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(Li ABSTRACT

Optical techniques were studied for application in a terrain

sensor which measures the profile and consistency of the terrain

ahead of a cross-country military vehicle and provides information

for the actuation of an active vehicle suspension system. Automatic

optical ranging techniques were found to be @ tI suitable for

terrain profile sensing. Optical methods of spatial and spectral

2.nalyais of an image of the terrain were shown to have considerable

promise for consistency deternnation. Preliminary designs for

equipment for terrain profile and consistency sensing are used as

a basis for performance evaluation.
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OBJECT

The object of Contract No. DA-.04-495-.ORD-3569 is the conduct of a

feasibility study of Vths.techniques and processes required to provide a

system for gathe'ring and presenting terrain intelligence'data, ,in accordance

Swi &h the requireni~ns spvecifield ýin ,.Research -and Engineering Purchase

Description NoMo,62,..32.-. .

Thetitiat ojetie fti-s' program -ii: t~o'allow .Or~dnance -military

vehicles.o......n gr h incased speeds ..over. cros cutytran
This. )bj6tive'cdn" bd'.accomplished th tuh te .:use -of au active* suspension

system, ":Such 'a Jsbspension. syster;m q;ie or~ort opnns

:. * ti sensor, a sensor-sseso cmue,ýsuseio -.contra ller. rand.

-SUBiv useon.ytm Thpret 'dyidevoted to th terin

sonstr comn~ccnea'

"".-I it-s -raq- at

:1T~sensor ori ensor. sal-pt ithoiizt any. nkchanI 6A` pat

b ~c hew'.~ r -and.'!the. t~ervainý beiiingr., e.

.~ -±ko o ,o i mqno7L 'shall -ot ebase nitraleciq s'

rinalA d vlic~alc rc~ort sht Idlinclud 'the f olloiiing in'f ornitaion

2 c;n s~nsiri, cJStance .from the" v~e!Acle.

.Jo'~psCi -ou scn3ors by climatic cord;Ltions,

.am4 n. rs of .nooru on obtaining accurate information on

( ~yt~jnof SCI:oyr on cltaining? accurate information on



consistency of obstacle or terrain.

Tespecific. object of the study conduacted by Emesrson Elcicti-c i

t prelm ar deign of ..a -sensoir embodying optical rangilng together,ý'

in etev~nin , eiii

cotithadt, 1 of its etfectivness in determiidg -terrai n
contolt an c~nistncyunder various climatic, tactcl n eri

Ycondtins

( 2



SU*MRY

the. study of'optical rangirg techniquos for the determination of

terr~ain profile and; of* optical techniques for detenrmining terrain

consistenicy requires firt the-analysis of the tactical# olimatic, and

* euivi ii~onrnentar rements o. te terra in sensor, and the specification of

* the ~desirod, prrmne haceristics. .The most important of these

rquixrements are-

1, *N rstitinseciton te 'use of active optical systemus.

2~, The aj~ertu` "i -th ve'~s.'be less than 6 inches in

dAiameter6,

†;s .3, Teenor. norunte Slfeet above the terrain.,

., A, 6ede.il ac iný the %vehl 4s, held to:'jithinO of vertical

in 'tch And 150 in cant, by-the_ active" suispension -system.,

.5. The weasured terrain protiie sho Uld 'be dthin t.wo inches of the

j.. .true profile..*

*C I4itu vthilepeedi 9 ' mph.

7, Th is1~nsr.yt~has. a' reaction time ':of. 1/2.second,,

.*..~'MTe e~fect'of t rns is ;not oi czd duin ts study,.

C~' ~tsA o't"~~ .'trctions,. the following* requirements were

A -n~.±r esor.

zls the two tracks of the veihicle must be measured

,Il¶y, so ;vo saefcrs arn reqtuired.,
I'" r'c-Q Isancc from tha cnsor. to the .oints at thich

ii~>o 5ghti6orsectc I,- -al terrain ia 44 feet,,

( 3



3. The vertical field of view of the sensor should be about 5

milliradians; the horizontal field of view should be about 20

milliradians.

4. The electrical bandwidth of the system should be 16 cps; a trade-

off can be made between bandwidth and the vertical field of view

of the sensor.

5S Range to the terrain should be measured to an accuracy of + 2

inches.

VP'rious optical ranging techniques were evaluated for this application.

These included ranging by image plene location (passive), phase comprison

(active), triangulation trmcking (active), triangulation using image

correlation (passive), and pulsod lasers (active). It was found that the

first two had adequate range accuracy for this application. Ranging by

-ui.e plano location w•as selected as most suitable for the following reasons:

,. This method has a greater iniherent accuracy and thus is less

affected by adverse conditions than other techniques investigated.

2, The system is nassive under normal daylight operation, leading

"o,, *:.;plicity and security,

, al. onc station is required for each track (two per vehicle) as

"_-•-,c . by active systci2.ý ana those based on triangulation,

Tliii5 ).les ". simpilicit. of installation and alignment.

, •Vr '- f..t orat..on a )ourci of light an the vehicle is required

j..v•-, f t-y c' -srstoi•o. ViTha systeia permits a considerable

(ý,. cl.i-c.., srn-c thi soirc- ir.y bo either a very narrow

4



beam borcsighted with the seneor, which leads, to good security..

or may cover a broad area as do conveont~ional headlamps...

50 This ranging method is based oui well-known'optical principles,

-and does nt.require the dvlpe n ofatochniqiue.

6, Crtno the parameter haearaybeinetiad

experimentally to verify calculation.

7,. The equilment configuration; is. relatively slznple apparently.as

simple as the equipment for. Any, other method This leads to low

cost. and .high reliability,

The-stabilization and comput~ation necessary for terrain sensing were

studied-within the f ramewoark. established by the previous requirements.

It i.-as determined tha t 'the followin~g stabiliz~ation errors were allowable:

L, The. r.~m~s. error in knowledge of the elevation of the terrain

sensor above the terrain is 1.0 inch.

Al. ihexra~s. error ;in knowledge of th3a elevatiori of the terrain

vrith respect to a' vertical reference level is 1.0 inch. (This

and th- prvos ror iLray be coxabitaed to imply that the

elevation of the te~rrain s,)nsor above th etclreferePv

l~evel must. be. known -ihau rn•qs. erro'r of 1 LAhiches55
3 h ~-6ror i terr-ain sensor-' depression angkleý muat be-'

lesq U'lax 11 degree5

iuhdc:' -vorst conditions~, 2 degrees of, cant is'alolowable.; with

,%rop~r vehicular .mounL-Ing, cosdrbly greater errors can be

5



The coraputation process was studied by writing, the equations which

LWus bio id in order to determbine the terrain- profile a fimed distance

a',ýphe~a~d-of 'thý*yicacle fromf the 'agetoterainmesret.mh bte

enor.. W6. ti h us wee:conside~red .' In'the'. first" (the' tranesor

4ook6 out wit 'a. fixed depresiion* angle.,anfd, measures xasge-toý-terrain.*

This technique requires. a buffer storag 'elemient, bec :ause 'measur .ements are

made, at varying 'distances ahead. of the vehicle. -The second' technique

consists of adjusting the depression angle so. that range is. always

measured to a point a f ixed horizontal distance ahead of the vehicle.

This process does not require a buffer storage., and while it does require

adjusting the depression angle, such an adjustment is required for pitch

stabi'lization in any case. 'Hence the latter withod was chosen as most.

appropriate.

The analysis )f the camrputation process showed that deriving an.

accurate terrain profile required an irndependcnt measr -f the actual

*veritical iiiotia1r of the sensor.) This mai bz prov.ided with the required.

de-.`o o a;-uray ryan a ...rree inc~r.1-mateA as. an inte .gra. 'partc

of the senso~.,

Yn 3-lor to determi~ne cansistency by reflected optical-radiatio'

it i.s t~~.~ to cl-oifly objects vlich nay be encountered according

t.c-,%c cý-,,zi4stm-cv, zumi- taevi attempt to discover properties of tho

r~izc~ orti~1energy vlhicfl. cor-relate with the assigned consistencies.

:41t AJ-s fi:.' zu~iizd qtmitatively by listing a nt~ber of

( &~~i'ze (ncý insJAer-ir~g hv.'r t~hey differed optically; it was decided
6



* that nay different obstacles could be distinguished on the basis of

color and texture. Adequate data was discovered to demonstrate

conv 1ini .hcingly. that' measurable spectral differences exist betwieen

d ifferentý types of: -terrain. No 'quantitative information on texture

differences vai die covered; how~ever, everyday experience loads to the

conclusion, that equially: pronounced texture- differences exist., Therefore

it appears that a cosibinationd Of 'spectral and texture antalysis can be

used as a basis' for the. design of a use~ful consistency ,jensor.

UJsintg the above cho.Lces of ranging and comiputation methods, a

prelimnny sensor design vras producied0  Th~e essential parts of the contour

sari&or are:

1. Aflat llIptical mirror, about 3-i/i inches'by,4 inches, which

diýrectsi enartgr onto a folding mirror and, then onto the primary

nirror, ndwich can bea rockved to adjuset the depression anglo0

2. 3-in~ch-ciiamcter parabolic primary mirror.

A coo,hz2'r whicht inter.z-utips the. incident radiatioa in such a way

c~ o rrovide at, unatbiguous indicatiion 'of the location of the

p~octtltplerwhich gcnzrates an elactrical signal as a

IV Cr 1ý 0'IC S to der~ive er.i-or tiignals from the photomuitiplier

C. 2Wri&J.CC~.~flit'to rapidly adjuat the flat elliptical

- 2ito,*c t;oc o-rror ,.ignal.s to zero~,

r cýAx11 -(,ad -,-t~ ~ z ~hc convert the resulting

( t,~of a cxllinticpil mirroir to terrain

7



elevation a fixed distance ahead of the vehicle.

8. Sensors of vertical acceleration and pitch which allow the

optical system and the output to be adjusted for these effects.

The terrain sensor also contains a consistency sensor which uses

spatial and spectral analysm.s to automatically determine the nature of

obstacles; this is described in less detail.

The reouiros.ents on the various optical elements are specified; all

of the elements are within the current state-of-the-art.

It is observed that in the design of an automatic ranging system

based on ii•ge plane location, field chopping, which results in a

spizrioau signal independent of the location of the image plane, must be

hold to a mwnimuo. Also, the modulating frequencies must be chosen

outside the range of frequencies generated by motion of the terrain

thrjugh tCie field of view of the instrument.

A~:mospih•ic conditious liUit the oper-ation of the terrain sensor,

A}:: 'ric turbulence and its cfacts in producing scintillation, image

-d ~i:,.iz ii;e 1,lur ara considercd. Bocause of the short ranges

!,'..'.vcc •,rc1 tile moeturato resolution requiremcnts on the optical system,

•': Jficnit d ;ra~ion in pe'forn£nce is anticipated as a result of

:z.2i.,•l1'i .i.-Aenzo. Atn~zccp-;ic cliyatic conditions, fog, haze, dust,

-t i.4snw r ,e r~nosphr.i~c tran.~ission and thus degande the

( 8



performance of optical instruments, Calculations made of the effects of

these conditions on the terrain sensor indicate that adequate terrain

contour measuremuts can be mde whe the visual rang is only about 50

feet. Thus the terrain Sendsor will. be..eff~ective wider mos~t climatic

conditions. •4'0

The possibility of extending the range of the terrain sensor is

considered. If the same actual field of view is maintained, the terrain

sensor has a 2-inch range accuracy at 220 feet. However, using terrain

information obtained at long ranges may require very accurate velocity

information, increases thc effect of vehicle maneuvers, and accentuates

the shadow problem (the effect of high terrain points concealing lower

rarts of the terrain behind them).

Fi'rt!ly. indepenlently conducted laboratory experiments on range-

+in':. by '2.21,1Go .)I-We lecct.on ara discussed. These experiments verify

. - -to-noi-ý z tio ci.Icula'tioms rade in attalyzing the ranging

6C! 1 ce, an!. C.citstratc 4the r.-te it whiciz the de-ector output falls

"". 'oiI+ iai oes out of the plane of best focus, They also

2i1 f e , .. t o. field c oping mentioned above.

(



CONCLUSIONS AND RECOIM4SDATIONS

M4AJOTR rO~rT IT-T(Tht

I' .An 'effective contour sensor making use of automatic optical range-

finading and meeting tactical and enviromaental requirements is

feasible.

20 Optical teahniques for consistency determination, based on spatii•l

arO spectral analysis of an optical image of the terrain, are

extreimly promising..

3. Contour sensing, consistency sensing, and the required data handling

circuitry can be combined in a single, relatively small equipaent.

1REO':14ENDATI ONS /

-'t is -ecoxnaended that a measurements program be conducted to acquire

data ir•.ich will lead to the most effective optical tecixnique for

cozrmistency daterj ination.

( 10



INTRODI MTION

T Ii~ io" 'i he finalý tec-hnical. report under Contract No. D)A4-4-49)5-ORD-3569

for' a' leisaibility Stvdy .of Terrain. SOenoore and Torrain Sensing.

The cont~rat calls for a six-.rcioiith feasibility study of the techniques

and processes roqixired to provide ~isystem for gathering and prenending

terrain intal.iaonco datia in accordance with the roquireinents spocified in

Reosearch' and Engincering-Purchaza Description No. 62-32,. Work un~der the

contract began lin July, and was'coinpleted'in December of 1962. The work

vas perl~orricd by per~orwel of E~zerson Elactricto Spectra~l Tachno'.ojry and

App.ied. fles earch (STAR) Divisioni, at Santa Blarbara, California: lzidr the

'ire 'oin of 14r,, 11 L. Michaelson of the Army Tank Automotlive C'Mn'nind., w~ho

cutributý-d nnich inforination anid rnvuy holpful sugg~estions.,

iTILI 111 :itba-ez Objzctivc of :hi, Propra-&M is to acllowi rali:tp'ry ~i2

~ ~nt~Lngrc'.aily :Lnereasd 07r i.l' roughj :rrAI., Thir a i:.ic

.~ar :pYj.i;houi throu~gh. to vsxo o7 uk activo suiourln~i i~

n i'le(nl fou~r ~ooraru couipononts: a Vorari~n tsnzor~, ~

-r~raii, Zw! r~nAb'n co;.ipmtcr, a z io cor-rolIer,, and' arx acti.ve

~ c~ '~tt~ Th- *pg s t-,1;r is devotedi to the tcýrvidn s:11O

Tlhý to 941. tý.rrairtJ -ins probl'3hJ J~Uinvolves tho ti::-: of ,,fn

~ '2~ 2 ;'1Lncr .~rjv~dhxgin the visiblxo ý.cctral rc3ozý'o.

* ~ I ~ ~ ~ tlIv (2~~flC rCer t~t~ .v3 i

4 vie>t~ h~:~oalo..t acrivsad li of ~Tax~iowlie be

Bes Aaiable COPYBest 1v:



of this range, the depression angle, and the distance of the sensor above

the terrain at the thie of meaeurement allows a continuous profile of the

ground ahead of the vehicle to be produced as the veticle moves. Additional

information about the consistency of the terrain and obstacles is obtained

by spatial and spectral analysis of the radiation received from the terrain.

The results of the study shov that terrain profile data to the

required degree of accuracy can be obtained by optical ranging. The study

also shows that optical methods hold excellent promise of providing

information on the consistency of the terrain and obstacles to be traversed;

however, the detailed field data necessary to provide definitive results is

not currently available.

The following section of this report presents an analysis of the

tactical, climratic, and environmental requirements on the terrain sensor3

and sets forth the Derforiance characteristics desirad from the sonsor in

te-ms of the terraini information that is needed, including resolution,

rnge (cu•cy, infoxrvation nate, and security. This information provides

-hc 2!:ecitial f4'auriworck for the study,

ccnsi'Jerati.on i's given to the various types of optical range-

•i;:dia* ;;ct~hodn that 'craight be usefu. in the terrain sensor system, and to

. K'e- of co V*.Vtaticr-l proccdureas t£at could be used to derive terrain

.: v:xora.ton. Cp.ical .weteds fvr terrair, coisistency determination

12



From the various possible approaches, a terrain-sensor system is then

selected based on passive ranging (image-plane location) and a computation

process that requires varying the depression angle in such a way that the'...

horizontal distance to the point measured is always constant. This

combination is recommended as providing the simplest and most reliable

approach to a practical terrain-sensor system. A preliminary design for

a system incorporating the features recommended is then presented.

