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141 8 PROCEEDINGS OF TilE I .R.E. L 10+ 

Marginal Checking as an Aid to Computer Reliability· 
NORMAN H. TAYLORt, SENIOR MEWBER, IRE 

Summ4'r r-Deterioratinc com,oQ,-,,1., pattiev.l. r ly ay.u.J. and 
~UUu.trl tube .. e8UI' reduetion of wet}' maTJinl and Uti • princiJNI I 
lOUfCe of errw In dicitIJ tomputin, and pul l t communlution. 

Mu(lnal cbedrJ.q ",ariee .oltac:el in lo(iul circuit PUP', indue­
Inc Inferlor puta 10 caUl' failure , while I telt pf~ or pull' tn.D.­
minion detectl and JoeaUna potentiaJ fillure . l.o .. dJcitaJ computer, 
thl, c.an,.;b. lutomatlully I ccompliahed with the eomputer Ilielf 
. ctin, .. lb, dete(:lor. 

1.0 011.1 trW 00 • tOO-tube prototype .,. ... em the .pplh:atiOD of 
th i, type of pre'll'llli", maiDtenl.Dce tor balf an bour per da y I.tn­
pro ... ,d reliability SO to 1. RI-ulll of prellmiDatJ tern 00 • fll :! tom­
puter are diKuNed . 

I. J N"PW U UCTION 

E LECTRO:o-JI C diGiwl computers ",ill be IIscd to 
solve - real -t inw problems and l11ust Ix: rcliahlc. 
For cxalllpk', \\ ill'1I the modern CnTl1 puh'r he ­

COllles the nerve center of an all-\H'ather air traffi c COIl­
trol system, the plane pilut must know the !'Iystem is np · 
I'rating, and will continue to 0lx'rate, without error. 
Such rdiabil ity call I)l' J.:uarantt.·(.'d only by uett.·ctin!: 
imminent failun's and prn'e lliing their ocClirre nCl~ . 

III order 1(1 olllain "computer rcliabilit y,M a much 
hig her uegn-c of 1)l'rflirlH:mcc is required thall in or­
dinary nll'ans of clltll Ulunication , The basic difTt'rence is 
the high COlH.:entra tion of in fortn ,Hioll \I~'d in a eOIlI­
plilt-r cnm parl'u with the concelltr,ltiull of information 
III "pet'ch. h:lcvision. or rad .lr. I lIlerrllpliulIs in cin;uils 
uf the latter type can occur a t freqlll'nt illll'rv:iI!'. "" ith 
little 1(I!'s (,i ill ldl iJ.:ence. :\n t,cca .. iollal intt'rmllll'nt 
till"" UOt'S n,,' void Ihe fellSC from ,I r,luio, ignitilJn nlli:o:c 
d,It,i' not t'''llli ,l, I, 'I) ""id tele vision, nur lIo('s an ,lrcil1g 
1II;\1-:1I, ' tl'lli l " Ih,' plot on a radar screell, 

I Ill " \ '1 I, 11,,1, ~ lIut J.:(IO<l ("nnllJ.: h in cornpU I,'r appli ­
c.ltioll!', I 'l~u_ . l 1III'I hoti o f trano;millillg intel1i~encc 
in a COIIIl ' '. I I~ t Il ""pply hiJ.:h-frequency pulses to par­
tlcuhll ,II! 1111 .. ,Lt .. p .... .:i lied times, r\ si nJ.:k pul sc 0(;­
currin].: .. t IIII' \\1'0111-: lillIe can invalidate the us(.'fulness 
j,f the \\1 •• ,1,· c rII,!"t . 'rhis si ngle-error limitation is due 
HI thl' Ill' ..... ncc of a memory in 3 eo mpu t{'r. :"ol elllory 
relllcml,, 'rs thc ('rrurs as well as the informa t ion to Ire 
procesSt'tI, and Ollce an error becomes imhedded in til(' 
nll'lIlory it can be propaga ted in to all subsequen t ClI ­
eulat ion, 

The neCt.'SSary rel iabili ty ean be a p pmacht'd by com­
hining good design ..... ith the best available comp:')nent~. 
and uti lizing marginal checking as an additional aid . 

