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LOW-4CGTITUDEBOMBINGPROBLEM
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andElmerC.Fulcher

SUMM!3RY

Thedevelopmentandflightevslu.ationofa tracking-typewindshield
displayforuseina low-sltitudeboding (LAB)systemaredescribed.
InitiaJlyitwasthoughtthattheuseofthisdisplaywouldleadto an
improvementoverthestandardcross-pointerinstrumentintherepeatability
ofthespecifiedmaneuverandto a consequentimprovementinbombing

L accuracy.However,comparisonof randombombmissdistancesofpractice
bombsdroppedinthepresenttestsshowedlittledifferencebetweenthe
standardandtherevisedequipment.Subsequentstatisticalanalysesof

w randombomberrorsindicatedthatthecontributionofflight-pathtracking
inaccuraciesweresmallforalltestcases>andthattheseerrorscouldbe
attributedprimarilyto sourcesotherthantracking- forexample,ta
inaccuraciesinthepredictionandcompensationforwindeffects.Thus
itappearedthatanyeffectsoftherevisedequipmentonbombingaccuracy
wereobscuredby largerandomerrorsfromothersourceswhichwere
unaffectedby changingto thetracking-typewindshielddisplay.

Thewindshielddisplaywashighlyregardedby thepilotsjwhocon-
sideredita naturalonetolearnandto flywithconfidence.Itthus
appearsthatthewindshielddisplaymightbe fruitfullyappliedto other
instrumentflightproblemsinwhichmaneuverprogramingandtracking
accuracyareof greaterover-allimportance.

INTRODUCTION

Thedesignandflightevaluationofanairbornetargetsimulatorfor
usein trackingstudiesoffighter-meairplmesequipp~withoptical

& gunsightshaverecentlybeenreported(ref.1). Inthisequipmentthe
targetairplanewasrepresentedby a movabledotoflightprojectedon
thewindshieldofthetestairplane.Thisshmlatedtargetdot,whichwas* trackedbythepilotwitha fixedgunsightdotjnotonlywasstabilized
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againstownship?soscillations,butcouldbe programmedatprecomputed
b

ratesin spaceto representselectedtargetmaneuvers.Thiswindshield
trackingdisplaycanbe thoughtofas forminga pitchandyawflight- b
attitudeinstrument.Themovingtargetdotisorientedas specifiedby
theprogramunit,whilethefixedpipindicatestheactualorientation
oftheaircraftreferenceline. Thus,trackingerrorscanbe interpreted
aspitchandyawattitudeerrors.Sincepilotswereabletoholdthese
attitudeerrorsdowntoa fewroilsinvarioussimulatedtarget-tracking
runs,itappearedthattheseprogramminganddisplayprinciplesmightbe
appliedwithadvantageto certaininstrumentflightproblems.

Forthepresentinvestigationa low-altitudebombingproblemwas
selectedas an exampleforstudyoftheinstrument--flightapplicationof
target-simulatorprinciples.Thelow-altitudebombing(hereafterabbre-
viatedLAB)attackrequirestheaircrafttoapproachthetargetat very
lowaltitudeandathighspeed.At a predeterminedpoint-thepilot
abruptlyinitiatesa constanthigh-accelerationpull-up,continuinguntil
theaircraftcompletesa halfloop,andrecoveringwitha divingroll-out
forescape.A,specialpitch-attitudegyromountedintheaircraftiniti-
atesthebombreleaseautomaticallyata predeterminedpitchangleduring
thepull-up,“lofting”the.bombtowardthetarget.Fora successful
delivery,theaircraftmustfollowa specifiedvariationwithtimeof
airspeedandnormalacceleration,andmustremainintheoriginalvertical
planethroughoutthemaneuver.IntheconventionalN systemusedby

A

theNavy,theguidanceinformationispresentedto thepilotona cross-
pointerindicatormountedintheaircraftinstrumentpanel.Thepo~ltion w
of thehorizontalneedlerepresentsnormal-accelerationerroras sensed
by anaccelerometerandbridge-balancingcircuit.Thepositionofthe
verticalneedlerepresentscombinedroll-andyaw-angleerroras sensed
by a special.gyro. Inthewindshield-displaysystemtobe described,the
cross-pointerwasreplacedby a fixedanda movingdotonthewindshield.
Therelativemotionsof thedotsinelevationandazimuthweremeasures
ofaccelerationandroll-yawerrors,respectively.Inaddition,the
constantstep-inputvaccelerationco?mnandusedwiththestandardsystem
wasreplacedby a continuoustime-historytypeofaccelerationcommand.

TheequipmentwasdesignedandfabricatedatAmesAeronautical
Laboratoryandinstalledina GrmmnanF9F-8airplanefromNavslAir
DevelopmentSqusdronFive(VX-5)atMoffettField,California.Flight
testswereconductedbyVX-5personnelwithtechnicalassistancefrom
Ames. Theflighttestsweredirectedatestablishmentofappropriate
systemsensitivities,evaluationofpilotsrabilitytoflytheprescribed
maneuver,anda limitedevaluationofmissdistancesfrompracticebomb-
droppingtestsconductedat theNavslOrdnanceTestStation,ChinaLake,
California.’Theequipmentandflight-testresultsaredescribedherein.

Acknowledgementforvaluableassistanceis giventoLt.J. A. Sickel,
.+

USN,smdCapt.G. J.Hogenmiller,USAJ?,theprojectpilotsfromSquadron
VX-5. -.v
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DESCRIPTIONOFKPl?ARA!I!US

Desi~ Concepts

A profileviewoftheflightpathandthetimehistoriesofthe
accelerationandairspeedforan idealizedlow-altitudebombingattack
areshowninfigure1. As theaircraftpassesovera predeterminedpoint’,
calledtheinitiationpoint,thepilotdepressesthestickswitchwhich
startsa timingmechanism.Whenan instrumentindicationisreceived,
thepilotentersthemaneuverby almuptlypullingup to kg h twoseconds.
Thepilotmaintains4g untillimitedbythedecreasingmaxfanunlift
capabilityoftheaircraft.Theairplaneisthenflownalongthebuffet
boundaryto completea halfloop,andrecoveryismadewitha diving
roll-outforescape.Thebombisreleasedduringthekg portionofthe
pull-upat a preselectedanglerangingfrom40°(termedmediumsqle or
“loft”release)to120°(termedhighangleor “over-the-shoulder”release,
abbreviated0/S).

TheAerol& ArmsmentCont?$olSystem,describedinreference2, is
currentlyemployedby theNavyto flythisattack.A simplifieddiagram
ofthissystemis showninfigure2(a). Theguitice’informationrequired

. toperformthemaneuveroffigure1 isdisplayedto thepilotona cross-
pointerindicatorthatismountedintheinstrumentpanel,Thehorizontal
needleindicateserrorsinnormalacceleration,andtheverticalneedle

u indicatescombinederrorsof ro12.andyawangles.Thehorizontalmeter
movementandthenormal-accelerometertransducerareconnectedh a bridge
circuitwhichisadjustedforbalancewhenkg isappliedtotheacceler-
ometer.Anydeviationfrom4g causesthemeterto deflectfromthezero
position.Intheroll-yawindicatorcircuit,thetwo~ gimbalpickoffs
areinseparatebridgearrangements,withtheoutputscombinedfora single
meterindication.Theroll-yawgyroisa freewo withitsspinaxis
mountedparallelto thepitchaxisof theaircraft.Theroll.gimbal
measuresessentiallytheconventionalrollorbankangle;however,the
yaw@aibaldoesnotmeasuretheconventionalheadingangleoryaw,but
rathertheanglebetweentheaircraftreferenceaxisandthevertical
referenceplae, asmeasuredintheinclinedplaaeoftheaircraft.In
theoperationofthisequipmentthepilotbeginsthenmneuverby depress-
ingthestickswitch.Thepull-upcommandisindicatedbythehorizontal
needledroppingto showa 3g errorinacceleration.Thepilotthen
attemptstopullup to kg (andthusleveltheneedle)intherequired
2 seconds.Whentheaircraftcanno longermaintainkg,thepilotdis-
regardsthehorizontalneedleandfliesalongthebuffetboundary.DUrillK
thissameperiodthepilotattempts
at dl.times.Thebombisreleased

b by a separatepitch-attitudegyro.