The final section of the report provides a performance analysis of

the system adopted in the preliminary design, including the limitations on

sensing distance from the vehicle, on obtaining accurate infornation on

obstacle size and shape, on obtaining accurate information on the

consistency of obstacles or terrain, and on operation under various climatic

conitions., The d-rections in whicb performance can be extended are

indica•ed A brief discussion of human factors is also included.

Th7e ap-pendi.ems include a number of detailed technical discussions

wnhi$h it .ras felt wfould interfere with the continuity of the narrative if

presented in tho b-dy of the report. Also includei3 as an appendix is a

rcpo;-,: on the ,esultz of a lalaorator.• study of certain aspects of passive

ranging •n~dumted -hY Fzwrson Electric under its company-sponsorod research

prog'..nrI., ihis l.,'oo'aecry data is included here because it provides strong

c• vt•. •'i•".'ic that the r-ngiq method adopted in the prelindnary

,i'. ca:ý •Zta&i.JO t o'edict'd level of perfonlsanCo.

13



It is required by the contract that this final report shall include

the following information on each technique investigated:

a, Limitations on sensing distance from the vehicle,

b. Limitations Imposed on sensors by climatic conditions*'

c.. Limitations of sensors on• obtaining accurate information on

obstacle size and shape.

d. Limitations of sensors on obtaining accurate information on

consistency of obstacles or terrain.

"This iriformation cannot be adequately summarized here, but will be

found in the following sections of this report entitled:

a6 Limits on Sensor Operation Range Limitations.

bý Tabi.ts on Sensor Operation Effect of Climatic Conditions.

c. Sensor Requiremenrts.o

d Co Gnsistency Measurements,.

14



S•4SOR REQUi,,EMENTS

GEN 1ERAL REQUIRMENTS

In order to provide a framework for the study, it is necessary

to analyse the tactical, climatic, and environmental requirements

on the terrain sensor and to specify the desired performance

characteristics in ter&s of the terrain information which is needed,

including resolution, range accuracy, information rate, and security.

As a first step in accomplishing this. a list of questions was

drawn up; the answers to these questions establish reasmnable

requiremenhts for a terrain sensor system meeting the aims expressed

in the REPD.

The ques.tions fall. into four categories: 1) those on shock,

vi.bration, heatD and other environmental requirements; 2) those

concerned with climate and use times; 3) questions of vehicle

seeurity; and 4) a nuriber of questicns concerning the use of the

device t.hi.ch may be grouped under the heading of geometry.

Since at thi.u stage we are not concorned with actual design of

equipwent, the only specific question on environment which is

,,,sortaat at present is the e•mcut of vibrational displacement of

::c sencor frem i;. imooth path in space , since this displacement may

interfeaiz with the required r-eL.suareento

Wiit% respect to climatic requircacnts it is desired to know the range

15



of ambient light levels within which the equipmamt is to operate, and

the effects of climatic conditions on awoslherO tranhission amd an the

optical characteristics of various terrain features.

The two questions on security are 1) bow large an aperture In the

vehicle can be allowed, and 2) is there any restriction on the use of an

active system operating in a) the visible region, and b) the infrared

region?

A nmber of questions related to gometry may be asked. These are:

1. What is the vehicle type - track laying or non-track laying?

20 What is the elevation above the terrain of the sensor location?

3. How much pitch and cant of the vehicle hull may be expected?

(This is related to the questiok .on vibration given earlier.)

4. How much short-term vertical motion of the sensor with respect

to a fixed reference level may be expected? (This and the above

question relate to the expected effectiveness of the active

suspension sye-oem.)

3, fl•w accurately is the elevation of -the sensor above the terrain

knolwn? (It is exmpcted that this knowledge is required for

terrain comtati on.)

6, iVo-, largc asi obstacle is important?

7. lFo- &cci-.e~tely must -he profile be determined?

S., Is it desi.rable to masure tho obstacles in the two tracks of

thi• vebicle individually? (Thrse last three questions are

f(idament3l to detrmining the resolution of the system.)

16



9. What is the speed of the vehicle?

10. What reaction time is required?

11. What maneuvers may be expected, can they be anticipated, and

how important is ma•intaiing information during 5neUveC'C?

12. Is the sensor U be used for choosing a route? (The answers

to the last three questions affect the areas of the terrain

to be covered.)

it should be noted that the set of answers to these questions

constitutes a set of dcsign requiresuentso However, the answers are to

a considerable extent arbitraryý Thus, these requirements must be

understood aa doing no more than describing performance believed at

present to be satisfactoryo Further tactical consideration may suggest

chinges in the requirrments; also, design analysis may show that they

cannot bc met, but that different performance characteristics .al

provide satisfactory equipxento

The 'o:]_ovii. •.as'rer' havc been adopted for these questions, and

r- r:evicvcd in a aIc-Cj bci.-een 1 r. H. W. Courtne0 of EA'erson

Elcý.t'ic _.ud 1r4, .;. !!icI!aeiLson of OTAC in July, 1962. The answers have

t; iszd a: a .et of gr,ýrnd r'ilers for the condact of the studyo

it •c].l ~be assur:cd that the vibration environment experienced by the

7-ll is r'p7:,sitcd hiy the follo•-.ing informal data obtained from OTAC:

17



Vertical Longitudinal Transverse
Type 0± Operatiog Vibration Vibratipon __ V••

_AL. £2 .£.L €_s .. L. All

High Speed,
Hard Road 4 500 3o8 500 2,3 520

Medium Speed,
Off Road 2;.3 540 2 520 Oob 430

Although these values are representative of vibration encountered

in vehicles with conventional suspension, it appears that 4 g at 500 cps

must be expected even in a vehicle employing an active system. This peak

acceleration results from a peak displacement, A, of

A 9.7f8 g= 1.56 X 10-4 inch,

f 2

where f is the frequency and g the acceleration in g'3.

I'itia respect to climatic conditions, it has been assumed that the

svstem is to be indepondent ol" ambient light levels, but that uith low

=.bient i.lur-ination the tori'ain ahead of the vehicle may be illuminated

by visual headlamps. As a program objective, the sensor is to operate

under all climatic conditions.

W'ith respect to security, it has been assumed that no restrictions

cýzist oa the use of active systems using beams of visible or infrared

lic'htso ('Ths is reasonable because of the rather narrow beamwidths

iavolvod.) It has elso been assumed that not more than a b-inch aperture

in the vehicle is permittcd.
18



The following answrs to the questions an geometry have been

adopted for the study:

1. Vehicle type - not considered important at present stages

2, Elevation of sensor - assumed to be 5 feet above level terrain.

3. Pitch and caut - it has been supposed that a vertical axis in the

vehicle will be held to within 50 of vertical in pitch and 150 in

cant by the active suspension system.

4. Short-teru vertical motion has been assumed to be negligible.

5, The elevation of the sensor above the terrain is assumed to be

known to within 1 inch.

6. Size of obstacles • ini order to have a model for design aad

comparison purposes, it has been assumed initially that the

vehicle traverves a smooth level surface. Randomly positioned

cn this surface are fixed obstacles of irregular shzape3 having

mini.,LAm dimensions of 2 inches or greater. These can be

approximately 6pherical, cubical, or lo.- cylinders. In

addition, it has beea supposed that the surface contains long

holes or depressions which may be as large as 10 feet across

and 3 feet deep,

7 It has bevi assumcd that knowledge of the profile to within 2

incNes j.- iosirablc0  This in effect leaves 2-inch bumps to be

;:lid by tlih .zssive suspension systewo

I ft apg;enrs on th- basis of this mudol and the lUst requirement

above, t:.at obstaclok in the two tracks must be measured

iudivi-ryli1,,

( 19



9. The maximum speed of the vehicle is taken as 50 -ph.

10, A 1/2-second reaction time is assumed to be an attainable

goal for the post-sensor system, with 1-second unquestionably

attainable.

ill The sensor is not initially to be used for choosuig a route.

12. For the purposes of the study, it has been assumed that

the vehicle travels a streight path. This guideline vas

adopted to remove the complexities of considering the effects

of turns until such a time as it could be established that

the basic approacb would be successful.

20



OGEM4T±CAL 143DEL

Dased on the requirements outlined above, a model of the sensor-

terrain geometry has been established to form a framework for the study.

In thic model, a pair of sensors is assumed, each mounted at a position

5 feet above the ground directly over the contact points of the leading

wheels. The sensors look forward along the paths of their respective

wheels at a fixed depression angle oc , and vit-h horizoprAl and vertical

beamtidths of 0 and 9 respectively. The horizontal distance from the

sensors to the points at which their beam axes intersect level terrain is

44 feet, permitting 1 second reaction time for the active suspension

syste at 30 mph, and 0.6 second at the maximum velocity of 50 apho

Fignre 1 shows the geozetry of this model for a single sensor.

The values selected above represent an initial. trade-off amorng 1)

the requircnamnt to maintain a reacormbl reaction tire (Addch favors

gri.ater horizon;al distances), 2) maintenance of good signal.-t -noise

ratios (which favors minimum slant rani), 3) mainten&. of large values

of dopressi•n angle to minimize the shadow problem (which favors large

clnvationo:, nd -short hori-zont.al distances), 4) reduction of the probability

theat the vchicle will turn and so depart from the actual wheel tracks

K•-•ich favor-s s2hort horizoatal disuances), end 5) reduction, of the accuracy

viti which vehicle velocity mn±,.it be known iu order to mae correct use of

t•'•iti infor:,.,ati,:a (which favors short horizontal distances.) The major

f•.-o ' creveatin-; .6doption of an even shorter horiz ontal viewing distance

i t o•el is t'., rcstrietion ao whecl-reaction te by the active

.iuspeas-ion syst,:mo Fi[,ure 2 shc,':s the resulting reaction-timo vs.

vehic.co-3peod cau'vt for this model. 21
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PFAWMCK RD0U1E M(•TS

The terrain and aensor-geemetry models described above place

performance requirementa on the sensor. The questions considered here

are the required vertical field of view of the instrument, the system

bandwidth, and the range accuracy.

in order to determine these, an obstacle on level terrain will be

considered; this vill be taken as a step up of height h to a second level

surface. If h is taken as 1 foot, this step corresponds to the leading

edge of a typical 1-foot obstacle. Figure 3 represents such a step

occuring at x . 0, with the zero height reference (y m 0) at the lower

of the two levels.

la considcring that the system requirements are determined by the

response to this obstacle, several fact.ors are neglected. Among these

arc the effect of steps down, and the effect of a narrow obstacle (one

cxtending across only part of the horizontal field of view of the sensor).

The vertical step up, however, is considered to represent the most serious

of the possible obstaclee, and thus to be of primary importance in the

.3ýnsor design.

Tic v-cvtizal fi.o.cd of view and the system bandwidth limitation are

bclth av''raging processes having sitillar effects on the measured ranges,

an- hc :'cfoiý'c on 'the computed terrain profile. Thus, the first step is

co exdne the ofc•,,,- t of such averaging processes.
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in figure 3, suppose that thz rane to the terrain, R(a) L measured

along a line of sight makig an angle -< with respect to th horisonwl.

Let x be the horizontal distance from the vertical step to the point at

which this line of Light VoAld intersect the lower level. It in oonvenient

to suppose that p(i), as shown in the figure, is actually determined by

this measuremet. Then, for x-bO,

p(x) - Bo - R(M),

whero R. is the (fized) range from the sensor to the extension of the

lower level. Similarly, if R(x) is a function of time we may write

p(t) - Ro - R(t)o

Any liiaaar operation (such as avemaging) performed on p(t) corresponds

i'r•ctly to an identical operation performed on R(t).

1f p(t) is =-.sured, the x avd y coordirztes of the surface inter-

v't;ion of the line of sight are

x(t) -ot) r c- P) Cos

i i t 1- cr• :'rk'ate of tbxa interscetion of the line of sight with

7-s< .sall., a3 it is for the iocdel ( 0 ,< = 1,,14 radian or 6.5 deg),

24



M(t) - it - p(t)

y(t) - p(M)

Suppose nov that the time varying signal is subjected to a linear

process L0 Uena the computed value8 of x and y wilI be

%e(t) -Vt - L ( p(t))

yo(t) m 1.L tpt

Suppose that L consists of averaging p over a period of time a,

This may be due to the beanmvdth causing the ranges which 'ou3A ideally

be wL aszred over different times to be measured at the same tint and

averaged, or to the intagration due to finite amplifier bandwidth. Thus

a
t+ -

L ý p(t)j A p(u)du.

CcLisi•z o". eL'fcct of this on a step inputs. Values of p(t) can easily

,c.cri to ', nkoprnertcd by tbh curro of figure 4 (or deduced from the

e:'i •::!.ors for x amd y givea earlier).

' ,f t!- .. is

y -0 for n <0

25y h forO0 x
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Then

p(t) -, for t <0

p(t)--h for h < t

If this is averaged over time a ,the "a-lt i

L P(t 0 t +
< t <es -At

- •-(t+ •-)2 & ,
-2 2 2

-VtA- r a
2 •v 2

h -t f a1 h a ii

+1 t- +;Z-- + -
+ ~tK + r

a.K 2

¶ih~ in~ fiW,-a3 5. 'Nate 7b~at thc! vwroforms aro ayitrioal at

t~ -- aa,! bot,4;ni P-nd 17.at Oie uiax.mt-nu arror in range occurs vihe t 0

. OA' l ocs thisa range curve eio to the coptdcnor
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Since

xC~) v -L [fP(t)}

yo(t) - 0C L I7 p(t) ) A

for the step, the y error is y,(t) vhenever x 0(t) C Oj and y,(t) - h

when x 0(t) > 0. xe ais neative whenYt - L ( (t)) 4 0; Uapection

of figure 5 or the correspmding equations show that this is the case 'mti1

t -A-. During this tim

c "m-!-(t + -)2

i m.ases, and is largest at t 4 -- , when ye largest error

before the step.

Sia-Uarily, at the top of the step, corresponding to x,, > 0, the

Orror i~s

o(-h V t +._)2] hv (ha_ )2

LC c< 2a- 2& oK v 2

Lo .riioa is ser at t =•.- + .A-, and is more and more negative
2

%.i .. r , TILt's 45 I-argoGt error occurs at t = -Wv 2

it !:-.s t.c v •-Jui- as before, The effect of avwraging time, a,2

c,i tho 3••of cc'r.'uz, ]lile is shom,' in figure 6. For the razimum velocity of

"I'5r, n:-I h ot.'iaI model adopted previously, the averaging tim, a,

'ei'ror is
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4
A 4 0'040 see*(o.n4) (860)

The averaging tim, a, met now be described in terms of the vertlcal

beamnwidth of the optic-.l system and the characteristics of the amplifier,

To determine the vertical beau, it is oany required to determine the

relation between the beam averaging time, a,, and the vertical beaaddthb

It can be seen from figure 7 that when ( iIs smal the distance

along the ground lying within the beam is about ,4 - Since the averaging

time is A-, a - Here, for v a( - 8.3 foot/sec and a- 0.040

second, b - .33 f66to

It may be pointed out that since the allowable error is

2 2 o-v

b 4is jmst t-Aco athe allomable error, independent of the product C( v.

Tkis r-Iuc (4 inches) requires a beamwidth of =--- = 7?6 milliradians,
3X44

cas:•zng thi::,atn.re•rnts are to be made at 44 feet,

in con-iderin- Ln amplifier following optical elements it is

.ot'••.cc'i- for cnhcul.ation to defkze a quautity a" called the integration

tiiiz of zt4 x)!pifisr. This is defined as 1.25 times the 10-90% rise
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time of the amplifir. Integration tie add la the root squre, and ft

integration tim-bandwidth product is 0.44 for typical system. Mhe

averaging tis, a, considered above reprmsnts the iategration tim of

the systemo For the specific system considered,

.040

It my be coacluded that the verticia beam should be about 7.6

milliradians wide and that the amplifier bandwidth should be 1U cps, it

either were the only source of error. Since both are involved, each

error must be some,',iat mtller. Suppose 8 - 25 cps, then a2 - 4, and

a f(.040)2 - ( 4A)2 - .036
25

and b - (.036) (8,3) 0.30 foot, which corresponds to 6.8 zifliradianso

This choice is probably better than decreasing the originally

coaputed a, and a2 by F[, since it is easier to mncrease the system

"bnd-,iedth than to nrrror the sensing beam.