Marginal checking d ifTers from ordinary checking by 
not onl y a nswering the qu estion, "Arc all ci rcuits func­
t ioning?~ bu t a lso. "How much longu ..... ill the circuits 

• DeCimal cl.usific.alion: 621.315.2. Orili:inal manuJCl'ipt recci ,'e.1 
b)' thc Inltitutc, April 6, 1950; ~vitcd manu.cript received , Ju1r 28, 
19.50, 

t Masa.lchu!ICits Institute of TcchnolOll),. Cambridli:C, Maw . 
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function ?" Good eq uipment st a rts with wide sa fety 
margins, lJUt age and \W!ar redu ce these safety margins, 
leading loeventual failu re.l\ larginalchcckingassuresade­
quate s.,fety b)' {('sti ng the system frequently enough 110 
that (lilly sl i.:ht deterioration t::a ll occur between te!'!t •. 

II . Til E :\ I .\HGI S AL C liliCKISti SYSH,M 

A , Magn;l,de of the Problem 

:"o lost of the large-scale t11l::it.11 machines under dev~l ­
o prnent utilize 1ll:1II}' thou!-Iancl s of vacuurn tube!'l, 
c rys tals , rcsistors, ('t)l\Jl·lI~l'r'i. and coils. The vacuum 
lube is the le.1St reliable cOlll llum-'1ll Hf this group, and 
the crystal ret::titier, though l./Ctler (h ,m the tuhc, is .tlll 
a w('ak link in the chain of rc-1iahilit)" Fa ilu res ill the re­
sis tors. comknS('rs, and cnils arc IH 'I frcqlll'lIt, and 
these dements do n,H threalen compu ter rdi,lhility til 
sllch an ex ten t. 

\\ 'h.11 Illar he e:\ pccleu of a !'I)'stt'll\ using prt'scnt-day 
vacuum lldlt.'s and crystals? A ft,\\, a~smnplillns will 
serve to ituhcate the prohlelll . If a typic.tl Coml)uter 
has $ ,0011 C.ltlHx ies and IO,UUO cry ... tals, SUpptr.--c tIll' 
tuhes \\, ill I,ht un :tn aver,lJ.:e of 5,000 hours, and the 
cr y~tals, 1U,UOO hOllrs Ewry 30 minutes one of tht'..c 
:IRing COlliponents may cause :I failure , Fllrtlw rlllon:, 
SOl11l' o f tllne fa ilure~ wil l not he stead), but will "Ulse 
111.JfJ.: in,11 opt'r,ltion .Hld thlll> he \'cry dil1ilult til 1111.111'. 
In a ty pical 8-hOllr J,IY this may GillSI.' 16 shlltduwn~, 
E\'en if .L trouLlc-loearion lcl'lltliquc is well d\'\c!0IX'(), 
so that lhe periud o f ~hutdowli i~ ~hort, the ('(hI ieney of 
the machine will hl' \'t'rr lo\\' , OC\l' Uli~ht ask if il periodic 
(\'plaCernellt prOI-:r.LIll ('oli itl be fvllov.l'tl whit'h woultl 
eliminate m'lll)' of thes;: ('olllpOllellt f,l ilur('!', Un fortu­
na tel y, early failure in groups o f new tubes is quill' hi~h, 
so t hat who les.tlc repl.lcemellt 0 11 simply .1 time- hai'i~ 

would increase the failure rale, 

B , Features of ,\turgi'nul Checking 

The preventi\'e Illainh __ nance l('chniques ca lh'd 1Il.1f­
sinal checki ng II !>C pcrformallcc margins to e ... la"h~h 11ft' 
I,'xpec tallc)' uf cOlllponents, so that lhose with low mar, 
gins can be relllOVt'O IlurinJ.: a It.'s l ing periud. 

Three fealurl's o f th is marginal checking scheme 1Il.lke 
it very pract ical for usc in 1,Irgc elt-t::tronic ~r~lcl11,;; 

(1) The c h eckin~ S} ~h'rn C,IIl cle t;:ll ;mmill l'llt f;lil­
ure!'! berore they become rc.d r.cilurl's aud Cililse 1(.11\­

putational error. 
(2) T h is detection can isolate. the f.dling co m­

ponent to a specific tubt.·, cryst.,1, or resistor . 
(3) Such i~lation ca n IJc so rapid thai It con· 

• • urnes only a small perce n tage of total machine time. 
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1. Com'e'~fon 10 Real Flli/lIfts; 'I lit· cOII "cr~io ll of im­
minent fa ilurt'" to r(':.1 f.li iurcs during Ie»! rxriods b the 
Important kc}' in this Illarg-inal ch~'ckillg: !'yslCTIl. Such 
cla'eking is po!'sible in cumpu!,"" ,illd al so in many ollle'r 
pulse syslt'lI\s du.· It, tltl' on "II II.IllIn: of the circuitry 
tI~d. 