Practicebombdropsusingthis
‘2 resultedinunacceptablylargemiss

to keep&e verticalneedle~entered-
automaticdd.yatpresetpitchsingles

andsimilarequipnenthaveoften
distmces,At thetimethepresent
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investigationwasinitiated,itwasbelievedthattheseexcessivebombing
errorsweredueinlargepartto theinabilityofthepilotto repeatthe
specifiedmaneuver.Ita~earedthatmaneuverrepeatability=d, hence,
bombingaccuracy,mightbe improvedthroughtheuseofa morepractical
andaccuratelyspecifiedacceleration-commandpatternendreplacementof
thesmallcross-pointerinstrumentwitha largeandsensitivetracking-
typedispl~.

TheAmeswindshielddisplaywasdesignedwiththesethoughtsinmind.
Tofacilitatecomparisonsofthetwosystemsandtominimizedevelopment
difficulties,muchofthestandardI&Bsystemwasretatied.Thesystem
transducersandsignalflowpatternsareessentiallyidentical,asare
thecockpitoperationsandprocedures.Theprimarydifferencesarethe
replacementofthecross-pointerby a two-dottracking-typedisplayand
thesubstitutionofa precisionprograzmningdeviceforthestep-input
constantg comman. A simplifieddiagramofthewindshield-display
systemis shownin;igure2(b). Theprogramer(fig.3) consistsofa
motor-drivenfacecamwhichhasbeenprofiledinproportionto thedesired
accelerationtimehistoryinfigure1 anda followerwhichpositionssm
electricalpickoff.Thisoutputiscomparedcontinuouslywiththatfrom
sm accelerometertransducersimilartothatusedinthestandardsystem.
Theresultingaccelerationerrorsignalisusedtodrivethedisplay.In
an effortto reducean earlytendencyofthepilotstoflybiasaccelem-
tionerrors,anacceleration-error-signalintegratorwasaddedduringthe

i

program,andwasusedona numberofflights.Ineffect,itaddsa display
actuatingsignalproportionaltothetimeintegralofaccelerationerror.
Rollandyawerrorsignalsareprovidedby a gjrounitidenticalto that

.

usedinthestandardsystem.Theerrorsignalsaresenttoan optical.
displayunitwhichwasconstructedfromcomponentsofanA-1 armament
controlsystem(fig.4). Here,a servo-drivengimbalJ.edmirrordisplaces
a movingdotonthewindshieldinproportionto theerrorsignals,in
elevationforaccelerationerrorsandinazimuthforcombinedro~-yaw
errors.Controlswereprovidedto enablethepilottomakeindependent
adjustmentofacceleration,roll,andyawerrorsensitivities(dotmotion
peruniterror)overwideranges.Thesightheadalsoprovides,through
theuseofa fixedmirror.,theseconddotwhichservesas a fixedinstru-
mentreference.Thus,thepilottstaskisto trackcontinuouslythe
movingdotwiththefixeddottominimizedeviationsfromthedesired
maneuver.Thesystemblockdiagramoffigure.5andvariouscomponentsare
describedinmoredetail.intheAppendix.

InstallationintheTestAirplane

TheAmeswindshield-displayLABsystemwasinstslledina Grummsm
F9F-8aircraft,BuAerNo.131086,assignedtoNavySquadronVX-5(fig.6).
A close-upviewoftheequipmentmountedinthenoseoftheairplaneis
showninfigure7. All theammunitioncontainersendsomeofthe

J

w
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amunitionfeedchuteswereremovedtomakeroomfortheinstallation.
Withtheexceptionofthecockpitunitsandaccelerationtransducer,the
entiresystem- theinverter,electronics,powersupplies,switching
circuits,andthecompleteinstrumentationsystem- waslocatedinthe
nose. Theaccelerationtransducerwasmountedinthenosewheelwell.
about3 feetforwardoftheaircraftcenterof gravity.Figure8 isa
photographofthemcdifiedsight-headinstallationusedtoprojectthe
windshielddisplay.Thesi@t headwasmountedbehindtheinstrument
panelflushwiththeinstrumentshroud.TheCamerarscombiningglass
formsthedotimagesforrecordingpurposes,whilethepilottscombining
glassformsthedotimagesfordirectviewingbythepilot.Bothconibin-
ingglasseshadpartiallysilveredsurfacesto increasetheapparentdot
brilliance.Thesilveringonthepilottsglasswaslimltedtoa squre
inchsoasnotto impairnormalforwardvisibility.Thepilotrscontrol
panel(mountedintheright-handcockpitconsole)isshowninfigure9.
Locatedherewerealltheoperationalcontrolsforthewindshielddisplay,
exceptfortheprograminitiationswitch,whichwaslocatedonthecontrol
stick.

~strumentation

Thewindshield-displayequipmentincludedprovisionsfora recording
oscillographsystem.A samplerecordfromtheNACAnine-channelcolor
oscillographis showninfigure10,inwhichthevarioustracesare
identified.TwootherstandardNACArecordinginstrumentsmonitoredair-
speed,altitude,andnom acceleration.A chronometricinstrumentpro-
videdtimecorrelationofalltherecords.Thelti GSAPmotion-picture
camerashowninfigure5 photographedthedotmotionsat 16 fnmes per
secondas seenby thepilot.Selectedframesofa typicalrunareshown
infigureIl.

bomb

TESTS,RESULT’S,ANDDISCUSSION

Thefinalportionoftheflight-testprogramconsistedofpractice
dropsmade@th thewindshield-displaylow-altitudebombingsystem.

Thesete=tsanda comparisonofthemis=-&tanceresultswith~hosefrom
similartestsusingthestandardLABsystemwillbe presentedfirst.Prior
to thesefinaltestsitwasnecessary,owingtothenoveltyoftheAmes
system,toperformextensivepreliminaryflighttestsinordertofamil-
iarizethepilotswiththenewequipnentsmdestablishsuitablevaluesof
systemparameters.Thesetestswillalsobe describedanddiscussed,since
theynotonlyarepertinenttothepresentMss-distanceevaluationbut
mayalsobe ofinterestinotherpossibleapplicationsofthewindshield-
displayconcept.
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PracticeBcmbs
.

Testconditions.-Thebomb-droptestsusingthewindshield-display
systemwereconductedontheC range,NavalOrihanceTestStation,China
Lake,California.Thisrangeis situatedona flatdesertareaat
2,300feetelevationandconsistsoftarget,controltower,andseveral
spottingtowersformeasuringthepositionofbombimpactsby triangula-
tion.Extendingfor40,000feetnorthandsouthofthetargetisa
straightclearedpathoverwhichtheapproachtothetargetby theattack-
ingaircraftisalwaysmade. Becauseoftheinitiallowaltitudeofthe
maneuver,convectionturbulencebecsmesevereduringtheheatoftheday.
Tominimizerou@-aireffects,flightoperationswerebegunshortlyafter
dawnandwereterminatedat1.1:00a.m.;evenso,severalflightswere
terminatedearlierbecauseof severeturbulence.

Theflightproceduresusedby SquadronVX-5inevaluatingthestand-
ardLABsystemaccuracieswereused in the windshield-display-system
bomb-droptests.Runsonthetargetweremadeovertheclearedpathat
an altitudeof100feetandtrueairspeedof 450knots.Theprogramwas
initiatedovera predeterminedpointmarkedby a brightlycolored~lon
fortheloftdeliveryordirectlyoverthetargetfortheover-the-shoulder
delivery.Theaircraftwasequippedto carrysix25-poundMark76practice
bombswhichwerereleasedsingly.