Ti• nxe: question to be considered is ellowable range errors. This

r.ýr•.i•'rs i~cs .nv'.k.yis ' ,.n the foregoing.. It can be seen from figure 8

-.a 1:*.-"1 error of a R results in the corresponding computed

-bue!;g shifteC. along the line of sight by the amount of the

Then the lirne of sieht makes a small angle o< with the horisontal,
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range errors thus show up as horizontal shifts in the cM, puted terraia,

The corresponding vertical error is thus a maximum when observing an

obstacle which is perpendicular to the line of sight (or approximately

perpendicular to the terrain) and under these conditions is equal to the

height of the obstacle.

Since it is assumed that the sensor is to funoction against small

obstacles on a level surface, this situation must be taken as determining

the allowable range error. Clearly any range error may result in a

vertical error exceeding the Zinch allowance previously established,

And it caniot be expected that the sensor will measure range with no

error. Hence an arbitrary choice must be made.

It is reasonable to set the allowable range error at 2 inches.

This allows an error in the location of a vertical obstacle of 2 inches

along the terrain; it is considered that the effect of such an error

in the vehicle suspensioai will not be critical. incidentally, in order

to raake iase of knowledge of an obstacle to this degree of accuracy

require3 knowledge of the velocity of the vehicle to the sae accuracy

Vs the range, or to i.within ).38%• A one percent error in knowledge of

vel.rbcity yie.ds a .44 foot error (5.3 inches).

Siace we are ccnsidering abrupt obstacles on a level surface as one

type of caviro!-mznt ir, wh-'hch the sensor is to function, Some initial

coauide-ati ma b�~ e •,i',,cn to the effect of such an obstacle on the motion

of the vehicle h~ll whce the obstacle is encountered. Because of the

carvaturc o,:' Vhe, wheel, or track, the axle of the vehicle does not follow
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tbe obstacle exatly. This effect %in be considered bere iA the

idealised fom of a rigid wheel having a two-foot radius rolling over

a hard obstatle having a square cross-eection one foot an a side.

As shown in figure 9, the axle of the vehicle traverses a path

considerably different from the shape of the obstacle. In a sense, the

wheel or track of a vehicle smooths 9=11 abrupt obetacles. Thus, for

the case considered, the obetacle of figure 10 is effectively equivalent

to that of figure 9.

In this particular case, at least, the axle never moves directly

vertically unless the obstacle is a hole having a depth greater than

the radius of the wheel, and the vehicle is moving very sloyly so that

the trajectory effects can be ignored.

This bas som- effect on the shadow problem. As suggested by

figtue 11, a sensor loo!:kag at va angle o< cannot distinguish between

the con~tour AB3CD and tbe cvnto-r AI3Do tn•y contour lying between these

3.ics gives the saxe output. The effect of this lack of information on

tht vehicle depcads on the difference in axle paths that would result

frog the two extreme contovi-s responsible for this sensor indication.

As can be secen in figure 9, the axle motion resulting from the

su..re is thc sanke as would result from the rounded obstacle

,';:i'\•.:. )., Ts the possible terrain variations which would result

(-• ciff r',. a.Llc rcspons•-s aud yet give the same sensor response are
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as shown by the dotted area in figure 12 It u14ht be asumd that the

actual contour wa intemdiat. between those , as sheon by the dotted

line in figure 12. MTie yeilds an axle error vhtch depends em the heW•t

of the drop-off end the radias of the wheelo It can be seen from fi e

13 that die usAum difference in axle loca•eum oscurs at a distance

flv -after the brki* of the drop-off, we V repweseats the wheel

radius and h is the drop heighit. If I is the u •mm dinaaee betven

the ajls locations for the two exUt-r contours, I - (Wb) - (V#7). When

o( is man, and when h in not too mu, y is apoluadmtel

yP

and hence

I-h- o<. h- 2

The mevd m ale error is (l/2)Z, if the terrain is assumed to lie midway

be-t-eeu the extrema possible paths. This has been plotted in figure 14

for vkhra s of the wheel radius W of one foot and two feet. It can be

scan "hal for obs'zmcles of 6 inches or ls03, the error is within the Z-

ii•ch liizt vaqui-ed., Of uovurso, to thia error will be added those

.vIOP frou errors in meastiroment.

36



£lýyuare "/ f,~rsr 5adl* 6eo-,netty

Fi1yu rC Z ~ 7irruv a'ct'ej ~tu
Reioo''r iff ame Sensor Resp,0-'SU.



I

• •1#F *!1 ii p r/ 4t • FI E

F E /3 Geo ,,. •e y 4,, A r/ u 'E pr ep CP A,,p,4ta to w

I.0"

.9

N.•

.4/q

• 6 .8 .* ,,.8 t.• t.

oiJ,t,,a/u #ueAt. hut.

( ~ ~ ~ ~ ~ ~ ~ ~ 0v Fywr aoff. cciEr~~2~tcu#u~k



4 ~OPTICAL UIA0GLN METHODS

The type of sensor system under consideration der.Les terrain

contour information from optical range measurements. These aeasureent

are made from a point on the vehicle a known height above the local

terrain, along a line of sight with known depression angle* In the

previous section, the allowable range error was chosen to be 2 inches,

and a nominal value of range-to-terrain on level ground of 44 feet was

adopted. The ranging device must thus be accurate enough to provide

the required resolution at ranges of a few tens of feet, and must respond

rapidly enough to changes in range to be compatible with the system

bandwith, somewhat greater than 11 cps, calculated earlier.

Five different types of optical rangefinders, both active and passive,

have been studied for the terrain sensor application. Of these, an active

system atsing c-w transmission, and a passive system using image-plane

location have shown the greatest promise and have been studied in most

detail. The i'angefinding methods considered are described below.

A note on the terainology used in this report is in order. Active

syste.ms are considered to be those in vhich modulated energy is transmitted

from tie vehicle, veflected from the terrain, detected at the vehicle, and

proccssed to derive range from travel-time effects on the modulatioa

,evcforw. Pazr-ive systems are considered to be those that make use of

rccdiatcd or reflected energy and do not require a modulated source; in

tIis sýnne, a system t1iat operates in the daytime by detecting reflected

sturligIht and at night by detecting reflected light from a simple

utmodulated jeam is considered to be "passive," even though under some

39



conditions of operation a simple source say be required to provide

adequate energy for operation.

ACTIVE C-W RANGEINDEU

The first rangefinding system studied was of the type described

in the original proposal. This system uses visible or infrared energy

intensity modulated at a fixed frequency. kergy reflected from the

terrain is collected, and the phase of the resulting modulation is

compared with that of the transmitted energy. The phase shift resulting

from two-way transit time gives a measure of range to the target. It is

shown below that a system meeting the assumed accuracy requirements is

feasible in a package of reasonable size, and can be designed without

requiring extensions in the present state of the art.

Derivations of the equations given below for calculating the

effectiveness of this type of system are found in appendix A.
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The basic factor used to evaluate the angs4loding capability at

the system is the noise-eqtivalent rane increment, 4 R. Thin factor Is

a me.sure of the change in range that is required to produce a change in

output equal to system noise (including noise-in-sinal) and is thus a

good indication of the limiting value of range resolution which can

reasonably be expected from a well-designed systi. For this type of

active ranger, the governing equation is

R 2 R r,, P Yf2- " R z

WAt AcJW E

sax• imum ur unwbiguous range

S -•- multiplier phototubo noiso equivalent poor (NEP) I cps bandwidth+

;.Ut.e'• .-,.! oil Landwidth

-, rangre

. trarsuitter r,•6iated poider

I.t = r--ea of transirutting aperture

= z;.iea of colecoting •prturo

of target area

(Li: -=.;•oJ+is angu~r fied of vic4

-t o' j.... offic~jie~y'



As noted earlier, a value of 2.0 inches for CR at a ranpg,

of 44 feet is considered to be satisfactory.

The equations required to derive the factors %, and P of equation

(1) from the various system, parameters are as follows:

R maxenC/4 f A"(2)

where

C velocity of light

fax , maximum modulation frequency, aud

+ L+o. 2S-Et -Ek) (3)

where

0 = zultiplier phototube gain

e - charge on electron

m ultiplier phototube dark current

power collected from target area from transmitted beam

Eb background power collected from target area from incident

a-bicat radiation

m-nultiplier phototube responsivity

Tho factors E and Eb may be derived from
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Et = - -R"

and (4)

CA= Yý &JC

(5)

where Y - ambient power reflected by target with unit reflectivity.

(The ambient energy co.sidered here is direct and scattered sunlight.)

Values For Parameters

R,!asonable values for the parameters necessary for solution of the

etians giveu above have been selected, based on the types of components

and techniques presently available, As shoum below, these given an

acceptable value of -R eveai under adiverse operating conditions.

Tr.ntailttcr Radlated Power_ W. The transmitted radiated power, W,

ewte-,s into the denominator of equation (1), and thus must be maximized

to cbtait. minimum 6R. The power of iaterest is that which lies within

tne ''range of s[pec:'a! scnsitivity of the receiver, so that the color

"-:c;era tn.re as wcl. as the brightness of the source must be taken into

cirzjzratiorn in calculating the effective value of W.
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The brightest source camercilly available is an arc )Iap provided

with permanent electrodes sealed into an argon-filled glass bulb. This

dev£i-e is aeveral times brighter than a conventional tungsten-filAment

lamp, and operates at a calor temperature of 32000K. A typizal value of

brightness if 46 candles per square millimeter, for a source dimeter of

0.110 inch. To convert these values to effective watts in the spectral

bandwidth of the receiver, it is necessary to use the following

relationships, given for multiplier phototubes with s-U and S-20 responses.*

(s-20); w 4600 luen 0.0147 [ - ,32oda 2 j watt

cm - ster [X;, , 3zoo/{I lumen

4600 X .00147 X .065 X .040-1 11.0 watt =72 ster-I

(S-11); W 4600 X .0014? X .036 7 .040- 1  6.1 watt cd-2 ster -1

Vrluzs for 7 are g.~vcn in -

"• c atilcd djscription of the characteristics of these ultiplier
Dhototubc is givcn in Appcadix 2, together with derivations of the
coc~rsiot1 fActora from lumens to watts.
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(BacMrod RaLatioA.-lb' The factor i is the power collected

from the ambient radiation incident on the terrain. Figure in0diates

that the vorst backgromid condition yields a terrain illuination of

about l,000 foot-candles. Thus, T, the sun power reflected from the

terrain (for f 1.0), is

(8-20); Y ! .0 1 103 x Men, 3 1.00147 7? [,.2 , -5900o
1 t1t

7 (30.48cm) 2 , 5900 I lumen

148 1 .00147 X .316 X .137-1 1.26 1 10"2 watt c4-2 ater-1

iL S- 2 -1-
(S-11); Y 77, I .00147 X o246 X .1371 = 1o00 X 10-2 watt cm2 ster-1

where it is assumed that the sunlight is scattered according to the cosine

ta.w, The above values of 7 were obtained from figure

it is thus possible to calculate Eb, the power on the detector

collec!cd t. f e ambicat radiation scattered from the terrain (eqaatiom 5).

A value of 0.13 is an~umed for j D the average terrain reflectivity.

!i the t•errai., were very saooth, little tranwitted energr would be

r,•;rn.••dnce th transzitted beam would strike the ground near the

,1'a niv, 41. N-.wevev, surface roughness and the presence of vegetation

et-,c.•ine to in.stir a relatively large and constant return from such a beam.

It shro,.d also be noted that for very smooth terrain (e.g.$ improved roads)

tNo active suspension system uould not be required for maintenance of high

veicli speeds. 45



The solid angular ield of view, W , is a function of the vertical

and horisontal beamwidths. for an electrical bandwidth of 25 cps, a v•alue

of 6.8 illtradians for the vertical beamwdth was calculated previously.

A value of 22.7 azilliradinas for the horisontal beamwdth is equivalent

to a 1. foot-wide beam at a range of 44 feet, to give a reasonably wide

patters on the ground. Thus the solid angle w equals .00W8 1 .0227 m

1.54 1 10-4 steradian.

AC is the clear aperture area of the collector optics. A value of

125 cm2 for A€ corresponds to an unobstructed circular aperture of

approximately 55-inch diameter. This aperture size will give good

performance in a relatively small-sixed systeeo

From those values, we can compute F-b as follows:

(S-.20); Eb - L28 X 10-2X X,18 X L54 X 10-4 X 125 4°43 1 10"5 watt

(S-1-1); F, 3.46 X 10-5 watt
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Target RadiationK. The rmauning value necessary for the solution

of equation (3) is the value of Et, the power returned from the target as

a result of ill;umintioa by the transmitter. The romaining quantities

not yet chosen are At, the area of the transmitting aperture, and E

the optical efficienct. Again, a value of 125 ci 2 is practical for At

and a value of E of 0.5 is reasoeable. Thus,

(S-20); = .0 125 X 12 1 0 81 1.54 10-4 1OoS - 4.21 1 10-i watt
X (44 1 3048)2

(S-Il); Et - 2.33 1 10-7 watt

Multiplier Phototube NV!. From the values derived above end the

nmown device characteristics, it is thus possible to evaluate equation 3

for the multiplier phototube NEP, P. In Appendix B, a aimplified

relationship is shown to be valid for tubes with both S.20 and 8--U

phosphors. This relationship is

P [53 X 10'48 Eb watts, (6)

•,K.th thi simplificatioa arising from the fact that the contributions from

(
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the values of i/S and St (as computed above) are negligible compared to

those arising fro& •o. During nighttimte* operation At will predaMite

and P will have to be recomputed for this situation. However, night

operation is not the limiting case, and the purpose of this section is

the calculation of A A under the most adverse conditions. Thus we can

evaluate the wultiplier phototube NEP as

(8-20); P - 1.53 X 10"11 watt

(S-11); P - 1.35 X 10-i1 watt

Maximn Unambiguous Range, Re. Equation 2 yields the value of

Ra=, the -aximum unambiguous range. It is a function of ffisx, the

maximum chopping frequency which should be as high as practical to

minitize /max and thus A R. A spoketype reticle of alternate opaque

and transparent lines of equal width is the most practical for this

application, In order to obtain a value of f... equal to 2 X 10b cps,

"•ssume that the reticle is formed on a disk of lO-inch circumference

and is rotated at 18,030 rpm. This rotational speed is achievable.

(Actua•lyp a second itationary disk of identical shape is necessary to

per'£er& thc chopping.) The width of the lines on the disks become

i0 J.nch X 300 re7/ 2 X 10b 03O75 inch°
2 sec /

u',:.r", nighttiue, opcration, P ' Et , and since the above calculated

ratio3 of e•/Eb 100, A R is a factor of 10 better than during

( daytime opcration
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An invati.ation of the present state-of-the-art in the manufacture of

reticles indicates that the above value is achievable. Taza an fnax of

2 X 1 0 b cpa and an . of 3.75 1 103 cm (123 feet) are attainable values.

Calculation of a R, Equations 1 and 4 combime to give

I'E t (7)

A value of B, the amplifier bandwidtb, of 25 cps was calculated previously.

Since 0 R is to be minimized, the S-20 photocathode provides improved

operation over the S-11, since

P(S-20); t 3. 3 1 10-5

P
8-If); Et " 5.79 X 10-'q

so that the S-20 type is better than the S-li by a factor of Lob.

Before / R is calculated, one more factor must be applied. Since

the source is chopped, only oae-hhalf of the total emitted energy, W, is

tra:i3witted, so that St should bo reduced by one-half. Thus

S2 K M5X 103 X 1.53 X 1.23 c10 0o0 in.,

re X 4.21 X 10-7/2
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when the S-20 multiplier phototube is used in & system having the

characteristics selected above.