In a computer, irdurm31ion pa ... :.("s from one place to 
:lnolh('r;l~ thl' prest'uce or al'~"lIo.: of a p u lSl: on ,I trans­
mission iiiit' . I I j .. !hlt IWCl'l<!'oary th.Jt Ih(, p u l:-c be flf 
any partiru1.tr amplitude Iu g,'! Ihil> infurfllali"l1 to its 
dCl>tin:lliull hu t only ,hal the 11111 :-1,' he large (,11I )LJg: h to 

afTl'ct till' dett'c lor. If thl' prc,>c ll cc o f a pulse rtIC:\IlS a 1 
:wd t he a 1>",('111,'1,' a 0, I hell a pul,,\' \\ hich is t oo slIlall to 
alTect the uetector has the same dTect as no pul~ at ,Ill 
tind so a 0 i~ rccunkd . 

a. :\ Simple Cumpllter Chauut·! 
Fig. 1 ~iws a typical 1I:!"ic h[OI.:k clt.lg-ram nftl'n ell ­

coun tered in pu[s..· "'Y"\(·111~. (;al ..: IlI[,,' A . II hell "Il\: II . 
allow,.. pulS('!; to P;\-..!' aloll§.: ,\ ell:wncl In a litp-I\op. If the 
pulSt·s an' 1:tr§.:,· t'llllll~h .Ind the Ilip· f1op in prupt'r COII­

dition, "aeh pul--c will ';.HlSC a u'\,crl>al of the lIip-flop 
from a I to 0 , Ir vice \'~'rsa, 

....-_-+,r 

••• 
Fil: 1 " \ t)'pical com"uter channel. 

'1'11 /\ ""II,., (If tnJuh[e may tlcv\: lll p. First. the !o;ate 
luhe Ular .,J.'lerior.lle and cauS(' Ihe pulse amplitude to 

be redun-'! , .. a p,int II h.Tt, the jl ip 1I()p will nut swi tch 
or, ~'co ,(u l. 1[11' dil' 1\"1' 111;l\' rcJlI"e 10 switch becausc 
!Jlle of II ... \"1'"1))'1111,'11"'- h" ... d"',·ri,)ratl·d. 

h, ( lu -,' klllg Ihe Calc ( 'ircllil 
Thl,' IIlolr!o:ill (Jf p..-rf"rll1:mcl.' ill the ~ate tuhe (A ) can 

l it., dwt k.,d loy 1I/IIl'ring Ihe voltagc un the llcreen of the 
tulo(' I'r 111"" ' \ I I III.! a nq~alive \,ultal-:c iu s,' ries wilh Ihe 
,..neeU katl .t., ... h<mu in Fig. 2 (a Fochelll. tti c fo r gate 
ndll,' c irCUli \. Th.· IlId ... ,·,; em,'rginf,: lrom th e wile \\'ill he 
I,,,,t'r Ih.ll1 Iltt,y ",'re bt:f/lr.' th,· t1c,·ialion. 

If t.,tlth tll1' Ilip-fl o p and ~atc as 1l11l)1\ n in Fig , I have 
:ukfluah' lU.tr.,:ills tht' li thi" maq,:in.aI check in/-: o f the 
J.:ate circui l II ill make no ditTen·lIce. This can I.e tic· 
It·(·t,·d l,y .11l",1t.~ r g.tl,· lube ( 0 ) II hich opl.'n" .lIId c\o!>t.·s 
,1!'t."urtiinJ.: I" 11 .... :lelHlfl of Ihe Hip-fl o p, If a sensing pulse 
i,.. "ppli,-ti I" !o: .LII- I \tilt- /J in Fill: . I . it II ill pass through 
to ind icat., th,'l Ihe Ilip. lIop h;'ls sllitched and opcrh'd 
the Ch:UlIld , In Ih .. · dt.tJ.:rallI :ohm, n this should occur 
for en'r}' o lher plIl~ pas.<; inj.!: t hrotl~h gate tulK' A . 

f\ Inll' marRin in Rale tube A will internlpt this se­
quence ami no c\w('k pulse \1 ill elllcrge from gale tube 

' .. 
,..---_._ ... 