A
Therunsweremadefromalternate

directionsuntilall.sixbombswereexpended.Underunusuallighting
conditionsitwassomettiesnecessarytoperformallrunsinonedirection .
toavoidmakingthepull-updirectlyintothesun.

Therewere14practicebomb-dropflightsmadewiththewindshield-
displaysystem,witha totalof84bombsdropped;72 ofthesewereuseful
foranalysispurposes.Severalofthebombswereeltiinatedfromthe
analysisbecauseoffaultypull-upsorinitialmiscalculationofthewind,
errorswhichputthedropsoutsidethetargetarea. Theflighttestswere
dividedamongthefourmajortestconditions:

1. Loftrelease,integratorin (integratorconnected)
2. Loftrelease,integmtorout(integratordisconnected)
3. Overtheshoulder,integratorin
4. Overtheshoulder,integratorout

As discussedlater,displaysensitivitieswereheldconstemtatpreviously
selectedvalues.Forcomparison,missdatafora representativessmple
wereselectedfroma largenumberofbombsdroppedby NavySquadronVX-5
duringanextensiveevaluationofthestandardLABsystem.Thesametwo
pilotsmadethestandardsystemdropsoverthesmnetimespaninthesame
typeofaircraft.Thesepilotsdifferedprimarilyintheire~erience d
levelswiththewindshield-displaysystem;theirexperiencewiththenormal
systemwasaboutthesame.Onepilotconductedalltheearlyevaluation
andtestflightsoftheAmessystem,whiletheotherpilottrainedspeci- Y
ficall..yasa secondpilotforthelaterbomb-droptests.
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Measuredmissdistances.-TableI presentsthebasicbomb-dropdata
forboththewindshield-displayandnormalsystem.Thedataaregrouped
accordingtoflights,andtheflightsaregroupedaccordingtotest
conditions.The*’Direction”columnindicatesthedirectionfromwhich
therunwasinitiated.“Range”isthemissdistancealongtheaircraft
lineofflight,while“Deflection”isthemissdistanceat rightangles
tothelineofflight,bothtakenfromrangemeasurements.Thesign
notationisconventional,forwardandrightbeingpositivewithrespect
totherundirection.In thereductionoftheserawdata,methodssimilar
to thoseusedby SquadronVX-5wereemployed.To illustrate,figure12
isa bombplotfora typicalflight,inwhichthreebombsweredropped
fromonedirectionandthreedroppedfromtheoppositedirection.The
coordinatesofthemeanpointof impact(m.p.i.)forallsixbombsare
termed“winderror,”ascribed@mariJy tosm errorinestimatingthe
averagewindvelocityduringtheperiodofflight.Thecoordinatesof
them.p.i.foreachgroupofthreebombs,referredto thetotalm.p.i.,
are*’systemerror,”ascribedto systematicerrorsinthebombingsystem
forthatparticularflight.Thedeviationsof theindividualbombimpact
pointsfromthesegroupm.p.i.aretermed“randomerrors,”associatedwith
variationsfromrunto run. Inthepresentcase,emphasiswasdirected
atanalysisof randomerrorssince,presumably,theyaretheonlyones
thatwouldbe affectedappreciablyby thevariationsintheLABdisplay
systemusedinthepresentstudy.Rangeanddeflectioncomponentsof .
theserandomerrorsaretabulatedintableI.

Inadditionto therandomerrorsdiscussedabove,a correctionwas
~de to thermge-errorcomponent.Thiscorrectionwasmadeto compensate
fora progressiverangeerrorbetweensuccessiverunsin thesamedirec-
tion,am effectnoticedby thepilotsduringtheseflights.Reviewof
thedataverifiedthisobservationforbothwindshield-displayandstandard
IABsystems.Forexample,examinationof thesouthandnorthruns(runs1,
3, 5 ad 2, 4, 6, respectively)rangeerrorsforflights10 andl.1shows
a definiteprogression.Furtherexaminationindicatedthattheseincreases
inrangeerrorfromrunto runwereassociatedwithchangesinairplane
grossweightduetofuelconsumptionduringthetestflight.Although
thistrendisnotapparentinallflights(e.g.,flight13),it isbelieved
thatundermorecarefullycontrolledconditionsitcouldbe considereda
predictableerrorratherthana randomerrorof interestinthepresent
investigation.Thisinvolvedfindingtheaveragechangebetweensucces-
siverunsforalltheflightsof oneflightcondition,thenap@yingthis
correctionto eachrun. Althoughthedataavailablefromthepresenttests
werenotsufficienttopermitaccuratecorrections,approximatecorrections
wereappliedto thersngeandradialerrors.Inadditionto thetabular
data,figure13 presentsplotsof correctedrandommissdatagroupedby
flightcondition.Thereisno separationby pilotsbecauseanysmall
differencesweresubmergedinrsndomerrors.“ Theformoftheprobability
distributionof rangeanddeflectionmisscomponentsaboutthem.p.i.are
of interestforfurtherstatisticalanalysiswhichisdiscussedlater;

w

Jbd&-
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accordingly,thecorrecteddatawerealsoplottedonprobabilitypaper,
whichwelds a straight-lineplotfornormallydistributedssmples.
_le probabilityplotsareshe-”infigure14.

Theresultsofallthepracticebombdropsaresumarizedintable11.
Herethestandarddeviationoftherangeanddeflectioncomponentsisgiven
foreachoftheflightconditions.Foreachcasethestandarddeviations
ofthemisscomponentswerecomputedfromtheeqyations

ax .

and

cry
* —.

“

where & and~n arethemeanvalues(coordinatesofthem.p.i.)for
eachgroupof n bombsdropyedinonedirectionduringa flight,x andy
arersmgeanddeflectioncoordinatesofan individualbombimpact,and
m isthenumberof groupsineachcase.Themesmradialerror(m.r.e.)}
alsogivenintableII,wascomputedfromtheformula

M=R7
m.r.e.= m

m

Ln
m

.—

—

As a checkonthesenumericalcalculations,thestandarddeviationsof x
andv werealsoderivedfromthefairedcumulativeprobabilitycurves,
such”asfigure14. Valuesdeterminedinthismanneragreedwiththevslues
tabulatedintableIIwithin2 percent.Them.r.e.vsluesweresuccessfully ●

checkedina similarmanner.
—

w
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In thediscussionof themeasuredbomb
be concentratedonthem.r.e.dataoftable

9

missdistances,attentionwill
II,thefinalmeasureof random

bomberror.Thesem.r.e.datagiveapparentlyconflictingimpressionsof
theeffectof thenormal-acceleration-errorintegratoronthewindshield-
display-systemresults.Intheover-the-shoulder(0/S),integrator-out
maneuver,them.r.e.wasless,primarilydueto a ls.rgereduction~ the
measureddeflectionerrors.Thisreductionisbelievedtobe ofdoubtful
significancesincethedisplayroll-yawchamnelandtheassociatedtrack-
ingproblemwereidenticalforthetwocasesandsincetheintegrator-out
resultsarebasedon only11 testdrops.Thelargedifferenceinthe
numberofrunswasnotintentional,butarosefrmndifficultiesincon-
trollingtheflightprogrsmata distantstation.Fortheloftmaneuver,
thegreaterm.r.e.withintegratoroutisdueprimarilytolargermeasured
rsngecomponents.However,thiswasoneofthecotiitionswherethegross
weighterrorcorrectionwaslargesothattheresultingm.r.e.wasvirtu-
allythesame.Sincefromtheabovediscussionitdoesnotappearthat
theintegratorhasa largeeffect,theintegrator-inend-outdatahave
beencombinedto facilitatecomparisonwiththestandardIABsystemdata.