This calculated value of t6 R is a factor-of-four better than tte

assumed maximim allowable error of 2 inches at a range of 44 feet0 It is

felt that the assumptions made in the preceding calculations were conservative,

and represent achievable values The value of 0.5 inch provides a sufficiently

large margin of error to giv* a good degree of confidence that this type of

active range finder will perform the necessary function.

(



Tradeoff k•alysis

Although preliminary design calculations can provide a reasonably

accurate estlmato of system performance, mwy of tim critical parametera

can only be determiued exactly after the system is built, and it is often

ne.:.essary as the design progresses to =Jm various trade-offs as practical

difficulties are encountered or specific portions of the design are frosm.

Based on the equations presented earlier, and with reasonable assumptions

as to the reliance that can be placed on variouc factors, a set of charts

has been constructed to permit rapid analysis of the effects of changes in

several of the more important parameters. The charts are based on the

following analytiral approach.

Equation I way be rewritten in terms of all the basic parameters as:

Ec-1za eV2i A. AW)

( r, V 2, i1



where 11 is the diameter of tho apertures, and that

tw.ere 6w id V are the vertical and horizoutal beamridths, respectively,

and bH is the linear width of the horiswital beam pattern at rmige R, we

ftly write cquation (8) as

(9)

C ,v..r of the above Ifaravaetcrs are more reliably know, th.F otlers.

J/ . 1 0.] O 0i'T" foot calli].e

C) (C, 6. 3 a..d Ia-

:.I -> :!] 0 .,?i (: cu' $t r-I

S.... :.v..... '.l .. •ttv k,..w•,wu v,.. of G d(; for a Mitltiplir pihototube

,-.'' ,. h,, , ., utitxe'd iit• oqvation (9), 1,e n,r"y write

52
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,R f -14./J ER, en)]

The value of & R is thus given in terms of the range, R; the Smidum

chopping frequency, fax; the aperture diameters, Da; the terrain

reflectivity, / ; and the linear horisontal beamridth at range R, be..

The maximum chopping frequency. f..., may be written as

fmx- 262 DD (in) A2 (rpwlw (in) (1)

where D is the chopping disk diameter, Al is the rotation rate of the

chopper disk, and w is the width of the opaque and transmitting lines in

the chopper.

Based on these equations, figures 15, lb, 17, and 18 have been

constructed to permit rapid graphical solution for assessment of

tradeoffs or evaluation of the effects of various changes in the system.

A set of "typical" construction lines is given on the figures, representing

the current best estimate for a practical system design meeting program

objectives,

(3
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IHADE-PLEAm RANGEFINDING

In this section passive optical ranging by means of Jmage plane

location is examined. The basic concept behind this rangvng technique is

that of aiming an optical system at the object to which range is to be

measured and determining the position of the image plane of sharpest

focus. Knowledge of the location of this plane of sharpest focus pemkits

the object distance to be calculated.

This process can be made automatic by various means. For example,

if a photomultiplier or other radiation detector is placed on the optical

axis, with a rotating chopper wheel in front of it, and the chopper

wheel is moved along the optical axis, maximum modulation occurs when

the chopper is in the plane of sharpest focus. Slightly more complicated

methods than this may present sufficient advantages to warrant their

adoption.

7he present disci-ssion of such systems contains two parts. The first

is a brief presentation of the mathematics required for a complete analysis

of such systcmsý This presentation is included only for completeness,

since. as it %iII be seen, actual nurmerical calculations require datzý

:ljich is not available. How.ever, this part does serve as a guide for the

stcnd part of the discussion, which is an analysis of a particular system;

th- rdnirwi detectable change in range is calculated for this special case.

Svsnm Analysis

The following is a brief outline of the steps required for the

comaplete analysis of ranging by image plane location. so



We describe the image space by an intensity distribution I(xz y, a)

where z represents distance along the optical axis. So field stop and

chopper together constitute a time-varying apace filter W(x, y, t); when this

is located at (x, y, s) in image space the time-varying output, O(x, ys a, t),

is

O(i,y,',t) - jfw(xOsY°'t) I(x + x, YO + Y, a, t) dxo dyo

The twan square value of the resulting electrical output (neglecting a

constant factor for gain) is

P~~ya)-Lim I-. f O(x~ris,t)} dt
2T~ -f?

-T

Maw if x and y axe alloved to vary, the average value of P(xy;x) -F(z)

=%y be taken as the expected electri-.al output as a function of position

ýAollg the optica.l aLis0 This q.:antity P(z) will have a =amum at the

position of sharp'•et' focuas. :o• and the average minirmum detectable change

iL7 f"-"-32 be .uch that

P(z)- -(-o IL) ý M, where N is the noise power in the system.

lhero aro two rnathcmtical problems involved in actually carrying

59



out the required calculations. The first is this: It must be suppose•

that the inttaity distribution in t imaug plans results from dhe astiom

of the optical system on an intensity dstribution In object sparA, and

that this intensity distribution is not given explicitly, but only its

statistical structure is available; this structure my be expressed in

terms of two4dmnsional Wiener spectra, for example.

The second problem is that of calculating W(xyt) from the known

characteoristics of the chopper and field stop.

-riefly, the first problem is handled by considering that the object

s-pace is a plane located a fixed distance from the optical systea*, and

is described by a Wiener spactr,= D(kl~k2 )o Then the statistical

properties of the image space are given by the Wiener spectrum

I(k1,'k2,=) 'i (klpk 2  I 8(k1,k)

~.a~cis the~ ti-ansfer fwarction oi the optical system.

If •t .•res'ion for P(s) is written out as

Li T t)}dt}
4fz/fdt~yL~m ZTf

o , s2: c: tsn,�'.;.•'nt u�ce •rrbytci• thds o tte tuyohre-d ensional
.~ ~ not warral.tod. ar this StA60 of th sady



(then it say be sho•en that

P(z) dk, dkz H(k,,kA, ) 8(k,,k•,) Li, -fdtlW(k,,k,,tI1 T-0 T
-T

In this expression H(klok2,9 u) can be found by analyzlng the optical system,

and, as will be shown below, W(k, 1 k2 ,t) can be calculated from the

characteristics of the field stop and chopper, and so if the nature Of

the background B(kl,k 2 ) is known, F(s) can be calculated. Of course, the

Limitation on this approach is the specification of B(klk 2 )o The many

background studies which have been conducted have been concerned with very

much lower resolution information than is required for this problem, and

so the neccssary data does not exist.

To comnplete t1te discussior., the relation of W(kIk 2 ,t) to the

-.rac-Istics of the field stop and chopper will be indicated.

If th:, chopper bas a uwigbting function C(x,y) and the field stop

S a. •i:,ti? i~�t�o• 'F(x.y), the resvlting combined weighting function

: thT 2elativo displacement betveen the chopper and field stop is x1 ,yl is

W(xPyV,,S,yI) F(x,y') C(x + x1, Y + Yj)

!:C y- r.t." funcotions of tive, then the time-varying weighting function

,.,. :" ) is given loy



W(x,y,t) - F(x,y) C(x + L (t), y + y (t)W )

The transform of this product is the canulution of the transfoz .,

and so

-- i 'h•lt) F, (•, -, ) A , '

Thus, as stated above, W(kl,k 2 ,t) can be computed from the known

characteristics of the chopper and field stop.

Instead of following the above generalized approach, a specific case

rir3.l ba analyzedo Comparison wi1l show that each step described above

v?•.•rs in the calcuiationrs, but the results lack a generality that they

:niiht have if rmrc data on the terrain background were available. On the

o'ihar rndl the calculations for this specific case are relatively simple.

b2



OP pVzation of System and Noise Kauivalent Range Accuracy

Suppose that a fine-grained optical chopper is rotated in the image

space of an optical system, and then the energy pausing through the

chopper is alloyed to fall on a detector. The detector output win.

contain an a-c signal resulting from the chopping of small detail in the

image. If the chopper in located in the image plane, this a-c signal wLll

be a maimtum; as the chopper is moved away from this plane, the amplitude

of the a-c signal falls off, slowly at first and then faster. (This

phenomenon is evident in the experimental results discussed in Appendix C,)

In order to determine the location of the plane of sharpest focus the

chopper may be moved periodically back and forth along the optical axis by

a small fixed amount, and the amplitude of the signals obtained in the two

positions compaied. The mean position of the chopper is moved in the

dir~cti-1n of the larger signal; when the signals are balanced, the plane of

sha.rpest focus is located half.-day between the two positions of the optical

chopper.

In order to design such a system, the process of determining best focus

may be described in slightly different terms which lead to a quantitative

treatment.

It may be considered that the rotational motion of the chopper gives

a relatively constant frequency signal in the presence of detail in the

image; this signal is thought of as a carrier (in the radio-frequency sense)

A4iich ii amplitude modtlated by the back-and-forth motion of the chopper.
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( This modulated carrier is rectified and filtered (demodulated) to eot

the modulation envelope, and this envelope is synchronously rectified to

determine which direction to move the man peitiom of the chopper, The

synchronous rectification results in a d-o level, and the sensitivity of

the system can be measured by the amount of modulation of the carrier

which is necessary to make this output equal to r.a.so noise in the system.

Calculation show8 that for such a ystem, if the input signal has the

form

S tW = 5,, ( COS 2zrpt) C5 29-1c t

where So is the carrier amplitude,

6 is the fractional modulation,

P is the modulation frequency, and

f is the carrier frequency, and-

if the input carrier signal-to-noise ratio is high, then the minimum

detectable modulation 6 min (that is, the fractional modulation which

results in a final d,-c level equal to r~moSo noise) is given by

where cr is the romos. noise power per unit bandwidth, and d f is the

han'ri&~h of the system at the output,

Thý.'. fo-narla can be used to calculate the accuracy with which the

(locati.on oi the plane of bast focus cat be determined, and this can be
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related to the accuracy with which range can be measured with such a

systcslk

In order to do this the quantities E * S$, a* , and so on must be

related to the various parameters of the optical system.

A point near the focus of the optical system is sketched in Figure 19.

The double cone represents the volume of apace through which energy passes

from a point target. This cone of energy is chopped at A and then at B;

the detector output might be as shown, where the a-c signal generated at

position B is less than that generated at A because the chopper is further

from the focal plane at B.

Suppose that the amplitude of a narrow band a-c signal generated at

a -ocint /l away frcw the plane of best focus is Q( A ). Then -he

d.f..re-ac, betueen the carrier mnplitudes at A + + and

a, is Q( 67~ , + ZS, He!1re2 L,

the fhzcd disatnce between the to positions of the chopper,

a-'i ] reprceents a small shift in the location of the plane of best

z�:,s ~;zay om - :th ,idpoint of tho choppcr positions. For I small.,

';:r-'11 in the c:re:;r.sion
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(

we can write for the left hand side

E /i,- 1 7r~i dcl /~i~

because So a Q( L%1 ), The factor 1.27 - 4 is used because in thelrr

system under consideration the carrier is modulated with a square wave;

only the fundamental of this square wave is detected and the amplitude

of this fundamental is times the amplitude of the square wave. The

factor ' f is simply the system bandwidth measured at the output, and

(Y 3 P, the noise equivalent power of the system, if all of the

amplitudes in question are measured in terrs of input pcwer to the

detector,. This leads to the equation

1.2 77 /.dOL4.) Ic(D
da (2(A, (41)

or

/57

v71', ci.i 7' now ropre.cents the Lmniniamu detectable image shift.

', -.r o• - relnt,ýd to the YAinr•i, detectable object shift ( OX)jrd
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( by differentiating the eqpression x x' f 2 , where x is the object

distance (measured from the front and back focal points of the optical

system) and f is the focal length of the optical system. It is found that

2X
Hence the -inimum detectable shift in object position is

(dxA

It is now necessary to determine the function Q( A ). Then in order to

optirize the system A and the other parameters affecting Q( mu ) st

be adjusted to maximize dQ(A,)IdA Finally, substitution io the

above expression allows the ranging accuracy to be determined&

'To dctermiue the function Q( ný ), we begin by imaging au idecal optical

sue-'a w-ich formz a perfect imare of the field of view, and ass3e that

th,, optical chopper i.s located in the ir---e plane of this optical system.

i.A., týh total ener•v falling on the image of the field of view be E, and

sr'p~ose that the chopper has these three characteristics: 1) On the

averagc it transmits half of the energy, 2) The fundamental spatial

"it rnsnondis co is k cycles pr -•adian-, (If the chopper moves

.Nst tOth: field of view uith velocity Yv and if the focal length of the

tL,, princip:A. tlectrical frcve•tcy appearing in the output

of thv. detector is kvj/f cycles per second; this is the carrier
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frequency used above, and so f. - kv0 /fo) 3) The fractional modulation

of the energy E produced by the chopper in the image plane of this ideal

optical system is m. The fractional modulation is defined as the rom.s.

value of the a-c fluctuations in the power falling on the detector (at

frequency fc) produced by the chopper, divided by the d. c radiation falling

on the chopper. The fractional modulation m is expected to be a small

number; on the order of 1%, perhaps.

Now consider the situation which exists when the image on the chopper

is blurred, as it is in the ranging system under consideration. This blur

is due to two things, the blur due to tho optical system., and the blur due

to the chopper being out of the plane of sharpest focus. These two effects

arc independent, and it is characteristic of optical systems that such

effects tend to add in the square:

('Zctal b1ur)2 - (Optical blur) 2 + (Out-of-,focus blur)2
0

Fow f'rom thz 'ro.•eeix- of the zystey•a, the out. .of-focus blur diameter

is -/A D/f wn i ±:o the dist?.uci away from the plane of sharpest focus,

• ' D 1" a 2'rc th j dizmcter- and fecal length of the optical system,

"-"scViy.,,:,c3 the angu!ar diamster of the out-of--focus blur for

(..,,..•z-- us blur-) <

f 2

Ti~ L'L' anguLLar ý ter of th e optical bluir is G 69



(

(Total blur) - + -

Now the affect of this blur on the pattern on the chopper must be

considered. Assuming that the energy falling on a point in the imge plane

of a perfect optical system is spread uniformly over a circle having the

above diameter, the effect on the amplitude of spatial frequencies k is to

reduce tLem by a factor:

wht:re y - 77k ÷ Z,

and J1 is the first order 3essel function,,4

aece[e I a•c.U. u1e of the fluctuati'ons in radiation falling on the

,Ie(:•or ,. /2 rn T in thb case of the ideal optical svstemi,'H in the

) -2 Y- 4E ~(a)

",~ •-j•,:r C nctius resuilt iruw.n cther assumptions about the energy
( i 7.".2i:• :(.'in the blur Circle0Eo: -; is tiz ru,!,s. value of the fluctuations.
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C ~~whre ytR *

This is the required function Q( A

We now wish to design a system; this requires picking parmmetsrs so

that ( a X)Min is as smol1 a possible.

In doing this it wil be assumed for the time being that 0 Ds, and

f are fixed; they will then appear in the final equmtion for system

performance. Assuming for the momant that these are fixed, k and a will

be chosen tomilaisie jdQ( a )/da I ; the resulting value of,,& is

/ ,and the resulting value of jdQ( & I )/da I is to be substituted

in the expression for ( A x)minO We have imedistely

Now for any choice of the the other parameters, an opti•a value of k can

be found: k must satisfy

t 86
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SincoIs constant, the best k results wben

or when y is such tlat

Differentiation yields the exw.ession

.. so~l~A~U " ; , i. 2c this value oi y,

U',),• .- _ -' , ,)=-o.48G.

Thu~', o .-•" iai best choice of h

-(C). = m C--
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( A value of N 1 can now be chosen to maximise this .jresuisino It

will easily be seen that it is necessary that

So finally

I ) = 0. 687 mED

The design requirements that have resulted from this process are

y ~ 2 6'+ IL1 = 3.06

and

F-arm these ve m~ay deduce that

k e - 0O69M

The ranging accura•y of this optimized system can now be expressed

(4~ia=2.29X~ 9

C T73



SThe only remining chore before nmurical calculations can be made is to

evaluate P and B. The necessary infonration appears in Appendix B.