(( ........ 
'0"' " 

" 

B. Froln !ouch a le ::: 1 iLean be dctermilled whl·tlwr or not 
tIll' ~al\' circuit is ne:lring an unsafe clllldilion , Thc 
nn;uit ,.. Imwn ion Fi g, 2 has a nominal scrcel! \,olt.l,Rc of 
'J\l \·"It.; . . \ typi('ailltargin would he minu :o 10 volts from 
this \,.,111(,' , 

t..:. ('hcc kiul-: the Flip-Flop 
This first eh('ck aSSll11l('d that Ihe i1ip·flop lIas I)('r­

f"rlltin),; no rmall y amj actill~ as a detecto r for the ar­
r iv,t[ of pulses. To ('Ilcek thisas:oumption the folll)winl,: 
It · ... l call I>e made on the il ip-Ilop ci rcuit. 

F i§.:, J is a sil11pl irll'd sclu-malic of a flip-flop. One IUUe 
!TIUst ha\'c Ihe al'l[ i\\', \lh"11 cnndli c t in,L{, to hold the 
other tube in a 1l011 ':IIltdll,·l ilLL.: ,.,Iate, TILl' circuit is COIll­

pletely sylllllll'trica.1. Tub~· d, ' ll!rior;'\ti.1I1 .,ho\ls up as a 
reduction in plate current itL "ne Itlloc Ililh a (" ltlsequent 
reductio n of bias available til tilL' 0Pl'o:oi te lLllJc, Tht: 
large cathode resistor allo\\ ~ .")I1sidcr.ll,k ;'\J.:ing hcfore 
the eonditiun i){'eolllcs illl\ll. ' \.II,k but """IIIII,tlly tuh{' 
dl'h'rioration will il\'C'\llt~, so e,\ 1 rI'll II' Ih.Lt i115t,lIli[il), 
will oeeur and the llip-flop will f.ll·" r om' side. TII\'n, 
whenever it is ordcrL'd to change s id, 's hr ,HI incomin~ 
pulse the circuit will either fail to switch or fail \(l hold 
its new posi tion after SWilt:hillg t ... hs place. 

,--- 1",",,-" ~ 

·",-- rr-,=f.t+-

'."'-" -"" J:---j-.l--------l 

....... -.1 
,~.~ , 

This unfavorahle condition can be uctectcd before it 
leads to failure hy fcedin~ the two serc!'1! ci rcuits of tht: 
flip -flop sl,-paratdy. as shown in Fig, 3. and selectively 
raising tilt, screen voltage o f Ihe normally off tube about 
30 volts ( nominal value 120 volts). Raising its screen 
voltaj.!e also raises its number 1 grid Ctltoff voltage . Th(' 
normally on lube must have a safe margin (If plate cur­
r\'nt availablt.· if it is ablt.- to holulhe tulle lJcillg checked 

z 4 



• 

• 

• 

1420 PROCEEDINGS OF T ilE I.R.E. 
L -/Of-

off ulHil'r tlu."S(' ('xln'IllC cunditions. If the on tube is 
'oI.t.'ak it" ill IOlII to hold ofT the opposite tube and a Apuri. 
ous switchin/{ ol)('ralion will result. The detection of this 
condition (".111 IJj ' automatic hy using the ~n8in,; pul~s 
and gall' cirt:uits !>ho" n in Fig. 1. 

d . Testin.ll: CrY!>lal!! in a Clamp Circuit 
:\ thire! trpe of conversiun which will pick up aging 

nystals is of consideralllt, interest. Fi~ . 4 ShO\\.5 a 
dampinJ.: circuit" hieh couples the plate of a Rip·Rop to 
.1 ~ah' tuljt" !'rnpt-r operat ion of Ihis ci rcuit dcpenrls 
fill thL' b:u.:k rt'sistann' of the crystal staying at a high 
"n lll(' ~ that proper clampin" action will he available 
durin/{ the period between the voltage pedestals used 
flJr d:unpinJ.:. If the crystal deteriorates, the voltage at 
the t.:nd of the sate circuit will apJ*ar as shown at the 
rit.:ht of tht' diagram . Serious deterioration \,\,ill result 
in the o pcn ing of the gate drcuit when it shoulto! be 
dOM'd. 

Fig. .. ~ I arllina l ch~kinJl 01 ('lamp CT)'s tal rKlifien. 