A comparisonof thewindshielddisplayto thestandardsystemin
tableII showsthetrendstobe thesameforeitherthemeasuredm.r.e.
or them.r.e.correctedforgrossweight.Forthe0/Smaneuverthewind-
shielddisplayshowsa modestreductioninm.r.e.overthestandard
system.No definiteor readilyapparentreasoncsmbe givenforthis
effectofflightmaneuveron therelativeperformanceofthetwosystems.
Theimprovementshownby thewindshielddisplayforthelonger0/Smsmeuver
maybe attributedto therefinedprogrsmming smdsensitivedisplay;however,
theseapparentadvantagesmaynothavemucheffectontheloftmaneuver
wherethetimeis so short(approximately7 seconds)andtheinitial
accelerationrisesoabruptthatexperiencedpilotsappeartoflythe
msmeuverwithlittlereeluseof theinstruments.

Anslysesofmissdistances.-Therelativelysmslldifferencesbetween
them.r.e.vsluesforthewindshielddispleyandthestandardsystemwere
rathersurprishginviewof themajorchangesindisplay,maneumrpro-
graming,andassociatedpilottechnique.Thislackof improvementin
bombingaccuracyledto thesuspicionthattheinabilityta repeatprecisely
theaccelerationandroll-yawtimehistoryisonlyoneof severalpoten-
tiallysignificantsourcesof error.Presumably,theonlysourceofbomb
errordirectlyaffectedby testchangesintheJABsystemflightdisplay
wouldbe theaccuracyendrepeatabilitywithwhichtheselectedtest
maneuvercouldbe flown~intermsofthetrac~~ e~ors~thatis~the
differencebetweendesiredandmeasurednormalacceleration,roll-and
yaw-angletimehistories.Accordingly,theestimateofthebombmissdue
to trackingerrorswasof interestinattemptingto interpretsmdcompare
themeasurers.ndombomberrors.Withthisinmind,tracking-errortime
histories,Suchas thoseinfigures16,werederivedfromoscillograph
records(fig.10)foreachbombrun. Thesedatawerethenusedinvarious
computationalproceduresdesignedto “predict”thebonibmissassociated
withtrackingerrorsalone.
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No strongandconsistentpositivecorrelationbetweenmeasuredand
predictedbombmissdistanceswaseverattained,despitenumerousplausible
variationsmadeinthepredictionmethod.Incdlcases,thestandard
deviationofthepredictedbonibmissdue to trackingerrorswasmuchless
thanthemeasuredvalue,inmostcasesfromonefifthto onehalf.Analy-
sisindicated,asdiscussedinmoredetaillater,thattrackingerrors
madeonlya smallcontributionto themeasuredradombombmiss,sothat
strongcorrelationcouldnotbe expectedinsaypredictionmethodofthis
type. Inviewofthesenegativeresults,no effortwillbemadeto
describecomputationaldetailsinvolvedinthevariousattemptedprediction
methods.

Thefactthatthepredictedvsluesof randombomberrorwereinsll
casesmuchlessthanthemeasurederrorstrengthenedthesuspicionthat
sourcesotherthsmtrackingaccuracieswereresponsibleforthemajor
portionoftheerror.Accordingly,therandmhbonibingerrorsassociated
withfactorsotherthannormsl-accelerationtrackingperformancewere
estimated,andtheresultanterrorwascomparedwiththemeasureddataof
table11. Forthesecalculations,.itwasassumedthat,as indicatedby
figure14,thersmgeanddeflectioncomponentsoftherandombomberror
werenormallydistributedandwerethesummationoferrorsfroma number
of sources,eachstatisticallyindependentandnormalJ-ydistributed.Then
theususlsts.ndard-deviationequationapplies,forexsmple:

where aajub)~carethestandarddeviaticmsofthebomberrorduetoeach
sourcea,b,c.Samplecalculationsforrangeerrorsourcesotherthsn
displaytrackingaresummarizedinthefollowingtable:

Estimateofbombrangeerrors

Assumedcrof Bombrangeerrorper u of
Errorsource errorsource unitsourceerror bomberror,ft

variations Loft 0/s Loft 0/s
Initiationtime 0.1sec 750ft/sec750ft/sec 75 75
Releasetime 0.02sec 270ft/sec2810ft/sec 56
Wind 1 knot 59ft/knot79ft/knot 5; 79
Airspeed 3 knots 54ft/knot34ft/knot 162 102
Bombdispersion5 mils(0.287°)25ft/deg 220ft/deg 7 63

zu2 34,424 29,375
Resultsnta,ft 185 171

.

. —

.

.

0.

9
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Theerrorsourceslistedarethosethatcamereadilytomindand
whichhadan appreciableeffectonbombrangeerror.Thentheassued
standarddeviationu foreacherrorsourcewasbasedon experience
gainedinthepresentbomb-droptestandonavailableMB data.

1. Initiationtime: Thiserrorarisesfromtheinabilityofthe
pilottobeginthemaneuverat theexactinstanttheairplanepassesover
~heselecte~initiationpoint.

2. Releasetime: Thiserrorisattributable
releasetimesfromthecorrectvaluedueto slight
thebomb-releasegyroandassociatedmechsmisms.

topartitionsin
resolutionerrorsin

3. Wind: Winderrorreferstovariationsfromrunto runinthe
rangecomponentof theprevailingaveragew~d.

4. Airspeed:Theerrorsinairspeedrepresentdeviationsfromthe
averageattheinstantof release.

5. Bombdispersion:Thiserroriscausedby individualbombcharac-
teristicsandis expressedintermsofbombflight-pathangleafterrelease.

Theassumedstandarddeviationsforinitiationtimeandairspeedwere
estimatedfromdataobtainedduringthepresentinvestigation,whilethe
remainingitemswereestimatedfromgeneralexperience.Highprecision
isnotclaimedfortheseestimatesbuttheyarebelievedtobe conserva-
tiveandreasonable.Thebombrangeerrorperuniterrorforeachsource
wasderivedfromknowninformationabouttheselectedairplanemsmeuver
andfrompracticebomb-trajectorydataobtainedthroughSquadronVX-5.
The a ofthebombrangeerroris,ofcourse,theproductofthiserror
ratioandtheassociatedassumeda oftheerrorsource.TheresultantU,
equaltothesquarerootof thesumsofthesquares,isthestandarddevia-
tionofthebombrangeerrorresultingfromthecombinationofthesefive
tabulatederrorsources.Althoughtheindividualerrorcontributions
differbetweenloftand0/Smaneuvercases,theresultantis isabout
thesame,dueto compensatingeffects.Comparisonoftheseresultanta
valueswiththecorrespondingax datacorrectedforgrossweightfrom
tableII showsthattheorderofmagnitudeisaboutthesameforallcases,
eventhoughtheeffectsofnormal-accelerationtrackingerrorswerenot
includedintheestimationprocedure.Thisresultis consistentwiththe
resultsofthepreviouslydescribedattemptstopredictbombrangeerror
frommeasurednormal-accelerationtrackingdata,a procedurewhichyielded
missvaluesconsistentlymuchsmallerthanmeasured.Forexsmple,the
additionofeventhelargestpredicteda of75feetduetoacceleration
trackingerrortothe u estimatedabovefromothersourcesgivesthe
following:Forloft,

ax= A./(185)2+ (75)2

hi.~

= 200ft
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andfor0/S>
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.

ax= J(17U2+(’75)2=u3~f-t

IftheresultantUx isconsideredas a totalpredictedrandombomb
rangeerror,itisseenthattheneteffectofthetracking-errorcontri-
butionisonly200- 185= 15 feetfortheloft,or187- 171= 16 feet
for0/S. Thesecalculationsalsohelptoexplainthedifficultyexperi-
encedinattemptingto correlatethepredictedbombmissduetotracking
errorwiththemeasuredmisses;undertheseconditions,onlysmall.posi-
tivecorrelationcouldbe expectedevenwiththemostfavorablepractical
experiment.Applicationsof similarproceduretodeflectionerrorslead
to resultswhichwerequalitativelysimilartothoseabove.