There it is shmm that

S- 1.151X10 -6L AW A~watts,,idiere

L is the radiation incident on the terrain in foot-candles

is the average reflectivity of the terrain

w is the angular field of view of the optical system, and

Ac is the area of the entrance pupil of the optical system.

It is also shovn for practical purposes,

= (5.3 1 io-18 3)1/2

Using these expre3sions, it is found that

= .4 0-6 . '4 W)

Consider, for e.zmple, the following system:

x = 1340 cm (44 ft.)

D = 7.5 cm (3 in.)

Ac = 33 ,m2

-= 1.0- radians

0 = 9.6 X 10- 5 steradians

A, f = 16 cps

Mt -0 0 0 1



(L - 1000 foot candle-

For this sysatn

A X)(da - 4,19 X 1-2cm

- 0,l6 inch

This represents the theoretical accuracy of this raging process, An

actual system wil not be designed to have this accuracy, since achieving

this performance would require umnecessary refinement in doesig and

construction. This calculation does show that noise inherent in the

ranging process does not linit system performanoe uder the assumed

conditions, and that therefore the precise values chosen for various

parameters such as the percentage modulation are not critical.



SI"ns-plaas &a gdfiaer at Uht

Might opertion with the •saive image-plan ren•tinfndi system

presents no problem; havever, it does require the we of a searchligbt to

illuminate the terrain. Rather than performing a copletely iadepesldent

calculation to find the performance for this situatiom, it is possible by

inspection-of the previous ca'culations on both the active sad p•s•ive systnsA

during daytime operations to shov the might-pssive-system feasibility,

Calculations on the use of the arc light in the active c-v system

yielded a value of Et(S-20) - 4.2 X 107 watt; and Nb(S-20) - 4.4 X 107' watt,

calculated for a terrain ill•wination of 11,000 foot candles. Thus, the

return from the arc light would be equivalent to a terrain illuam.ination of

11,000 1 4.2 1 10 -7/4.4 X 10-5 - 105 foot candles.

In the calculation performed in the previous section for the daytime-

passive operation, I was assumed to be 1000 foot candles, Since

( rn 1-2

night operation, using the passive system yields a value of

( x)n -i 0.0o6 inch x (LO0) = o0os inch
105
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The Efec of a C taty Target
Am man thei st4tm Of batmm D=eu

The preceeding analysis of ranging by location of the position of beet

best fooun has asemed a fixed objet field. Consideration must be gives to

the fact that norally te field Is moving. The settee of the field ba

only a slight effect on the amplitude of the igual reslting from the

choppin action of the retiole. If points eanor or leav the field a phase

shift and amplitude ohunus may renult, but this effect is Uall, since only

points near the edge of the field ama cause such effects. The rate at vhich

these changes can occur is of coue limited by the rate of motion of the

field; if this motion is low compared with the chopping rate, only smooth

amplitude changes will result from the moving field. Taus motion of the field

has little effect on the chopping action.

Now consider the process of detemning best focus. This is done by

comparing the amplitudes of the interrupted signals produced altmerna•y at

two different points along the optical w8s. Since the motion of the target

area produces changes in these amplitudes, it is desimble to have the rate

of alternation high enough so that a gven point remins in the field for

several complete cycles of this comparison. This coustitutes a precaution

to be observed in equipment design.

An estimate of this rate can be made if it is supposed that the vehicle

is moving over level ground with a velocity V, that the vertical bemuidth

of the sensor is 0)2, and that the depressim angle is M , Then a point • n



the terrain nmam In the Meld of view for about

a econds.

If it is desired to produc n_ alternations of the positio of the

chopper in this tim tin mrt at vbhia these must be produced Is

per 3econd. For

OC = 0.114 radian

V - 88 feet/secand (60 mph)

co2 = 6.8 1 10C radians

R - 44 feet.,

the alternations of position should occur at a rate of 168 per second.
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( ~TRWAIgUATION TRACK3NG

The next ranms method to be considered is a method of trianpUltion.

A narrow beam of light (which may be modulated for purposes of coding) is

projected directly foarwd and slightly dommard from a soo*e on om side

of the v*eicle. The spot on the terrain iLlnSmmnated by this beam is

observed by a tracker mmoted cm the opposite side of the vehicle. This

tracker is designed to measure the angl betwee a reference asimith and

the line of sight to the spot. When the rane to the pound changes, this

angle a-bo changes, rosulting in a different measured angle and a different

output from the tracker.

The questions to be answered about such a system are 1) What angular

accuracy mnst the tracker have? 2) Is it possible to obtain a signal-to-

noise ratio great enough to achieve this accuracy? 3) What additional

practical considerations are involved? 4) What is the equipment complexity?

The tracking accuracy required of such a system can be estimated from

Figure 20, where S represents the source, T the tracker, R the range to

the terrain, 0 the measured anglo to the ilaminated spot, and V the

distance between the source and tracker. Then

R2 + 2
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For W 5 feet, R 44feet and dR - 2iaches (thu reqired range

accuracy),

Jd 8 um42 X10-3 nd"Aa.

This constitutes the reqtired tracking afcuracyl it is withar the state-

of-the-art of convntiomal optical trackers.

The signal-to-noise ratio required to achieve tds aceuracy depends

on the total field of view the tracker must possess. This can be estimated

by placing limits on the range to the terrain with which the system must

cope. For exiale, if R varies between 100 feet and 25 feet, the chaW

in 0 is

-3A-

=147 X 10-3 radiano

Tihus, over the total field, the tracker must detect a chan of one part

i.1 !47 = 350 if the tracking head is fixed with respect to the vehicle.

(If thei hlad is allowed to movoe, this may be reduced at the cost of

ic-,.•sed complexity.) This va'lue represents the approximate signl-to-

uiceo ratio neczssary for tracking over the required field to the required

c rcof accu~racy.
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( The signal-to-noise ratio vwich may be attained by such a systma cam

be calculated directly from data given previously. LT

Et - Power returne fron the target area as a result of illuination

by the tramitter.

19 - Power collected as a result of ambient ilUmdbustion of the terrain.

P - Multiplier phototube noise-equivaleant power.

It Is shown in Appendix 9 that mhen i• large (this represents the

worst case for such a system), typical miltiplier phototubes have a noise-

equivalent power given by

P - [5.3 11-l"lEb 1 1/2

Nl-o, it ;a clear tiat the signal-to-noise ratio is simTly EtJP Yi2 where

B is the required system bandwidth. In the discuussio of the active c-,w

ranger, values of Et and El, were compuited for the field of view required by

the senscr (22.7 milliradians horizontal beavdidth and 6.8 milliradians

vertical beameidth) and for a source and collector (tracker) aperture of

125 cm•, and a multiplier phatotube with an S-20 cathode:

Et = 1.49 X leO vatt*

Eb-4q43 XIT"'0 watt

"A factor of 2 "'-has been introduced to convert peak-to-peak radiation
..... zli.o., to rrz, since the transmitted beam must be modulated for

oc ••rot~nd discriminiation.



( Hence P iS.s3 X 10-n watt. For a system bandwidth B - 25 ape, the sipal-

to-noise ratio is

S/ " 1 X49 e 101. X 103

1.S3 X 10- 1 -

This signal-to-nie ratio is ade.quate for achieving the required truckiag

accuracy.

It is nov necessary to consider the nature of the target which is to

be tracked. This target is a portion of the terrain which lies about 44

feet ahead of the vehicle and is illinated by a beam 22.7 milliradians

wide and 6.8 milliradian high°. Figure 21 illustrates the gemetry when the

vehicle is located on a perfoctly level surface. In this figure the

illmninating source is located on one side of the vehicle and projects a

beam directly aheael; tho tracktir is located on the other sidc and meisureG

the apgular location to the illxzduated patch. In order to describe the

appearance of this patch oZ terrain as seen from the tracker. we may imgine

, to be projected on a plane located at the target and perpcndiciular to

t:he .in of,.,s!ht from the tracker. It then appears to be approximately a

.1r Llelogrm, as suggested in Figure 21, having a length of about 1 foot

av:d a height of 0.3 foot. The short sides make angles of about 450 with

the baso,

A 2.-4nch c'tge in the range to the terrain shifts this target laterally

by 0.02 foote (This shift is calculated fromi the range to the target and

",oý.,l. of O42 X i 0-3 radiiai; previously shown to correspond to the
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2-ich rane change.) This motion of the target is shom in dotted lines In

Figure 21. It is Iinmdiatuly obvious that in practioe a great deal of

difficulty will be experienced in detecting this ehi, because varlatios

in the reflectivity of the torrainr will cause .muh greater shifts in the

apparent center of the target patch than the range shift. Thin the system

does not appear attractive from this standpoint.

A final consideration is that of equipnw.at cmplexity. It should be

observed that this technique requires four optical system (two sources and

ovo trackers) to cover both tracks of the vehicle, and that the source and

corresponding tracker must be mounted in separate locations on the vehicle,

thus contributing to the installation problem.

TRIAMUiTION TRAMING USINU COIRELATION

A different form of triangular tracking has been considered which gives

promise of eliminating the principal defect of the previous technique. This

defect is the difficulty with conventional trackers in measuring a snal.

shift in a Large object (in this case the field of view of the system) vhen

th, rccaivod nteo:3ity distribution over the target may not be uniform. In

,zyctam to be co.,iderod nmw, the range to the terrain is determined by

Z,:to.Th.iu triangulation %, hic7i is accomplished by looking at the terrain

ahead of tho vehicle "iith t-do separated sensors. The system is passive

rahJur than active, i.e., no source of energy is required for normal

(a. Iiiht ~op-ratiou. One sensor is fixed with respect to the vehicle

(i7l"ring , s-abilizaticta for the moment). The second functions as a tracker

and OirDctuj itself until its fic4ld of view coincides with that of the first.
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The angle between the two lines of sight then gves the distance to the

terrain,

The principal problem to be solved in the design of such a ranging

device is the determination of the coincidence of the fields of view of the

two sensors. Obviously if the field contained only we eal bright point,

this would be rather easy, but the actual fields of view will be patches of

terrain fined with various mounts of small detail.

A possible approach to this problem of recogzisi• g the coincidence of

the two fields of view is provided by some experiments recently performed

at Emerson Electric. In these experiments, an object plane having seaw

detail was imaged on a rotating chopper which bore a random pattern of spots.

The waveforms resulting from rotating the chopper were examined as the

objec d plane was moved. It was found that dxe correlation between the

waveforms resulting from different positions of the object plane was a

smooth function of displacement, being largest for small displacements and

approaching zero for large displacements. This provides a way for comapring

the field of view of the two sensors: identical synchronized choppers can

be used, and the waveforms produced compared. When the correspondence between

the wavefore•s is a rzximum, the two sensors have nearly the same field of

viewo

The signal levels available in such a system are large compared to

those which were obtained in the system discussed earlier, because the level

of i'atural illumination is greater than can be obtained with the source used

in the active system. To show this, we may use information developed in
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the study of the active c-v rangefinder, In the present case, the uignal-

to-noise ratio) S/I is given by

Uihere m is the fractiowal modulation of the field produced by the chopper.

For the values previously quoted (which correspond to the field of view of

the srstem and for an aperture of 125 = 2 , and for a terrain iflusination

of 11,000 foot candles) we find that if m - 0.01, and B - 25 cps., the

signal-to-noise ratio is about 4000.

Under lover levels of illumination, the signal-to-noise ratio falls

as the squaro root of the illumination; for 100 foot candles, the signal-

to--noise ratio is approximately 380.

This system has th3 advantages of beiztg passive and of hav'ing large

si'Zal levels availqble. It has the &isadvantages of requiring a baseline

to bt eotablished, thus increasing the installation problem, and of possibly

needing four sensors (two for each track) although these might be combined

in .airs to reduce the nvaber. In addition, the technique is new and untried,

so rdi-ht 'equirc a sone-ihat lon~gr develop rnt tino

Tu !~fth o[•tic:'. n:;'th&, 'wlic:i has been considered for the terrain

•-2, ;•jp~io7.i.cf in; t>eus-, .nl a l'.scr.
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SIn some respects calling this a separate ran" teonique is not

correct, since the laser my be thought of as an energy eouras whish my be

used with any of the rangin techniques which have been xaimwd dlrng the

course of this study. However, the laser does permit pulsed operation, and

represents the only bnoum source of optical-wevelength emergy which is

effective in this form of operation. Therefore, aside from its possible

use to replace a conweational source, the laser has been considered for

use as a pulse-type of rangefinder.

Since a number of laser rangefinders have already been developed, the

study of the laser ranging technique has been restricted to an emaination

of practical considerations involved in their use. Only the present state-

of-the-art has been considered, since it seem desirable to consider a

device which is feasible at the present time. Future improvements in the

laser may be expected to rose most of the practical difficulties in their

use,

The folowing factors my be considered: reliability, available

bandwidth, beanwdth, accuracy, security, bulk, and power requirements.

Reliabilit •- at the present time, the laser has not been tested under a

-acriety of environmental conditions, and so its durability under prolonged

and rarid pulsing• is not kno'u. It may compare favorably with other

op't:. cal. cxmpcrnents,

znwiAdth - as shown previously, the terrain sensor requires a bandwidth

of at least U1 cps if this is the only source of rangp error. This band-

wcidtk reqwrci-s a zinimum pulse repetition rate of 22 pulses per second
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from the laser. At the present time the highest rate we have found for a

comrcially available laser i 10 pulses per second. It is likely that

this rate win be increased, of course.

j2Sgddjh - laser beamridtha are at present between W3 and S X 10-3

radian wide. Optical techniques would aowy the required tracker beawidth

to be obtained.

Aigurac - the accuracy of a pulas laser rangefiader depends an the time

resolution of the system, and is independent of the absolute range. The

required range resolution of 2 inches represents a round-trip time increment

of 0M33 X 10-9 second. This time resolution is rather difficult to achieve.

Securi!t - pulsed laser system, being active, are inherently less secure

than passive system, but the narrow spectral bandwidth involved rakes then

more secure than other active systems.

Bulk - the commercial laser producing 10 pulses per second requires a desk-

typo coasoloe This volume can certainly be reduced; however, present laser

equipments are rather bulky.

Po-er requiremouts - the power required for a laser rangefinder is somewhat

r.-eter than that required for more conventional devices, but does appear

to be within the capability of military vehicles.

It is concluded that the use of a pulsed loser rangefinder for the

terrain sensor roqmires advancing the present state-of-the-art in several

directions.
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( STABILIZATION AND COMPUTATION REQULWMTS

ASSUMPTIONS

The stabilization and computation requirements for the terrain sensor

have been studied within the framework established by the following

assumptions:

1) Two optical terrain sensors measure the range to points on the

terrain ahead of the vehicle along the paths to be followed by

the wheels or tracks. Whether the sensors operate by active or

passive means is not important in establishing stabilisation and

computation requirmentso

2) The desired performance characteristics of the sensor in terms of

the terrain information which is needed are as follows:

a) The terrain height is to be measured to an accuracy of

Sl.us or minus 2 inches.

b) The nominal distance from the sensor to the measuring

point on the terrain ahead of the vehicle is 44 feet,

c) The maximum velocity of the vehicle is 50 miles per hour.

STAB1LiZATION PROB8WS

Errors in Terrain Coordinates due to Error in Devression ,Aule. AMan

.easurement. and Sensor Elevation Aboge the Terrain

Figure 22 shows the various parameters used in the measurement of the

range to the terrain. As will be shown later in this section, a more

complicated representation is necessary in order to describe continuous

terrain measurement.% but the geometry of figure 22 is adequate to indicate

the degree of stabilization required for the sensor.
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( The optical oensor is poaLtioned at point A on the vehicle, at a

distance a above the terrain. The range, 8, to point B is seasured by the

sensor with an error of A R, resulting in a knowledge of the terrain at

B, with respect to the indicated reference level, to an accuracy of a y

and L x.

It is important to determine to what accuracy the values of a and or

(the depression angle of the sensor) must be defined by the stabilization

system. From Figure 22, assuming that or- is less than about 100,

Y a- -b - ROC (12)

X , (13)

and it follows that

A Y - Asa A b -R W. - M AR (14)

ifere the deltas refer to small changes or errors in the various parameters.