To convert this imminent fa ilure to a real one, a 
l·hant.:t· in the li ming of tltt' clamping period is used . A 
j.:oocl c rys tal will operate wht'n a much longer per iod is 
allowed. Iml a dctt'riorating unit will not hold the bias 
that IOIlF: ilnd a failllr(' will resu lt . Va lues of 16 micro­
~'nJllds and 64 mi croseconds have been used efTee. 
t i\'dy in tim; circuit. If a sensing pulse to the gate tube 
\lucier control of this damp circuit is inS('rted near the 
('nd of this longer wait period it will be rt"jected bya 
~o()d crystal and pas!'ed oy a deteriorating one. This 
scheme ca n thell be autom"tized. 

Z. Localizing Failurn : Once an imminent failure has 
heen conver ted In a re,,1 failure by anyone of the meth · 
(Kls noted above , the problem of deleclin~ the fault and 
localizing it to a particular sou rce can he very time­
cllnsuming if it is not approached in an orderly manner. 
F:lUlt isolation can be solved if the computer is divided 
for marginal checking into sma ll logica l sections. To 
simpli fy the trouhlt'-Iocation ~chenH', sections should be 
ch0ti4.·1\ so thaI 31 a J.:h.-en tillll' only nne fault can exist. 

The lott:ical dC!litt:n of 3 computer separates it into 
many channels. all start in~ at the pulse !>Duree and dis­
persIng throughuut the system to a desti nation. 

Fig. 5 shows two of the.e typical channels separated 
into four M'ctions. The vertical lines indicate how these 
channels may be broken fol' purpcl5es of marginal check­
ing and isolation of faults . In each case a pul~ starts 
from the distributor along its channel and arrives at ita 
destination ""'ith enoug h t"nergy to change the condi­
tion of a Aip.Aop circuit in the destination section. If 

I\. 
,,-~-
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Fir. 5 -COIll P" If'r 'TUrrinal check ing. 

each !;Cction is subjected to voltage variaT ion .lIId the 
SI.'Quen« still functions. the channel can be said to have 
adequate margins. 
Th~ addition of a checking section to these channd" 

allows the checking rou tine to be carried out a utomati ­
cally by the com puter. An error-sensing pulse cheds 
that the information arriving at the checking section via 
the channel under test is the same as that arriving b\' a 
separate checking channel. If the two pieces tlf inf"rllla ­
tion disaltree. an alarm is sounded and immediately 
the pulse distributor is sto pped. 

Knowing the stopping point of the distributor. the 
. channel at fault is isolated . In addition. knowledge of 

the sectiQn under voltage va.riation isolates the tube in 
the channel. The operator can usually fmd slIrh t rouhlt''! 
in a few min utes during such a test rou ti nC" 

These channels are not used simultaneously hut lIl ' a 
time sequence so tubes of Ihe same type. but in " ,Ifl'rent 
channels. may be J.:rollped in tlte !'>amc secli" .. 
voltage vadario ll and no loss in isolation n'~ t~ 

3. Automatic Margi'naj Chukinl!: Th .. '" lillie seqw-
o f sending pulses through each of thl' I.. hann,·I ~ , IC\'U 

automatizerl in the \Vhirlw ind ('ompuTN '1y!oh'/11 "I'" 

5Ort"d by the Offic-e o f "'aval Rl'scnrch il t', r " 

seUs [nstitute of Technology' Snme- 200 <:('cTit'ln~ 

uS('(1. The computer program !'eml;; the I)Ui:-e,. 1111<.111)., 11 

e3ch of Ih(' channels in a fraction o f ;l :.< I " "" .. -

sections are- -.electl'd h)' telephone sWllching apparatu ... 
and suhjected to voltage variation at 5· .... · 1" 

In th is way Ihe ""' hole syst t'lII •. \11 he complt·t .. t) 
ch('cked in ahout 15 minute!! . 

3 .if 
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At present it appears that establishment of adequate 
marf:ins once each day will be an excellent guarantee 
that Ihe next 24-hour period will be complt,tcly free from 
('rror . 

It is evident tha t the basic principles of marginal 
"hccking discussed in th is papt!r are simple; but the sys­
tem must be ca rdull y dcsigne.: l to rea'p ad vantages of 
the checking in an economica l wa y. Too man y checkinR 
ci rcuits complicate the equipment: no t enough will fail 
10 give unique indica tions and will not isolMe defective 
com ponents. 