Thusitappearsthat,contraryto originalbelief,trackingerrors
areonlyoneof severalsizablesourcesof randombombmiss. Hence,any
equipmentsuchas thewindshield-displaysystem,whichisdesignedsolely
to improvetrackingperformance,cannotbe exyectedto giveanystriking
reductioninrandommiss. Theapparentdifferencesandinconsistencies .-
betweenthebomb-missdataoftableIIforthevariousflightconditions
thusmaybe dueprimarilyto chanceflight-to~flightvariationsinanyof
several.errorsources,ratherthanto significantdifferencesintracking
performance(particularlyinviewof thesmalJ.numberof runsforsome A
flightconditions).

Fromtheoperationalstandpoint,theimportanceofrandombomberror .
duetotrackingerrorwouldbe evenlessthanindicated.Forexample,in

.-

predictingthemiss-distancestatisticsofbombstobe dro~pedindistant
territory,allowancemustbemadenotonlyfortherandommissofa group
ofbombsfromanm.p.i.,butalsoforrandom@frorsiiiestimatingthe
m.p.i.itself.Theselattererrorscanarisefromcontinualchangesin
“system”errorsandfromerrorsinpredictingwtis overa target,a diffi-
culttaskeveninfriendlyareas.Briefconsiderationofavailabledata,
includingthatfromthepresentbombdrops,indicatesthattheseerrors
maywellbe considerablylargerthantherandombomberror.Infact,the
presentdataindicatethatreductioninsucherrorsinestimatingthe
m.p.i.isof greaterpracticalimportancethanthereductionofrandom
errorsaboutthem.p.i.,suchas therelativelysmallonesassociated
withthetrackinginaccuraciesof initialconcerninthispresentstudy.
Furtherdetailedanalysisoftherelativetrackingabilitywiththetwo
systemswasnotconsideredwarrantedsince,inthisparticularapplication,
thetracking-errorcontributiontotheendresultwassmall.

EquipmentDevelopmentFlights

As hasjustbeendiscussed,thewindshielddisplay
nificsmtimprovementfromthebombaccuracystandpoint.

●

didnotgivesig-
However,experience ~ ~
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withthisequipmentindicatedthateqtipmentemploying
principlesmightbe profitablyappliedto otherflight

.

13

similardisplsy
problems,particu-

larlywherecontinuousandprecisecontroloftheflightpathisof
-greaterover-allimportance.Thefollowingdiscussionofpilotopinion,
trackingperformanceandexperiencegainedinthedevelopmentofthis
equipmentmaybe ofvalueinthisconnection.

Selectionofdisplaysensitivitieso-Displa.ysensitivityisthe
angulardisplacementof themoving-dotinstrumentindexperunitoferror:
in-theelevationchannel,theverticaldisplacementinmilliradiansper g
uniterror;andinthedeflectionchsmneljthehorizontaldisplacementin
milliradisasperdegreeyawerrorordegreerollerror.Theselectionof
sensitivityvaluesforuseinthefinalevaluationofp~cticebomb-miss
distanceswasbasedonpilots~opinionsof theeaseoftrackingthewind-
shielddisplayandontheacceleration,yaw,androll.errorswhichshould
be minimizedto insurerepeatablemaneuvers.Inthisequipmentthesensi-
tivitycouldbe variedovera continuousrangefromzeroto exceedingly
highvslues.Therefore,in initiaJ.flightsa rangeofprobableuseful
valueswasgivento thepilotas a generalguideforinvesti~tion.As
flighttestsprogressed,thepilotnarrowedtheseiniti~valuestoa
rangeofusefulsensitivities.Followingthesetests,checkflightsby
otherpilotsweremadetoverifythesesettings.Thesensitivitiesdeter-
mined&ring thesetestsareas-follows: -

Pitchsensitivity. . . 44milliradiansper
Yawsensitivity. . . .17milliradiansper
Rollsensitivity. . . 7 milliradiansper

In selectingthedisplaysensitivitiesforuse

g unit.error
degyawerror
degrollerror

inlaterbcmib-drop
tests,themaximumusablevalueswerelimitedby excessivehigh-frequency
dotmotioninroughair,whichmadeitdifficultforthepilottodetect
thedesiredflightindications.Lowersettings,of course,reducedot
excursionsdueto roughairandimprovethetrackingintermsofdot
displacement.Intheefireme,apparenttrackingerrorswouldapproach
zeroas thesensitivityapproachedzero,buttheassociatednorwl accel-
erationandroll-yawerrorswouldbe verylarge.Extensivestudyofthe
variationof theactualtrackingerrorstithsensitivitywasbeyondthe
scopeofthepresentstudy,butitappearedthattheycouldnotbe reduced
significantlyby changingsensitivitiesfromtheselectedvalueswhichare
themaximumusableunderrough-airconditions.Filtersprobablycouldbe
designedforthemirrorservoloopwhichwouldreducetheldgh-frequency
dotmotiondueto roughairwithoutappreciableattenuationoftracking-
controldotmotions,thuspermittingtheuseofhighersensitivities.
Effectsof simpleadjustmentswereconsideredbriefly,butno timewas
availableforextensivedevelo~ent.

Itis interestingto interprettheselectedsensitivitiesinterms
ofthresholdsdetectedby thepilots.Thediameterofthemovingdotis
about2 milliradfans,anda trackingerrorofonedotdiameterwasreadily
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.
apparenttothepilot.ThehighlysensitivenatureofthisdisplayIs
apparentwhenthisdot-widtherrorisconverte-dintotheflightquantities
of().()k6gaccelerationerror,0.12°yawerror,and0.28°rollerror.

Theratioof0.28°rolJto 0.12°yawisof thesameorderasthe
roll-yawsignalratioof3 to1 usedinthestandardsystem.Ifthe
steady-stateapproximationismadesothattherateofyawcorrectionis
proportionaltob-angle, theadditionof theroll-angletermtothe
azbmrthdotmotioncanbe thoughtofasprovidingthepilotwitha lead
term. Thishasaneffectsimilartothatofelevatinga fixedgunsight
abovetheairplanereferenceaxis;here,bankingmotionsnotonlyarea
measureoftheeventualazimuthcorrectionrate,butalsoprovidean
apparentazimuthtzackingcorrectionproportionaltothebankangle.
Moderateelevationofa gunsi.ght(whichgives”equivalentroll-yawratios
of theorderused.withtheL&Bsystem)hasbeenfoundgenerallybeneficial.
to tracking. ..

Modificationofaccelerationprogrmn.-ThespecifiedLABmaneuver
callsfora smoothpull-upentryfromlg to 4g in2 seconds.Theorig-
inalwindshield-displaysystemcamprofileis showninfigure15(a).The
smoothasyrmnetricalS curveusedfortheentryportionwasselectedas
a reasonableapproximationto thenormal-accelerationpatternasmeasured
inabrupt_pull-u_psmadeusingnormalcontroltechniques.Difficultyin
followingthisabruptcommandwasexperiencedduringinitialflights.i%
thehopeoffacilitatingcloserandmoreconsistenttracking,a csmwith
a modifiedentryprofilewasconstructedinwhichthe S shapedentry
portionwaslengthenedto2.5seconds(fig.15(b)).

Thefinalportionortailofthecs.mwas”originallytapered
(fig.15(a))to correspondtothedrop-offinmaxhumusabletotell.lift
associatedwiththeestimatedsizablereductionin indicatedairspeed
duringthelatterportion.ofthemsneuver.Onthebasisofearlyexperi-
encewiththeairplanethepilotsbelieveditwouldbe possibletohold
4g throughoutthe1803pitchmaneuver.Accordingly,thetailportion
of thecamwiththemodifiedentryprofilewasleftconstantat 4g
(fig.15(b)).