(
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Assuming the following values, based on the model adopted previo"Sly,

R - 44 ft - 528 inches

or a 0.114 radian

SY " 2 inches (staximum error)

Sx - 2 inches (maximum error)

we have

6 a + .- b -528 6C - 0.114 4 R 2 inches, (1s)

Now from equation 13, A R- - 2 inches*, as the error in x in equal

directly to the error in Ri, and

.aa + 4 b - 528 Am 1.77 inches. (16)

It is possible to arrive at some estimate of the three quantities A a,

. b, and e0Cz , by assuming that the three contribute equally to the

total error and that the errors have a Gaussian distribution such that

IT6a b - 528C 3 1.77 inches = 1o02 inches ran.

Thus 6CC - .0019 radian - 0. 11 degree, nis.

, in Terr'lin Coordinat.,.s dut to Cant

F:igutre 23 i,,dicatcs a terrain measuremont when the optical sensor has

jeca c-'.,ted through ani anglc 0 from the vertical. If the line of sight is

. i. in space, and if the terrain is level, the errors in the terrain

"£m rninuti sign is used, since these errors are considered to be
jhid',pcendcnt and it is necessary to consider the worst possible case.
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Sdetermination, A y and 4 x, are identical to the errors in the sensor

position. No error in x result$ from the presence of r degrees of cants

Therefore

AY 2 a sin(W 2) sa"3(1?

A -2a sin - ( z) .os(3 (16)

For (3 smils •Z eqaal to 120 inches, and . y qual to 2 iahesp

equation (17) becomes

and ( = 0.182 red - 10.4 deg.

Using the above result in equation 18 gives

6z -• 120 x .091 x .984 " 10.7 inches

The above error in the - direction is soewhat large, considering the

width of the track. For a 2-inch error in a, r is approximately 2 degrees.

l, the sensor is pitch-stabilized, rather than space stabilized, the

-.0lowable cant error c= be greater than this under sawe conditions. For

ca•p•c.p, if the sensor is mncntcd directly over the wheel or track, the

caýrt airis uf eacix :a••: r tends to be at ground level, and in this case on

--latise.ir level terrain the error produced by cant is negligible.

zl;viirv of Stabiliatizcn Prob].eqi

auvj !ary, Vio. follcuing is a list of tae allowable stabilization
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----------

1) The r.a.s. error in the elevation of the optical sensor above

the terrain, A a - 1.0 inch.

2) The rtm. s. error in the vertical reference level, A b a 1.0 lack.

3) The r.a.s. error in the terrain sensor depression aagle,

40C 2 0.11 des.

4) The maxiunm allowable angle of cant of the terrain snnsorp

3 - 2 deg.

COFPUTATION REAQUiiPMENTS

The process of computing the terrain profile from range-ta-the-terrain

measurements made by the optical sensor is not complicated, but it is not

completely straightforvard, either. This computation process should be

distinguished from the computation required before the active suspension

system can make use of the terrain profile data. in practice, of course,

it may be desirable to combine the two processes.

The caoputatioa of terrain profile from range-to-terrain measuremonts

eepands to some extent on the desired output, of course. Here it is

supposed that the active suspension system has a certain short reaction

time, trr and that the output of the sensing and computation process is to

b* the difference between the elevation of the terrain where the vehicle

prese•ntl in, and the elevation wt.ere the vehicle will be the short time

ti, seconds later, This continuously generated difference tells the active

sysoia how much and in what direction to act.

st~..is for deriving other ou-putG are not considered in this secton,

but, if a ccesssry, other quantities cin be obtained by modifications of
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the technique described. For example, a frequency analyots of the profile

( generated can be used to measure "roagbnessu acoordin to a preietendaed

standard, and the output can be used to adjust the vehicle speed or the

stiffness of the suspension system.

The computation process which is described here proceeds as followsa

The rangL-to-the terrain Is measured, and the vertical and horizontal

coordinates of the terrain with respect to the vehicle are determined

from this measurement. As the vehicle travels over the terrain, it aoves

up and down, and this motion must be subtracted from the measured vertical

terrain coordinates computed from range-to-terrain measureuents. This is

accomplished by determining the actual vertical motion of the vehicle with

an (integrating) accelerometer mounted on the vehicle; the accelerometer

is part of the data reduction process rather than the terrain sensor, and

only short-term accuracy is required of its output. This computation

process is considered in detail below.

Definition of Eranetera

The many symbols required in the discussion of the computation method

are listed ia the folloifing table. Many of these quantities are called

ol: iu Fi-ure 24. r:ote that most of these quantities a-e functions of t~ise.

a - The height abore the terrain of the terrain sensor, along the

direction of yravity. The position of the sensor is assumed to be

above the froat po-int of contact of the vehicle track or wheels and

the terrair.

0 Thn difference betuecn the actual terrain elevation* and the

elcvation na measurcd by the accelerometer and attendant circuitry.

VA~ove some asolute reference level. 93



The value of b is a slowly varyiag funatioa of tims, but myboom

large for large changes in terrain elevation.

OC - The depression angle of the optical sensor. It is oeasured in the

vertical plane and is the angle between horisontal and the direction

through whiho the sensor is pointing.

x - The coordinate of the terrain along the horisontal neaured from the

present position of the vehicle, positive in the direction of motion

of the vehiclei

y - The maetured vertical coordinate of the terrain, positive upward.

Values of y are r when referring to those obtained from the

optical sensor measurement. They are unprimed when obtained from

the accelerometer.

a - The range to the terrain ahead of the vehicle measured along the

direction that the optical sensor is pointing.

t The time to contact. This is the time between the measurement of aC

point on the terrain and the arrival of the vehicle at that point,

It is equal to the distance, x, to this point divided by the average

velocity, Z, of the vehicle between the measurement and the time of

contact.

tr - Reaction time - the time required by the suspension system to react

to the terra.in change being fed to it. This, in general, is a

tfixe'd period.

Y The change in terrain elevation experienced during a time tr.

S-omr• t Ho! '-uations

( r~i•ro 24 shows the geuomtrical relationships for making continuous
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( terrain measurements& This information is stored and presented to the

suspension system at the proper tie. In figure 24, the vehicle in

assumed to be at a position on the terrain corresponding to the time t2 ,.

At this time, the optical sensor Is measuring the range R(t 2). Other

quantitie0 that are being measured at time t2 are the values OC (t 2 ) and

a(t 2 ). The velocity, v(t 2), of the vehicle is also being monitored.

.0

The remaining measured quantity is the value y, the vertical

acceleration of the front part of the vehicle an it passes over the terrain.

The value of acceleration may be measured by an accelerometer mounted near

the axle of the front wheel of the vehicle. The necessity for the use of

this method, independent of the optical sensor, to sense the present

instantaneous terrain profile, will be apparent later.

Also shown in figure 24 is a measurement of range to the terrain made

at an earlier time, t1. This time has been chosen in such a way that at

time t1 the value of &• 71 is just being fed to the suspension system.

This value, 6 Y4, is the difference between the terrain elevation

computed at time ti1 and designated as y1(t 1 + to,) and the value of the

terrain which had been measured at a somewhat earlier time to and which is

desi&nated as y'(t 0.+ t0o), where (to +- too + tr) - (t 1 + tcl)"

The equations necessary for the calculations are obtained as follow•,

(referriut to figure 24):

W 1(t) C03 0((t) Z R(t) (19)

Xi.% (C 2ess than about 10 degrees.
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( Now,

Y"(*to) 4. b(WO) 4. a(t) OC (W) a y(t) " b(t) 4 a(t) (20)

(In figure 24, when t m t2 the value of y(tZ) is negative.)

If

b(t+4t) Z' b(t), (21)

the computing equation for y' becomes

Y (qtc) -- r(t) + a(t) -- R(t) OC Wtj (22)

Note that the slowly changing function of time b(t) does not affect the

accuracy of the computation,

The factor y(t) is the terrain elevation as measured by the accelerometer

and essentially integrated twice, at time t. Since it is necessary to measure

the terrain profile ahead of the vehicle, to saore this information, and

to use it at the proper time, it might be thought that the value of y(t)

could be obtained from this stored data, thus eliminating the use of the

accelcromcter. This would be feasible if all the measurements and

coniputati.ons were error-free. However, analysis shows that errors,

although srall for any particular range measureatent and profile calculation,

would accumulate after a period of time and the system would not work*

Thuf, it is necessary to have an independent measure of the past terrain

profile. A rate measuring device could also perform the required function.

It liould yield the value y froiu which the value y(t) could be obtained.

Y nthiad of' CMLtatio'i

S( "Figure 25 shows schematically the method of computing continuously the

teirrain profile which is fed to the suspension systfm. The computation
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Sthat is represented corresponds to the time, t2 , as shoan in the geometry

of figure 24.

The output of the range sensor R(t 2) is smoothed through a leas

filter to produce a smoothed or average value, as designated by 7 (t 2 ).

The actual output of the optical range sensor vill give such a smoothe

value because of the finite electrical bandwidth of the sensor electronics

as eill as the optical beamwidth of the sensor.

The values of oc and a are shown as outputs from transducers.

Stabilization vill teed to hold these to constant values.

The output of the accelerometer, y (t 2 ), is passed through two low-pass

filters, yielding the result y(t2). Passing the accelerometer output through

two integators and two high-pass filters is equivalent to this use of two

low-pass filters. This can be shown very simply by using Laplace transform

notation, as follows:

integ:'ator x integrator x high-pass x high-pass
filter filter

X. 1 xa x UI

-_ _ 9s

sI---pas.- x lowpss A-. -. =
filter filter W-a (4+- (4oss3
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The value of y(t 2 ) obtained from the integrator followed by two

low-pass filters thus correspoads to the double integration of "3 (tz)

and the use of two high-pass filters, so that the resultant, At), folle"s

the rapid fluctuations of the terrain but not the slow fluctuations,

Solution of the computing equations, 19 and 22, results in the value

of Yf(t2 4 te 2 ) for the aeasurement made at time t 2 o This is read into a

storage elements which may be digital or analog. It is shown in figure 23

as a rotating drum. The terrain elevations yt'(t 1 + to,) and y1(t0 + to

wheret+ t IM t + tee * tr M tl + t.I (from which a 7y is computed

for the suspension system), must at the same time be read from storage.,

This is accomplished as follows:

Suppose that in (t) is the angular position of the input head,

y- out(t) is the ansular position of the readout head which gives the

stored value of Y'(t 2 ) corresponding to the present position of the vehicle,

and ( (t) is the rotational speed of the drum, If y'(t 2 ) was entered

at time to tz t•

to

eOjt)W dt ~ (t7 in (tout in )o
to

r •so if the vehicle itself Is considered, to and t 2 must be

J v(t) dt '-.; x(to).
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These two equat•. •an be satisfied If

W(t) 0

7,ot(t) - o

maw let 6 (t) be the aLUlar poition of a second readout head

which gives the value of y'(t + tr) u•dich ,wrespeads to the wrtical

coordinte of the terrain which wl be encounteed t,, seconde from the

present time. (y"(t 2 + tp) was read in at tim t1 .) it is neoesary that

oml - 6t+
T J(t)

since it zwut be assuwed that the vehicle Ai3. move with constant velocity

&w"ing rim •ro Thus out(t) 6 (t) - tr W(t), or from the

previous xP.-eMssio"s
65 (t) -tr +(tWo

Thus the storage drum which Il.s been used La a modal to dicuss the

stnra~g requirae-Aets has the following• chaacteristiCs:

.+. The drum turns with angular velocity proportional to vehicle

valocityo

2., The readout head &iving !.escnt terrain elevation is fixed.

30 Th- raigttlir displace-,z-t bet-ime this readwot head and the

... doiut hzrid giving terrain elevation tr seconds in the future

is p nrorrtioiml to thh horizontal velocity of the vehicle.
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4. The anular displAoement between the first readout head sad the

readin head at any instant in propor•toil to the computed

horisontal coordinate of the terrain being viewed at that instant.

In the preceding discussion It has been "uused that the acceleroomter

has been mounted on the sale to measure y(t), and that the distance bewem

this point and the sensor, a(t), is also measured oontinuously. Lnspeotinm

of the computing equations, 19 and 22, shows that orly the son y(t)+ a(t)

is used, and that these quantities are not separately required* Thus the

system can be somewhat simplified by mounting the accelerometer at the

sensor and integrating its output to obtain the atm y(t) + a(t). This

has the following effects on the system. First, one measurement, a(t), is

elininated. Second, the sensor-plus.-accelerameter becomes a self-contained

package, which simplifies installation. Ihird, since the suspension system

preventa some variations in the terrain from being transwitted to the

vehicle hull, the accelerometer has smaller variations to measure, and so

a given percentage error yields a lesser total error. This system is

considered to be the simplest and moat effective, and is recommendede

Ho.:•ever, for cmpleteness the systom including measurement of a(t) is

analyzed below.

x.n-.1itinzfErrors and Circuit Laijetps

For ccquatiou 21 to hold, the dashed line in figure 24, which is the

tec.".-,in profile as measured by the system, mist follow the actual terrain,

( -u ¶Lia io only esseutial for rapid chaeges ia the terrain. Thu the

following requiremsenta are placed on the values of y, as measured by the

accolercetr 102



( 1. It musat not respond to slow chanp*s in the terrain. btis isAmde

evident by referring to figure 24. At same initial tise, to, IbM

vehicle ws at a much lover eleation. If the value of yo

obtained from the accelerometer vere truly integrated bivbs th

value of y would be increased to a large magnitude resulting in

too great a dynamic range of y for the equipmeat to handle.

2. The measured value of y must respond to rapid changes in the

terrain, to give the required accuracy for the calculation of y'.

The above requirements may be adequately handled by passing the output

of the accelerometer through two low paso filters. This section discusses

the feasibility of the use of an accelerometer and attendant circuitry to

provide the niecessary syetem inputs within the required accuracy of t.e

terrain profile.

Raml .Fnction Terrain. Figure 24 shows the terrain i.creaeing up a

long slope from time to Aa3we that the terrain input to the accelerometer

is a rzmp function, (y - ax), vhose Laplace transform is "-_ ° The output

y tl'roa.,h the accelerometer and double..timu-constant low-pass filter is

,' r -- ~+& oJ,-•

r, C'.(23)
Lct y (see figure 24) be the maximum value of y for a response to slow

chan,vcs in the terraain. Differentating equation 23, and solving for the

juw.irn.t v'a].,e y~elds 103



Ypk (24)

Thus by proper choice of the time constsat of the low-pass filter,

the value of Ypk can be controlled.

&MnIe TerUaM. Next asue that the terrain is in the shape of a

sinewave, such that

Y- sin r xwhere 23 . for x > 0

X1

ý- 0forx < 0

so that xI is the wavelength and yl is the peak amplitude. The output

through the accelerometer and double-time-constant filter is

- I x' • .,- ,Q6, +A W.'.A-

and

-T I. - _;/ --,r-

here2 (2/ t)al (25)
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( Consider only the first tern of equation 25 which Is th steady-state
case*. The error is the value of y is

A Y yl $in( x t - Y/ ~-i sin /S3:

if 4<) / . (it will be seen later that this asatption

is valid.) Hence for 7Ir - = mall,

The above error is a maxiuwu at that point in the terrain where

cos ý x equals unity, and we have:

~ ~E- -l~ = 7- tan-1 69/0 o " (2b)

Error Tradgolf. Consider equations 24 and 26. The former specifies

the njaxiarau allowable value of y for slowly increasing (or decreasing)

terrain elevation: the later relationship determines the maximum error in

y for a sinewave terrain, or a rapidly changing terrain. They are both

depeadent on the value of CO) 0 Too large a value of W . will keep

Ypk snall, but Aill result in too large a value of /f y. if W•o

is decreased to minimize n, y, then Ypk will increase. The two

o quations yield

Tho second torxn of equation 25 is the transient term. 1its value
is newlected for the parposes of these calculations, it in reported
here for coapleteaess.
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7r- 2 t (2)9

Th•Is equation can be further simplified by using the series expansion

for tan"1 x:

ta'elw -- - .- -- -_ _•..