III. C'oro;n USION 

The most significant informa tion about marginal 
checking is its performance r('con l. O ver a period of 
l·ig ht mo nths . a S-bina ry-dig it prototype a r it hmt'tic 
el('ment at MIT has been runnin g a test problem owr 
and over 24 hours aday. This It's t system conla iqs about 
400 vacuum tuhes and 1,000 crys tals, and marg ina l 
checki ng is done manually for a period of t hour .3 d ay 
and deteriorating components arc re mo ved. This {'quip­
menl has made several runs of three weeks without 
compu tat ional error which represents 2.5 X 1010 {:orrcct 
solutions of the problem , and about IOU correct flip ­
Ro p revereals in 25 Rip-Rop circuits. The average run 
without error has been e lew:n da ys, wh ich represents 
approximately a 50-to-l improvemeot in the results ob ­
tained before marginal checking wall ;nllialled . A run of 
forty -fiw: days without error was mad e in early 1950. 
During this forty-five -day period, 12 tubes, 7 crystale , 
and '" re!istors were located during marginal checking 
periods and replaced because o f low margins. 

When one begins to work with larger ayatema, there is 
reason to believe that, with marginal checking, errors 
will not ;ncrea5C in proportion to the extra equipment 
involved . A high percentage of the remaining errors arc 
caused by power failure. lightning, :lIld external dis­
turbancea independent of the numher o f va cllum tubes 
in the syatem. 

A measure of the auccess o f marginal checking in im ­
proving the performance of the Whirl ..... ind Computer is 
show n in Table l. 

At present , 3 ,900 tulJes and 11 ,000 c rys tals have been 
runn ing fo r aoout 3,300 hours. 32 regiat e rs o f test 

TABLf~ I 
TUBF. olS O ( a "SToll. FollI.U III'S · 

I'ut ... ·s Cr yuab 

:.o:mnlX'r in UO(' 3 ,900 11,000 

T a ul failurn . 187 271 
Obvious fauta . . . 7. 7 
lle~riora lion of opcr:uin(l ch:tr;If.;lCrl"it.-s ." 2tl.~ 

F 4ilurtlllorli 1M b y 1114rll:inal ch«k inl1; .~, 11.1 

• No~Majority of lutx-~ ami cr>ll"b w~n: in (}p.: r,II~'n for 
J,JQO hour • . 

storage, made up of toggle switchea and flip-Rope. allow 
the solurion of several problems which thoroughly telt 
the computer. 

During these installation tests, 187 tubes have: bttn 
removed, 109 of which have been locat«i by margin al ­
checking techniques, The majority of tube failure. with 
de teriorating characteristics have ~n due to the forma­
tion of an apparent reaistance on the cathode sleeve o r in 
the cathode coating. This defect has been called inter­
face resislanCt' . 

Obvious tube faults have bttn due to gas , broke;, pins, 
in ternal short ci rcui ts, and o pen welds. Many of these 
have Ueen loca.ted by the huilt-i n checking system o f 
the computer .... ithout the aId o f margina l checking. 

O f the 272 c rysta l failures, 223 were located by the 
l11argin a l -checkin~ techn ique . The most serious fault has 
hee l! a drifting of back resistance to a lowe:r value by a 
fa c to r of 2 to 10 with the contin ued application nf 
voltage. The c.'lUSC of this is not well understood hut I 
to 10 per cent o f ne .... · c rys ta ls exhibit this tendency after 
vollage has heen applied fo r a period of 30 to 60 sec· 
onds. A few obvious faults have lM!en due In comple te ly 
open or s hor t-ci rcuited crystals. 

About a dozen tuUes and a few crystals ha\'e Lttn 
inte rmittent . The on-off interm ittent is the 11I0S t diffi­
cult fault to locate in electronic circuits. Ma rginal check­
ing does not aid in isolating this t ype of failure and this 
represents one lim itation in the system, Complete failure 
such as filament burnout also canno t be prt·dictcd. 
However, in 3,300 ho urs o f opera tion, only two tu lJes 
have exhibited such failure . 

Some of the by-products of marginal checking have 
proved invaluable in testing lhe Wh irlwind system . 
Many low performance margins have been found which 
..... ere due to design weaknesses and no t to de teriorating 
components, 

Refinements hav-e been made in the design to reduce 
noise lewl and improve tim ing of pulse se quence, and 
frequen cy response. These impro vement s have all ~en 
pos. .. ible earlier in the program than usual, due in a large 
measure to marginal checking. 
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5Carch. , ' hey are available al the Library of ConllUl, Naval Re­
ae&n::h Section. upon requcn . 
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