Subsequentflighttestswiththemodifiedcamshowedthat,contrary
toexpectations,thepilotspreferredthe2~secondcamand(afterpractice)
wereabletoflysmootherandmorerepeatablemaneuverswiththeoriginal
abruptentry.Apparentlythecontrolmotionsandassociatedairplane
responsewiththeoriginalcamcorrespondedmorecloselytothoseused
naturallyby a pilotforanyabruptpull-up.Inaddition,thetapering
ofthefinalportionofthe g comand wasfoundtobe essential,as it
wasnotpossibletoholdtheconstant4g calledforby themodifiedcam.
Infact,theshapeoftheoriginalcamwasfoundtobe justinsidethe
airplanebuffetboundary.Forthesereasons,theoriginalcamprofile
(fig.15(a))wasselectedforuseinallsubsequentbomb-droptests.

.

.

.
J.

.

--



NACARMA56I1O

Measuredtrackingperformance.- Theflight-testprogrsmofthe
windshield-displaysystem,includingthepracticebombdrops,encompassed
over60flightsandmorethan@ --UP maneuvers.Fromthenumerous
recordsobtained,severalinterestingtrendswerenoticedinthemeasured
tracking,particularlyinpitch- thatis,thenatureandmagnitudeof
theerrorsbetweenactualanddesiredacceleration.Typicalvariations
innormal-accelerationtrackingperformanceassociatedwithvariouspilot
techniques,systemconfigurations,andatmosphericconditionsareshown
infigure16. Withthestandardsystem(fig.16(a)),themeasuredaccel-
erationwasusuallyquitesmoothbutwasoftenlessthanthedesired
valueinthemiddleportionoftherun. It isbelievedthatthisdiffer-
encebetweendesiredandactuslaccelerationisduenotonlyto the
coarsenessoftheaccelerationerrorindication,butalsoto difficulty
inmaintainingan accuratecalibrationoftheaccelerationerrorchannel.
Forthewindshielddisplaywiththeaccelerationerrorintegratorout,
figure16(b),thenormalaccelerationpatternswerecharacterizedby a
shortlagbehindthecomnandduringtheentryperiod.Duringthemiddle
portionthelong-termaccelerationerrorswereheldquitesmsll,butat
theexpenseof increasedhigherfrequencydeviations,an effectprobably
associatedwiththepilots!effortsto trackcloselywhenusingthis
highlysensitivedisplay.Additionoftheintegrated-errorsignal
(fig.16(c))resultedina tendencyto overshootthespecified4g in
themaneuverentry,an effectnormallyassociat=withtheadditionofa
lagtermina closed-loopsystem.Itdidnotresultinthehoped-for
reductionofbiaserrors,whichininitialtestswerehighwiththe
integrator-outsystem.Infact,thetrackingerrorswiththetitegrator
inappearedtobe largerandslightlymoreoscillato~thanwiththe
integratorout,andthepilotsreportedsomewhatmoredifficultyin
tracking.Oncethistendencytowardaccelerationbiaserrorswascalled
to theirattention,andas theygainedflightexperience,theywereable
toholdit to satisfactorilylowlevelstithouttheintegrator.Conse-
quently,extensivedevelopmentoftheintegrated-errorconceptwas
abandoned.

Theeffectof roughairon thewindshield-display-systemtracking
is showninfigure16(d)fortheintegrator-outcase.A lagin initiating
themaneuverisapparent;thiseffectis associatedprimarilywiththe
pilot~sdifficultyindetectingtheaccelerationcommandinthemidstof
sizablerandomnormalaccelerationsanddotmotionscausedby therough
air. It is seenthatthepilotappliedaccelerationrapidlyto reachthe
co~d, buthadsubsequentdifficultyinstabilizingabout4g. The
normal-accelerationerrorswerereducedlaterin therunsincetheair
smooth.edoutwithincreasingaltitude,andtheproblembecameoneof4g
tracking.Figure16(e)showsan interestingeffectthatwassometties
observedwhenthepilotattemptedtotrackthemovingdotverytightly.
Poorlydampedoscillationsof about1 cyclepersecondarereadily
apparent.Thisoscillationseemedtobe associatedwitha combinationof
theairplanelongitudinalshort-periodoscillationofaboutthesamefre-
quencyandthepilotxsdifficultyincontrollingat thishighfrequency,
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particularlythroughan airplanecontrolsystemwithdynsmicimperfections.
As discussedpreviously,thepilotshaddiffigutyinfollowingtheinitial
accelerationrisewhenitwasspreadoutovera 2-1/2-secondperiod
(fig.15(b)).Theexampleaccelerationtimehisto~offigure16(f)shows
thetypical“hitch”intheaccelerationent~ curvedueapparentlytohis
fearofovershootingthismoregradualaccelerationcommand.

Thenormal-accelerationtrackingperformS,ncewiththewindshield-
displaysystemasfinallyusedinthepracticebombdropsis summarized
infigure17. Thesedata,intheformoftimehistoriesofaveragenormal
accelerationsandroot-mean-squaredeviationsfromthismeanvalue,are
basedonthedatafromonlythe14bomb-dropflights.Herethesystem
configurationwasheldconstantad onlytwopilotswhousedsimilar
trackingtechniqueswereinvolved.Theairroughnessvariesfromslight
tomoderatefortheflightsinthissunmazy.Itis seenthatforboth
integratorinandoutthecurvesaremuchthesame,exceptfora slightly
greatertendencywithintegratorinto overshootthedesiredkg atabout
3 seconds.

Theinabilitytokeepupwiththeinitialco?mmndisreflectedin
pesdsaccelerationerrorsofabout-0.4gto -0.5gat 1.5seconds.The
errorisfirstreducedto zeroat 2-1/2seconds.Thenastimeincreases
toward10 secondsthereisa trendtowardincreasinglynegativeerror.
As seenfromfigure17(a),at10 secondstheaccelerationcommandstarts “-
to reduce,resultingina briefperiodof-pos~tiveerroraround12 seconds
untilthepilotreadjusts.

-..

Thestandarddeviationu oftheerrorfromthemeanV&he is seen
to rangefromaroundM.3g nearthestartof-therunto aslowas ti.lg
laterintherun. Thevahes of a tithintegratorin areslightly
greaterthanwithintegratorout,reflectingthepilots~opinionthatthe
tfackingwaseasierwiththeintegratorout. Itmightbe notedthatthe
a boundariesofnormslaccelerationcsmbe interpretedas enclosing
68.3-percentofthetestpoints,indicativeoftherepeatabilityfrom
runto run.

Theroll-yawtrackingerrorsweregenerallysmall(lessthanfi.OO)
anddidnotappeartobe stronglyinfluencedby displsyorflightcondi-
tions.Onenotableexceptionwastheeffectofairplaneyaw-dsmper
operation.Exampleyaw-errortimehistoriesshowninfi~ 18 illustrate
thesmallvirtuallyundsmpedyawingoscillationswhichwereevidentwith
theyawdsmperinoperative,particularlyinroughair. In all casesthese
roll-yawtrackingerrorsappearedtohavelittleeffecton randombomb
errors.

Pilotopinions.-Duringthecourseoftheflightprogram,m effort
wasmadeto obtainpilotco?mnentsOntheadvantages,deficiencies,sad
possiblemodificationsofthewindshield-displaysystem.Inadditionto
thepresentLABmaneuver,commentsrelatingto otherpossibleapplications
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wereslsoofinterest.Aftercompletionof sJJ.flighttestsby VX-5
pilots,twolocalevaluationflightsweremadebyAmespilots.Whilethey
didnothaveanypreviousI&Elexperience,bothhadwidee~eriencein
trackingresearchstudiesincludingthetarget-simulatorprogrsm(ref.1).
Low-sltitudebonibingmaneuverswerepe@ormedonboththestandardand
windshield-displsysystemsforpilotcommentonly,basedontheire~eri-
encetithsimilartisplaysat theLaboratory.Thefo3J.owingdiscussion
isa consensusofsllVX-5andAmespilotsinvolvedinthetestXrogrsm.

