage media; and
b) computer readable program f:ode, stored on the computer
readable storage media, comprising program code for i)

5 parsing a test suile and a list of potentially defective properties
for a board, and i) assigning property scores to potentially
defective properties in response to whether the test suite tests
for the potentially defective properties.

32. The apparatus of claim 31, wherein the property scores comprise
numerical equivalents for: Fully Tested, Partially Tested, and
Untested.

33. The éppamtus of claim 31: wherein the computer readable program
code further comprises program code for combining two or more
property scores using a MAX function when a potentially defective
property is tested by two or more tests in the test suite and two or

5 more property scores exist for the same potentially defective property.
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34. The apparatus of claim 31, wherein the computer readable program
code further comprises program code for combining a given
component’s property scores to generate a component score for the
given component. -

35. The apparatus of claim 31, wherein the computer readable program
code further comprises program code for combining a given
connection’s property scores 10 generate a connection score for the
given connection.

36. The apparatus of claim 31, wherein the computer readable program
code further comprises program code for i) combining all component
property scores {o generate a board component score, and )
combining all connection property scores to generate a board
connection score.