Only the first two terms are important in this application as x 1

and equation 27 becoaes

,-Vt- X1 sk (28)
Y• 17•eypk

Asosuming a imariwum ramp function slope equal to 450, M is unity.

The above equation is plotted in figure 26 for various value of

741 and Ypko For example, from the graph, if ypk is set at 103 inches,

and the wavelength of the sinevave repreencting the terrain Is 20 ft.,

a ma::ijwm of 3% error results in the computation of y. If the

alloiwable error is 2 inches, the value of y1 (the height of the hills)

is 3.6 ft. - cortainly a large value. Actually a value of Ypk equal to

103 inclie:i way be a little extreme. Consider the adder in figure 24.

A.It s!..ul computo a value of y (t f- t€ ) to an accuracy of about 2

iuche.• Thereforo the error in one of its inputs, y(t) must be less

tlha 2 ircý-.s, and a 2.-inch error in a maxmum of 103 iaches requires

ci c -.tr .'•eturatc to 0.2% of its xaa:iumm value. However, figure 26

it-idicitc3 that an adequate tradeoff can be &ado and the computing

nPcthod preenti.y vit,.u,,alieed can be instrtmiented. lob
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( Alternate Cgbnatati.on echnbnaea

The preceding discussion has indicated that one of the basic probilms

in profile computation is due to the fact that measurements of the terr&La

are not made at a uniorm distance ahead of the vehicle, and therefore

profile information io read into storage at a variable rate that is

different from the readout rate. This section discusses alternate

methods of solving this problem.

The first solution is based on the use of a digital storage which

contains terrain elevation data on a sequence of discrete points ahead of

the vehicle. If these points are closely spaced they contain adequate

information for operation of the active suspension systes,. If in

addition the points are uniformly spaced, the information can be read out

at a rate corresponding to vehicle velocity and the computation process is

considerably simplified. Therefore it is desirable to consider the process

of deriving profile iaformation at a set of points spaced uniformly and

closely along the path of the vehicleo

As shown above, a particular range measuareaent A(t) yields a value

of terra•i• elevation y(t) given by

At• + t,) .- y(t) 4. art) -, R(t)cC

Lct x(t) represent the horizontal coordiAate of the terrain point being

- tacen froc an origin such that X(o) x(o). Then

t

f v(t) dt - R cs cC



( Here o , the depression angle, is assumed to be ftina, but the

borizontal velocity v(t) may be a function of time.

Consider the problem of deteraining the value of y at a set of

points {1J~j suchthat N., -ýX1 + eX where 6 Xis a small

fixed separation. Suppose that one value y, y:, has Just been

determined at time ti. At later times the differeace betwem

X and • is

t ti
X(t) -X(ti)" f v(t) dt f (t)" - f v(t, dt - (tj)o

0 0

j-~t R(t) 3 dt..
ti

Thus t4 1 , the time at which y£1 .. is to be found by sampling y(t), can

be determined from tho equation

"Ii

This leads to the a•eohanizatioa of the process shown in figure 270

R(t) and v(x') are iaIed and integrated. The integrated output is

carozd vitit a 6 X refereace; when it reaches 4Z 1 the value of y(t)

is sa',.plcd ard entered into storage, and the integrator output is zeroed.

in this wva values of y are entered into storage corresponding to values

of X s~p.•a'ted by fixed increments 6X,
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An a second alteruative, consider the equations

.t

I(t) f Y(t) dt -p R(t) coskc((t)]

0

Y(ti-te) asy(t) f' a(t) - R(t) sin[&CCt~))

where OC , the depression angle, has been written as a function of tim.

We &ay imagine a system so designed that as the vehiole moves over the

terrain OC is varied in such a way as to hold R(t) cos L[(t)]

constant. This corresponds to tilting the sensor head automatically in

such a way as to keep the measured range to the terrain constant. Then

X(t) fv(t) dt + Ic

0

%#here X.-Rt o is constant.

Y(~tq0 ) = y(t) 4. a(t) --. '"ow

The wavefora y(t4t C) now represents the terrain contour a fixed distance

ah42ar of the vehicle, and only current velocity knowledge is neede.1 to

P' acveris to stored inforcation at the right t~ime. 1n particular, in

the constc~nt velocity case a sim~ple fixed delay can be used to y.*eld

access to terrain inform~ation a given distance ahead of the vehicle.

(.
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(WNSISTENGf DE•EMMATiON

Optimum operation of the terrain sensor system requires that mans

be provided for determining the consistency of the terrain t6 be traversed

and of the obstacles to be encounterede It is clear, for example, that

the suspension system must react differently if the vehicle enocmutera,

say, a hard rock or a bush of approximately the awe size and shape.

Although a number of possible approaches may be postulated to this

problem. ircluding both sonic and electromagnetic methods, the one that

appears to hold the greatest promise of both succesaful operation and

equipment practicality is based on optical techniques.

That this is a reasonable approach can be seen by a simple experiment.

If various types of terrain and obstacles are viewed through a small hole

in a sheet of cardboard held at arm's length, objects are seen in a

restricted field, are unrelated to their surroundings, and cmnaot

necessarily be distinguished by shape or outline. The human observer

is nev(rthelcss able to siake a highly reliable estimate of their

cow'si3:tency, based on the colors of the objects and their textural patterns.

F 'iza the studies conducted to date, it is reasonable to believe that an

autcP.at.ic consistency analyzer can ke based on the same approach.

The ligoit reflected from aa object does not give a direct indication

of tho cotnsistency of that object, because the reflection of light is a

surfac! phenostoao~ while the consistency is, so to speak, a volime phenomenon.

(U



Hence, i, order to -etenrciinc ii.ii;e~cy oy the use of reflected optical

radiation it is necessary to classify obje',ts which may be encountered

according to their consistency, and then attempt to discover properties

of the reflected optical energy which correlate with the assigned

consistencies.

It may be concluded then, that the determination of consistency by

means of reflected optical radiation is in theory feasible. On the

other hand, the mechanization of an optical energy consistency analyzer

may present serious practical problems unless suitable simple means of

categorizing obstacles by optical means can be discovered.

The first step in investigating this requires deciding on a

consistency terrain model, and attepting to find criteria for distinguishing

between hari and soft model obstacles. The procedure will consist of

anscribing tvpical terrain objects and surfaces, and of using available

data to dc;cribe how energy received fr=. different objects differs,.

A second part of the coltiistency study is the determination of the

c¢tara-cteris tics if terrain froi available reports, Among the information

tOat would bc desirable is:

L T'he anount of encr•y received from the terrain in the visible region.

2. The sp-ctral reflectivity of different types of terraiuo

3. The chwiges in these with changes in the angle of view.

'o 'he nzacirat of energy fro:; the sun falling on surfaces under

*.io,,'•; .!:at~hc' conditions and times of day.

U3



S. A comparison of the above with the energy available front a

searchlight.

CJISLSTENCI MOD&L OF TERRAIN

For the study of consistency determiaation it is deuirab.e to .pecify

a few types of terrain and terrain obstacles to serve as a zodel for

investigation.

For the initial investigation, the terrain sur'face has taken to be

level or undulating and composed of grass or clay. The obstacles

considered are:

SC onsistency

1. Isolated rock Hard

2. Isolated bush Soft

3. Log on ground Hard

4. Hedge Soft

5. Stone van Hard

6. Ditch with dirt sides and bottom - -

7. Ditch partly filled with water - -

Each obstacle has bean put into one of two coasstency classes -

hard or soft. It will be assumed that the terrain and obstacles may be

either dry (exoept for the water in the ditch) or wet as they would be

imediately after a rain. In addition, it will be considered that the

terrain mna be covered with now.
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( It has not been possible to consider several important types of

terrain within the lUited soope of the study; amoag these are tall

vegetation such as high grass, corn, grain; cultivated fields in whch

high vegetation may occur in regular rove; and badly broken paving. it

appears likely that some of these do not present unique problems and can

be handled if the first set of obstacles can be distinguished*

One other soft obstacle might be considered - a motod of earth or

mud. This has been discarded as an obstacle for the initial study because

it is felt that if the vehicle is traveling over hard ground the mound

will be hard and constitute part of the undulating terrain. It is also

supposed that a mound of loose earth, which would be a soft (or perhaps

more properly, a semi-soft) obstacle does not naturally occur very often.

CONSISTECYC~ 14ASUR1D4ENTS

We now turn to the ways in which the chosen obstacles differ. It

will be noted that the listed obstacles fall into three fairly definite

classes: 1, 3, and 5 are hard, homogeneous, rocky, brown or grey to the

eye. Obstacles 2 and 4 are soft; they consist of vegetation, change with

the se-caon, have leaves and branches (much small detail), and are green

to the eye, or orangc--brown. The remaining obstacles are ditches or

simple depressions in the terrain which may be filled with watera

The differences between the listed hard and soft objects suggest that

t',o ways may be investigated for discriminating between them optically.

Oioc of these is by texture, roughness, or the degree of detail in the

(1 object. Trhe second is by the difference in spectral reflectivity which is

rzv.-cvaled by the differences in color between earth and vegetation. 11



( SPATIAL DETAIL ANALYSIS

In considering the use of detail as a means of discrininatiom it

is necessary at the present time to discuss the subject without

experimental supporting data. A simple experiment which wil yield

information on the utility of detail for discrimination is described later

in this section.

Vegetation has many small variations in shape and color, and so the

energy received from vegetation varies widely from point to point. Thus

the image of vegetation is generally full of high-contrast detail.

Clay and other bare ground surfaces are relatively uniform in color

and the amount of fine detail tends to be leass Grassy surfaces have the

general character of vegetation, although the detail is very fine-grained.

Rocks vary; soe such as limestone are rather uniform, while others

(e.g., gr.nite) may have very fine detail. In general, rocks appear to be

L•ore uniform than trees and bushes when viewed at medium resolution.

Hedges have the general character of vegetation, but brick and stone

"wlls •may also be expected to contain much detail.

It appearc from the.e considerations that the amount of roughness in

an object majy be useful in identification, but will probably provide only

pa;dial consistency determination. Measurements are necessary for further

caiclT±ions, and no source for this data is known.

(



SSPWtAL BD•LITANCK ANALTSIS

Spectral analysis of consistency depends on th accuracy with whck

terrain types - rock, mud, grassland, eta. - "a be identified by

examination of their spectral reflectance in the visible and infrared

regions. The spectral reflectance, r ' , of an object is ideally the

fraction of monochromatic incident energy of wavelength A that is

reflected by the object; in practice, of course, A refers ta a finite

narrow band. To be practical, a consistency sensor will necessarily

divide the total spectrum into a few bands of finite width, both to reduoe

equipment complexity and to insure that a vorkable energy level is

obtained with a sensor aperture of reasonable size.

As a starting point, it has been assumed that three spectral regions

will be used, and that only the relative values of average spectral

reflectance in these three regions are determined. This approach

circumvents the problem of making an absolute determination of spectral

reflectance and thus, if successful, can lead to siApler equipment. The

questions of necessary aperture sizes, required dynamic range, etc., have

also been deferred so that attention can be concentrated on the basic

proble.m: can terrain types, and thus consistency, be determined by

rolative pectral. reflectance measurements in three spectral regions?

S~'ctral Rof leStance Data

The most complete collectiou of spectral reflectance data available

for this initial study is that of Krinov,1 as given in the Air Force

ilaadbcok of Geophysics. 2 rrinov's data provides values of spectral

1. Krinov, E. L., "Spektral'naia otrazhatel'naLa sposobaost' priaorodnykh
oýrazova•ii," (Spcctral Reflectance Properties of Natural Formations),
LAsboratoriia Aero•eatodov, Akad.Nauk SSSR, Moscow, 1947.
2. Handbook of Geophysics, Revised Editon, he Macmillan Co. ,New fork1l9bl.
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reflectance for eleven types of natural terrain# given ia 0.01 micron

intervals over the spectral range from 0.400 to 0 S4 micron. The data

fall into eleven types as follows:

Class A, Water Surfaces

Class B, Bare Areas and Soil

Curve la - Fresh fallen snou

Curve lb - Sam covered with a thin film of ice

Curve 2 - Characteristic of limestone, clay and similar

bright objects

Curve S - Characteristic of sands, bare areas in the desert,

and some mountain outcrops

Curve Tb - Typical of podzol, clay loam end other soils, paved

roads, and some buildings

Curve 8c - Characteristic of black earth, sand loam, and earth roads

Class C, Vegetatioa

Curve la - Characteristic of coniferous forests in winter

Curve lb - Typical example are coniferous forests in sumwer, dry

meadows, and grass in general, excluding lush grass

Curve Ic - Typical examples are decid-aous forests in sumner and

all lush grass

Curve Id -T yýpical exmnples are forests in the autumn and ripe

field crops

The spectral reflectance data for these terrain features are shown

plkLted in figure 28. Although these do not represent all the varieties of

tLrrain that Light be of interest (including such important ones a marshland

and r-ud), they do provide a good representative ample for Judging whether

spectral measurements will permit consistency determination.
us
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Spectral Caleglat;£oas

Examination of figure 28, and particularly of the "Class 0" data,

leads to an initial selection of the three spectral regions of greatest

promise as 0.40 - 0.52 / , 0.52 - O.bbýý , and 0.66 - 0.84",

The intermediate values of 0oS.2 and o6 5/A are the approniate

positions of natural break points in many of the curves, leading to a

good probability that the three regions considered vill be well suited

for spectral discrimination.

For the purposes of the calculations, it has been assumed that these

three regions can be separated by ideal bandpass filters with 100%

transmission in the pass band, and no transmission elsewhere, and that

the detector has uniform response over the complete spectral region.

These conditions cannot be attained in practice, but they do represent

factors over which the equipment designer has same control. The calculations

have been carried out for two types of illumination: sea-level sunlight

with the sun 30 degrees above the horizon, and artificial light with a

tungsten-filament source operating at 30000 K. These are taken to represent

day and night conditions.

To determine the relative energy in each band, the product of

spectral irradiaace and spectral reflectance for each terrain type was

ýaken fýr 0.02 micron intervals, and the resulting curves were integrated

ovcr tke socetral bands of intcrest, This data was then used to calculate

Vi fratction of total energy in each spectral band.
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( The results are shown plotted in Figure 29 for aulight and ?riure 30

for artificial illumlnation* In these triangular-cootdnate plots, A

represents the fraction of the total energy In the 0.40 - 0.52/ r"gion*

B represents the 0.52 - 0.66ý/ region; and C represents the O.6b - 0.84/

region.

The data for artificial Illutination was then "corrected" by applying

factors based on the relative energy between natural and artificial light

for the three spectral regions.

The data for naturaL sunlight and the corrected data for tungsten

are shown plotted in Figure 31. The results show excellent agreemeat,

indicating that the effects of variation in illumination over the spectral

regions can be compensated for in a straightforward way.

Discussion

The results of the calculations show that there is definite promise

in usinkg spectral analysis as a means for consistency determination.

Based on the available data, spectral measurements can give reasonably

cleaa-cut cUiscriJzinatioas between various types of terrain features. No

inforration is available on the probable variability in the data, hovever,

so these r'-s•l•ts can onlly be considored as suggestive rather than

concluszive.

In -articular, additicnal information is needed on the spectral

'fleztancc of ve'o soils, rud, marsh, and the like that form typical soft

tý-iraiins It ,tighit ba expected that the data points shown in the figures
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would move toward point A3 (water), but this an only be considered

conjectural in the absenn. of valid data. It is, in fact, not unlikely

that the measurements from which the data for curve A3 were derived wore

influenced by the mirroring of blue skylight into the measuring instrument.

The extent to which this would be a problem in an actual instrament for

terrain consistency measurement will require further investigation,

regardless of the validity of the data point for water. The effects of

wetness in general are discussed in more detail later in this section.

The data strongly suggests that reasonable discrimination between

important terrain categories would be possible with only two spectral

regions (B and C), thus simplifying the equipment and very likely reducing

the problem of reflected skylight. If the blue (A) region is used,

trouble might also be expected during operation ip regions of patchy

shade, as taere ia a audi highar proportion of blue light in the shade

than in the open sun.