Thepilotsappreciatedthelargesndsensitivenatureofthemoving-
dotdisplay,andconside~dita natursl,easilyinterpretedwayof com-
biningpitchandyawflightinformation.Sincethesetestswereperformed
overa fsmiliarandunobstructedpath,thepilotsfeltssfein concentrat-
ingonthedot-trackingproblemwithlittlereferencetotheoutsideworld.
Howeverjwhenthepilotattemptsthishalfloopincombatoverunfamiliar
terrain,theeasewithwhichhe canmonitorthesurroundingsandtransfer
frominstrumentto visual. orientationmightbe an importantadvantageof
thewindshielddisplsy.Thepilotsalsofeltthatthistisualflight
monitoringfeaturemightbe veryusefulinotherpossibleapplications,
suchaslanding-approachinstrumentationwherea difficulttransition
frominstrumenttovisuslorientationisrequired.Theflexibilityofthe
continuousprogrammingprincipleenhancestheap@icationto radically
differentandmoredifficultflightmaneuvers.

Thepilotsofferednumeroussuggestionsformodificationsto the
windshielddisplayitself,butthesewerenotconsideredessentialtothe
presentexploratoryinvestigation.Thedisplayingon thewindshieldof
airspeedorairspeederrorwasconsidereda desirableadditionto reduce
thedistinctionof readinga separatestandardairspeedindicator.There
wereseveralwidelydifferingsuggestionsdealingwiththeadditionof
roll-orientationinformation,theserangingfroma siqpleverticalrefer-
encelinefixedintheairplaneto “wings”on themovtigdot;thelatter
wouldnotonlyprovidea bankreferencebutwouldpermitprogramingof
theroll-outrequiredforrecoveryfromtheLABmaneuver.Thereplacement
of thefixeddotwitha smallcirclewasconsidereddesirableto improve
definition.Increaseddisplaybri~ianceandheaviersunlightfiltering
wereconsideredessentialfordaylightoperationaluse. Theseimprovements
andchangesto thedisplayprobablycouldbe accomplishedmorereadily
throughtheuseofa cathode-raytubeoftheprojectiontypeortheflat-
screentype,ratherthantheelectro-mechanicaldeviceusedinthepresent
windshield-displaysystem.

CONCLUDINGREMARIG

Low-altitudebombingtestsmadeinanF9F-8airplanewiththestandard
Navycross-pointerindicatorandwiththetracking-typewindshielddisplay
describedhereinshowedslightdifferencesinpractice-bombrandommiss
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distances.However,thesedidnotaypearlargeenoughto affectappreci-
ablythebombmissona tacticslmission.Forexample,inhigh-angle
(120°)“over-the-shoulder”releasesthemeanradialerrorwasreduced
from315feetforthestandardsystemto269feetforthewindshield-
displaysystem.Thestandarddeviationsoftherangeanddeflectioncom-
ponentswere197feetand324feet,respectively,forthestsmdardsystemj
and130feetand289feetforthewindshield-displaysystem.However,in
medium-angle(41°)“loft”releasesthemea radialerrorincreasedslightly
from201feetforthestandardsystemto 230feetforthewindshield-
displa.ysystem.

Therewerenoticeabledifferencesinpilottechniquesandtracking
performanceamongthemsnypilotswhoperformedpreliminaryflights.
However,theobserveddifferencesinbombmissweresmallforthetwo
projectpilots,andtheirdataweregroupedtogetherforanalysis.Addi-
tionofan error-integralsignslinthenormsl-accelerationchannelof
thewindshielddisplayresultedinmoderatebutinconsistentdifferences-“-
inmeasuredbomb-missdistances.Forsimplicitythesedatahavebeen
groupedtofacilitatethenumericalcomparisonsabove.Withbothtypes
oflow-altitudebombing(N) systemsa progressivechangeinbombmiss‘“
fromrunto runwasobsemred.Thiseffectisassociatedwithchangesin
theairplaneangleof attackat releasedueto-grossweightchangeswith
fuelconsumption.Althoughaccuratefuelconsumptiondatawerenotavail-
able,approximatecorrectionsweremadetothepresentdata,anditappears
thatthisfactorshouldbe consideredintacticalapplications.

Therewerestrongindicationsthaterrorsininstrumenttracking
accountedforonlya smallpartoftherandombombmiss. Inturn,it
appearsthatthesemeasuredrandommissdistancesrepresenta lesserpart
oftheover-allbombmisstobe expectedon a tacticalmission.This
factsuggeststhatattentionshouldbe concentratedonreductionofIAB.
errorsourcesotherthantracking- forexample,thepredictionand
compensationforwind.

Despitetheabsenceofappreciableimprovementinbombingaccuracy,
thewindshielddisplaywashighlyregardedby thepilots.Whilethere-
weresuggestionsforminorimprovements,thepilotsgenerallyfoundthe
windshielddisplaya naturalone,easytolearnandtoflywithconfidence.
Thesefavorableopinionsleaveopenthepossibilitythatthewindshield-
displayconcept&jht be applied
problemsinwhichcontinuousand
of greaterover-allimportance.

AmesAeronauticalLaboratory
NationalAdvisoryCommittee

MoffettField,Calif.,

fruitfullyto otherinstrumentflight
precisecontroloftheflightpathare

forAeronautics
Sept.10,1956
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DESCRIPTIONOF COMPONENTS
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Figure5 isa blockdiagramofthewindshield-displsysystem.The
elevationmd azimuthdrivemotors,microsynpickoffs,andthemirror
gimbalareallintegralcomponentsofthemodifiedA-1 sightheadshown
infigure4. Herethepathofthelightbesmto thefixedandmoving
mirrorassembliesis illustrated.Thefixedmirrorisa speciallytreated
pieceof glassaddedtothesightheadto createthefixed-dotimage.The
movingmirrorgimbalis-positionedby direct-currentmotorswhichare
drivenby a conventionalservoamplifier,themicros~sprovidingthe
alternating-currentfeedbacksignals.A 400-cycles-per-secondsignal
systemisusedthroughouttopermitstablesimplificationwithoutexcessive
complication.Whendirectcurrentisnecessary,400-cpschopperdemodu-
latorsareutilized.A separate28-voltd-cto110-volta-c400cps
inverterisemployedas a prharypowersourcefortheentiresystemfor
completeisolationfromanyaircraft400-cpssources.

Theerrorsignalsarederivedat thesumuingjunctionsof theerror-
signalamplifiersineachchannel.In theelevationchannelthesmplified
outputof a Schaevitzlinearaccelerometer,orientedtomeasuretheair-
crsftrsnormal-accelerationcomponent(Az),iscomparedwiththeoutput
ofa lineardifferentialtransformer(linearsyn)pickoffwhichsensesthe
contouroftheprogramcam. Theprogrammerunit(fig.3) containsthe
constant-speedmotor,acceleration-progrsmcsm,thelinearsynpickoff,and
thesequencingandprogramresetrelaysandswitches.Theroll-andyaw-
sxisgimbalpickoffsarewire-woundpotentiometersand,forproperopera-
tioninthissystem,wereexcitedby a 4CX)-cpsvoltagebalancedagainst
ground.Therollandyawsensitivitycontrolswerelocatedinthepilotzs
controlpaneluntilthesensitivitytestswereccmpleted,whentheywere
replacedwithfixedattenuators.Theerror-signslamplifiersareof
conventionaldesignandarevirtuallyidenticalexceptforthepilot’s
accelerationerrorcontrolintheelevationchsmnel.Thiscontrolwas
omittedfromtheazimuthchannelbecausetherollandyawsensitivity
controlshadthesameeffect.Theintegratorwasofthesimplestvariety,
employinganRC networkwitha timeconstantof 50 seconds,whichpermits
a sufficientlyaccurateintegrationto thetimeof releasewhichhada
maximumvalueofabout13 to14 seconds.A switchto selectintegrator
operationsmda sensitivitypotentiometerareprovidedforthepilot.It
istobe borneinmindthatintheconstructionofthisequipmentno
attempttominiaturizeor optimizethevariouscomponentswasmade. off-
the-shelfcomponentsavailableat theLaboratorywereusedwhenever
possibletominimizedevelopmenttime.
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TABLEI.-INDIVIDUALBOMB-DROPDATA

a

(a)Flight condiirMeasuli’ligm Direction~ge
no.

s
s -:$

1 N
s -752

-

2 s -322
N -828
s -787
N -776

(b)K
s 1140
N -418

3 s
N -%
s 345
N -&)o
s 810
N -;%&

4 s

I N I -932
s Km
N -155

5 N -390
s w
N -962
s 273
s 212

6 s -l@
s -146
s -225
N -2016
s 2245

7
I

N
I
-2071

s 2066

IrkN -226
s
s -;;2

8 s -266
s -~8
s -8
s -3u

d miss,fi

Deflectim

1229
1082
-80

-+
1

-k
-31
-494

-L!
ghtCond.ii

970
915
832

484
-8

a
-79
1200
422
488
1400

-%
1445

-+%-
608
1610
1065

*

-d;
1091
-u8

3;
102
-270
254
193
162
4g8
103
335

m: 0/Sintegrator
Rsndom

F

Rangecor-
Rsngerectedforgrossweight

error
509 279
-206 -206
142 27

254I 24
202 202

cd,

error,ft
IRadislcor-

=-t-

Deflection‘c&d ‘or
grossweight

error
259 ;$

-X27 129w
-153 -153 147 212
-263 -33 122 3.26
-101 129 -187
xl:o,% inte~torin
375 101 208 231
141 -133 445 464
46 46 70 84

4% I -lE I
107

I
146

-278 314
-241 33 553 554

-lx? 229
2%! 24 -356 357
-25

I
S12

I
-200

I
229

-224 -224 145 267
-74 200 ti 2gi
230 -44 -23
347 73 584 52
Ul_2 112 -294 35
-230 44 22 49
-460 -1% -289 344
288 -96 -230 249
227

I
117

I
-242

I
269

-174 -147 760 774
-131 33 i15 ti8
-210 91 -502 510
103 -171 74 185w-w-
UO I 150 I 19 I El
-302 -169
-342

-353 391
-68 171 184

396 -65 138
27 -no -96 146

240 240
-% -E -155 163
-349 -75 77 107
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TABLEI.-INDIVIDUALBOMB-DROPllATA- Continued

Flight
no●

10

Id

12

13

14

Direction

--T--
N
s
N
s
N
s
N
s
IT
s
N

(,
s
s
s
N
s
N
6
N
s
s
s
s

(c)Flightcondition:loftintegratorout

Measuredmiss,ft Rsmdomerror,ft
Rangecor- Radislcor

RangeDeflectionRangerectedforDeflect-onrectedfor
grossweight grossweigh

error error
680 175 -140 35
u61 795 -335 -160 3:: 34;
822 82 2 2 -~;
1472 52’7 -24 -24 2;
958 98 138 -37 -20 41
l@k 133 358 183 -352 396
-827 98 -373 -198 203
-792 8 -512 -337 -a: 398
-361 -186 93 93 -241 258
-353 512 -73 -73 291 300
-173 253 281 106 198
304 143 584 409 -78 e!
Flightcondition:loftintegratorin
-42 450 6 6 321 321

-75 8 8 -2o4 204
:: 13 -14 -14 -u6 117

248 -120 -lzlo
-%?

-39 3@
363 363 -u8 3&l

208 52 :$ -Izl. 234 126
-11:1 232 -364 u8 263
59 93 240 240 -194
-959 267 -153 -153 -45 159

227 34 34 -85
:% 160 163 -240 2%
-881 5E -75 -75 220

462
232

-770 36 36 150 154
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TABLEI.-INDIVIDUALBOMB-DROPDATA- Concluded

)FMzhtcondition:loftstaaerdSsw.tem I
Ke&mredmise..3%1 mmr, ft

5RaMslCOI
deflectionrecteafolgrossweigk

enmr
11

7 248
14 202

248
-i: 8
1 11

REmgecor-
rectedfor
gossweight

night
m. Direction

M
s
K
s
N
s
N
B
N
s
N
N
N
s
N
s
N
8
N

(f
s
N
s
N
s
N
s
N
s
N
s
N
s
N
s
N
s
H
s
IT
s
N
s
N
“s
N
s
x
s
N
s
N
s
N
s
N
s
N
N
s
N

error
152
-248

-52-7
-731

%
-&3
-658
-728
-757
s
%%
h

-m
72

~

%%
918
1322
b5g

$
)245
-:83-
.1629

-%?
-1oo
728
-67
-139

s
“995

.%

+&

-28

-??2

g

:%
330
23

g
-38
-29:
~

X152
532 -248
205 -202
522 24/3
2
-22 -1

-202
248

=+2+
-123
130
-28

4

-123
130
-28

4

+

-132 183
149

.+: 160
2%
2

-1; 1
-1 1

1
-z 229
-244 Zkg
88 ti
257 337”
1 11

16

*
+

63

+

-179 -49
-92
322 22
-4 -1

condition:O S s
3.30 +

-49
2
-137

JldEirdSyste
-225

18

CL233-i31 476
-39 tigl
349 364
104 123
82 1

-19 2

2i2
155

355
2ea

mi
2a9

-104 -104
-(%%8

725
-153
%9
178
-458

-57
*
287

-lo;

136
260
-98

*

236 272
293

-?g 798
405

26b
-98a)

--g-

-1358
-s118
-1457
-I_086

-553

*
130

556 557
21.8

-2; 66
67 258

-162 227
-la 476
224 264
239 405

-6$ 62
-u N
439 .. 526
172 2U
248 382
87. 89

‘:$ - &

35 h
423 4g
-793 -l
-m 29.
477 &%

325
-433 433

3Z 3%
433 434
-330 340

+1
25
163
-617

250

-&
-141
51
327
-26

a.

T-10 -
-2& ~8
158 -26

-12cQ -35
-lT

-% -442
27

W 4A2
455 -8

22 -35
-26

23 -400 I -2

=

-269109 -w
-2
379 7
402 224
-729
-lp. -BY
541 -525

26
-XLo
545 24;

-13
?2 -~
1 -2

+
73
7724 -251
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TABLE II.- SUMARYOF RANDOM ESROR_Y’SE

ox Mean radial

Flight condition Number (IY ox component Mean error

of deflection range corrected lad3.al corrected

runs Coruponent, ccmponent~ for gross error, for gross
aneuver Disp~ system ft ft weight error, ft weight error,

ft f-t’

I’tey~r 36 313 233 Ill 351 289

Integrator ~
Windshield 202 244 147 266 208

0/s
out

Combined 47 289 239 130 332 269

S&ma&d. 41 324 2@ 197 392 317’

Integrator
in 13 179 in 177 233 233

Integrator~
Windahleld 196 305 184

out
349 228

Loft
Combined 25 188 249 la 288 230

standard 19 149 141 141 201 201

,

!2
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Figure 1.- An idealizedlow-altitudebombingmaneuver.
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Maneuver initiation 1

I

— Reference line

rYaw error
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Figure 10.- !&pical.color oscillographrecord of lo’w-alti= bcunbingloft maneuver.
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Figure Il. - Selectedframesfroma movietakenwiththeGSAFcameraduring
a typicsllow-sd.titudebofiingmaneuver.
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Figure13.- Plotsofbombimpactpointsreferredto thegroupmeanpo~t
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Figure15.- Acceleration-connuandcam profiles.
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