Infrared Saectral Anairses

Since ultimately it may be desirable to operate the terrain sensor

system in such a way that little or no visible energy is required at

ni.lght, a brief study was made to investigate the possibility of using

only the near infrarcd regien for discrimination. The spectral range

frc.z: ,!?0 to 0.4 micron uas dividcd into two bands: 0.70 to 0.77 micron,

cad 0,77 to 0.84 micron. The average reflectivities for each band, and

the ratics of reflactivities in the two bands were then computed for the
r• •c 'e~rain types, and using the saae basic data as for the thre-color

a•lysis above.



The results of the calculations are given in the following table:

In order of decreasig ratio of reflebtivity in the 040O - 0.77 region

to that in the 0.77 - 0.84/ region, the da- show the following -equena:

A3 1.5 Water

Kal 1.06 Fresh snow

Bib 1.00 Icy snow

82 .97 LiAmestone, clay

B5 .926 Sandi bare desert, etc.

87b .777 Clay loam, pavement, etc.

"'1d .772 Antuen forests, ripe field crops

88c .748 8lack earth, sand loam, earth roads

Clb .738 Coniferous forests in sumer, dry meadows, grass

Cla .b74 Coniferous forests in winter

Olc tf4O Decidduous forests in suamer, lush grass

Glearlr, wat•er is readily distinguishable from other terrain features.

•,o.th bar- materials, such as 1imestone, clay, and snow-covered terrain form

'ho" ,-tu~'a• grouping. The distinction between vegetation and other

tcz:i••l types is not as proirinent as Vnen the visible region is used, but it

car Le seno that lu•h v"egtation gives the lowest reflectivity ratio, and it

is not unlikely thia.t very lush soft terrain, such as marshes, would be

C-aily diinr-ishedo
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Further detailed analysis must await the availability of additional

data. it is tentatively concluded that a three-color system includiag the

visible region would be more reliable in discrinination, than the two-color

infrared system, but that the infrared system need not be ruled out it

other factors (such as visual security) strongly favor its useo In the

three-color analysis in particular, a strong distinction eXists betweem

the spectral characteristics of the hard and soft obstacles previously

described, but more detailed data is required than is presently available

in the literature.

WET OBJECTS

We nay now consider the determination of the consistency of elements

of the model when they are wet as during and imnediately after a rain. The

principal effect of ths wetting to be considered will be the resulting

film of water on the surface of the objects. A second effect of wetting,

of course, is to turn dirt or clay to mud. This appears to be important

pritncipally when the vehicle is traveling on a hard surface (paving) and

it is desircd to run from the paving onto hard ground. The determination

of th. nuddinass of this barn. ground appears to be a more difficult

problom than those discussed below, since the optical reflectivity will

bo tle sare f or a thin layer of mud and for one deep enough to form a

sericus obstacle.

Turning to the eoffccts of a film of moiature on the surface of objects,

it rPy be noted first that spectral date. for wet objects comparable to

that• gi;en ab'ove for dry objects has not been discovered& However, the

folieoing c,.Pauteuts can be m.ade.
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First, visual observation shows that a film of moisture on objeats

has little affect on the observable texture of vegetation c=uared Wfth

rock and earth. Likewiset the color of objects is not grossly affected

by their being wet. Thus it appears likely that color and texture

criteria suitable for dry objects will be applicable to wet objects.

A second effect to be considered, as mentioned earlier, is that the

film of moisture tends to act as a reflector and reflects the sky,, the

sun, and nearby objects. Since the sensor responds to this reflected

light, it may give a different indication in the presence of wet objects.

(This effect will have to be taken into account when evaluating the

specific ranging process.) An estimate of the magnitude of this effect

can be obtained by considering what natural objects in the open look like

when wet. Vegetation looks rough and green. Clay, rock, and so on, look

shiny, but are perceived as brown. Thus it may be concluded that probably

the reflections from the water film do not completely change the spectral

content of terrain reflections. However, since the received energy is

probably due to a mixture of energy reflected by the object itself and

energy reflected by the surface film, the spectral reflectivity curves

may all be tilted in the direction of the water curve (Figure 28, curve A,)

Another effect that should show promise in determining texture

(ix-rticularly in case of water) is the polarization of the reflected

radl.ition. It is reasonable to assume that the degree of polarimation is

re]at% S to the wetness of the surface. Future study of this aspect could

ýC frx:fUL.

128



It may be concluded that although insufficient data has been

discovered, it appears that spectral and texture analysis can be used

against vet terrain objects.

DITCHES

The remaining obstacles which have not yet been considered are

ditches, Dry ditches are sensed in the normal manner, and should yield

no misleading signal, although the shadow problem has not been completely

solved*

Water-filled ditches, on the other hand, require more examinationg

We may consider the signals which may be expected to be returned from

such obstacles; for convenience the effect an passive systems will be

considered first, followed by active systems. Because different effects

are anticipated depending on the condition of the water in the ditch, the

discussion will include still water, rough water (ripples), and muddy

water.

in a passive ranging system the return from still water is due to

a large extent to specular return of light falling on the surface, and

hence the reflections of nearby objects or the sky are sensed. Because

of the uniformity of the sky, little energy will be available for passive

range measurement. If nearby objects are reflected, long and erroneous

rwnages will be calculated. The spectral ebaracteristics of this

reflected energy will approximate the object reflected, but will probably

bc wixcd with a class A (typical of water) spectral distribution of

energy. The long measured range will indicate a steep terrain drop which

would act as an alarmo
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Usually the surface of the water might be expected to be slightly

rough or covered with ripples. Here the range to the surface is snesed

by a passive system, and (because of the large brightness of the sky)

spectral characteristics typical of class A would be expected. Hence the

location of the surface is measured and it is deterined to be water. go

information is obtained about the depth of the water.

The water may contain various amounts of suspended dirt., Muddy

water reflects the sik; it also has the color of the suspended clay or

dirt. Hence it would be expected that the received energy would have a

spectral content somewhere between those typical of class A and class B

objects. Thus the water surface would not be mistaken for vegetation,

but it might be mistaken for a level stretch of earth; smooth moist clay,

for example, might have very similar characteristics. The exact

characteristics require measurement, since the possible degree of

discrimination cannot be determined from available data.

So far, attention has been restricted to passive systems. Active

systems may be discussed based on the three types of water surfaces

described.

In the case of still water, if the sky is reflected, no return is

received by an active system, and since no energy is available the

3Yctcm hunts. This lack of a positive return might be used to indicate

water; care must be taken that very smooth road surfaces do not give the

szio indication. If reflections of other nearby objects can be seen by

an observer from the sensor location, and the reflectivity of the surface
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is sufficiently high, the range to theme reflected objects might be

measured. As with the passive system the large resulting range indication

would suggest a steep drop and serve as an alarm.

If the surface of the water is covered with ripples, it still my

not be possible to sake a range measurement unless the sorfa&e scatter

or reflects part of the transmitted energy toward the receiver. It this

is the case, a valid range estimate can be made, and the reflectance

characteristics will agree with those described above as class A.

If a portion of the energy from the active source is reflected

specularly by the wavelets (this would ordinarily require quite steep

waves) the return would be large and have the spectral characteristics

of the source.

If the water is muddy, and looks brown, the energy reflected vill

be due to a large extent to reflection from the surfaco, but the energy

woould be colored to a considerable extent by the suspended material,

Hence the above remarks apply to this case, but the spectral character-

istics are somewhat more characteristic of earth.

Fina.ly, the pr-ocess of consistency determination when the ground

. •v,•red witi. snow %-II be considered briefly. Assume the vehicle is

t•,0.v,.ing on oe" acar the surface of the snow. The terrain appears to

b-ý.a sLvface of high unifoia reflectance with obstacles such as posts$

( b•':2 •tops, hedges, fences, and walls standing out. Any obstacle which
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(, .i Oovered with snov will yield the sme consistenoy determnatioa: such

obstacles may be considered solid with fair accuracy, sines they will

probably be rocks or frouze ground. Other obstacles differ in color

from the snow-covowred terrain, and those which are not hard wll, in

general, be "perforated'; they will have large amounts of high contast

detail - for example, the branches of a bush. This latter is the

principal distinguishing characteristic iu winter, and may provide a

useful consistency criterion.
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(MIURrAUTS MPOUW(

Although spatial and spectral analysis bold distinot prouioe in

providing terrain consistency measurements, the available published

literature is insufficient to permit either a deteiled theoretical

analysis or optim- equipmnt desin. For completenss, therefore, a

program has been evolved for deriving the required masurments in a form

specifically applicable to terrain conusatency seasing. The basic features

of this program are reported here for future refeaene Conduct of such a

program is not within the scope of the present contat.

The objectives of such a program would be as follows:

1. To make meas creents of the optically observable textures of

various terrain objects in various spectral regionso These

measurements would be made in such a way that they apply directly

to the design of a consistency measurement device for incorporation

into tbe terrain sensor.

2o ?o correlate the results of the measurements with the consistencies

of various terrain objects.

The resulting data could then be incorporated into the design of a

c,:n-iatcncy censor, by guiding the choice or design of choppers or other

sp;ti.!spzctral analysis devices, and the design of the necessary decision-

,U;:.r'n switcbiing circuitry.

(mcri:v. •"al approach that apear- most practical is measurement of
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the fractional modulaticnof energy in different electrioal freque

bands producsd by chopping the Imges of various terrain features ith

different spatial filters in various spectral regimns.

In order to do this as simply as possible and under controlled

conditions, it would be desirable to maie the first measuremnts In the

laboratory. These measurement# would be made using both photogralpic

techniques and samples of natural obJects, as follnw:

1. Color photographic transparencies of the terrain would be oade,

incorporating a variety of natural and man-=ad objects° The

consistencies of these objects would be recorded in the field at

the time the photographs were taken.

A simple projection system would be set up in the laboratory

which would allow desired seall portions of the color transparen-.

cies to be imagpd on a rotating chopper disk placed in front of

a photomutiplier. Various chopper patterns and spectral filters

would be used, and for each combination of-target type, spatial

filter (chopper), and spectral filter, the fractional modulation

of energy in various electrical frequency bands would be measuked.

(Although the spectral region which can be examined using

color trannparencies is somewhat narrower than may be used in the

uli�,r�i. •. uiill•ent, it is nevertheless wide enough to be of

z'..ixidear.ble viluo, and the rstrictions imposed by this technique,

C "•:e.ch would be m'ade up for in tho neasurements on samples and
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in the later field tests, are ccmpenuated for by the simplicity

and flexibility of the photographic technique.)

2. Samples of natural nateriils would be brought Into the laboratory.

These samples would be illuminated and imaged in the proper seawl

on the rotating chopper disk, using the am srojeotion leos and

additional folding mirrors to properly direct the line of sight.

The measuremmat would be similar to those made using photographic

transparencies.

The sample materials examined in the laboratory would be

principally such things as rocks, sand, and earth, which can be

kept for long periods of time without changing. However,

vegetation could also be examined to the extent that it can be

brought into the laboratory and kept from wilting during

measurement•s

The results of these two sets of measurements would then be

correlated with the consistencies of the terrain objects, and a

preliminairy determination would be made of the best combination

of spatial chopper patterns and spectral regions.

X• 'rcn in order to verify these preliuiinry conclusi•ns under

.ore -ealistic conditions (such as the inclusion of a larger

vý.riety of iaterials studied in the wider spectral region and

rtider various lighting conditions) the combinations adjudged beat

( during the laboratory program world be incorporated into
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siple field test eqpummt having chawcteristies (suh as

field-of-view) as required by the terrain ensor. Field

viasuremnts would then be made with this equipment wdeWr

variety of conditions and the results compared with the results

of the laboratory measurements. Any changes found desirable in

the filtering or decision techniques could then be msde and

perfommace rechecked in the field.

Laboratory Setup

A possible laboratory setup is shown in Figure 32. The necessary

optical equiment is shown mounted an an optical benchI±'whicb would give

convenience and floxibility. The projection portion of this equipent

consists of the following: a projection bulb used as a light source, a

condensing system, a slide carrier, and a projection lens. The detection

portion consists of an aperture, referred to as a field stop, behind which

is a rotating chopper driven by an electric motor, and a photomultiplier

which mwasures the interrupted energy passing through the field stop and

chopper. Not shown is a simple folding mirror system which would allow

terrain sam•iples to be imaged an the field stop and chopper.

Exccpt for the slide carrier, the projection portion of the equipment

is coorventional; its purpose is to form an enlarged image of a portion of

tie transj.arcacy or the torrain s&mple on the field stop. The slide

c:rricr i. ununswil iu that it has tvo degrees of freedom to allow any

selected pcrtion of the slide to be iL'ged on the field stop. This field

stop siruzates the field stop in an actual equipment; in both cases it
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- serves to limit the field of view of the detector. The experinual field

stop, chopper, and the doegr of enlargement produoed by imagingthe

photograpbic trsparency or terrain sap•le on the field stops ar s*lected

together to samslate the proper field of view.

The chopper disk could be made conveniently from a double disk of

plastic or glas, with a p•oee of photograpbis film placed between the

two layers to form a sandwich. This film would besr the desired chopper

pattern. This technique makes it easy to change choppers, and also easy to

fabricate new ones, since it is only required that the desired pattern be

drawn up and photographed on higbh-4cntrast film.

The photomltiplier produces an electrical output proportional to the

energy which passes throuh the field stop and is interrupted by the

chopper. A phntomltiplier with S-20 respoIse would cover the entire

visible spect•num Filters could be placed in the optical path to do two

things: first, to balance the light from the tungsten source to give a

spectral content equivalent to that of sunlight at different times of day,

and, second, to select specific spectral regimeo for investigation.

The oloczrical output of the photomultiplier is amplified as necessary

and the nature of the electrical output is examined using bandpass filters,

and ioa3ured with an a-c voltmeter.

A typical e•,-Ierisreat would proceed as follows: A photographic

(_traiparzncy or ' actual terrain sample is selected and the desired
13s



( portion is imagd cn the field stop vith the proper degre of enlrgmt.

Then a chopper disk oomposed of opaque and tramnsparent sectors whAch a

large with respect to the field stop is rotated in the light path, Ske

amplituie of the low-frequenc detector output wasiuee the aver enemg

level, to serve an a reference level. Then various choppers bxviog fLne

detail are substituted and the modulation produced in various spectral

regions with different chopprs is analysed, Data from a series of sIudlar

exporiments is used to determine the best chopper configurations and

spectral regions for consistency determination. This process is discussed

in more detail below.

Field Test Emiruaent

A field test equipsent that could be designed on the basis of the

laboratory experimental findings is shown in schematic form in Figure 33.

In this equipment the terrain is imaged by the optical system an a fixed

field stop. A 1-inah-diameter objective lens would be adequate for the

purpose. The choppers used would be interchangeable, but because the less

effective ones would have been weeded out during the laboratory experiments.,

only a few would be needed. These choppers combine the spectral and

spatial filters and so resemble as closely as possible the consistency

ricasuring device that would be used in an actual terrain sensor. The

d!accct,- ontp~it •md rotational reference signals as necessary are recorded

a.d =.asurec as before, The equipment is mounted on a tripod, and an optical

sight is uacd to aim the equipment at desired portions of the terrain. The

da >a gat~hed duri•g this pbase would verify the conclusions reached

during the laboratory program, and would allow final equipment design

pa•'•aters to be established. 139
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( ~Dois-~of lexis Cizuita

Nov the question of the design of the logLc circuits for terrain

identification and consistency detsuinatioa win be oesidowed, In a %mt•

calling this part of the equipment ,logio circuits" is somewhat misleading

since the required functions are performd by simple diode networks rather

than complicated computer circuits. The desip of this part of the

consistency sensor would proceed as followe:

It is assed that as a result of the measusmunt progra, the electrical

detector outputs obtained when different types of terrain are imaged on a

jxirticular chopping disk can be predicted* In the simiplest case the

detector output may then be thought of as indicating "rough," nsmooth,'

or "medium" texture, and the spectral filt-crs may indicate "blue," "red,"

or "medium" color.

Now. a table mny be drawn up. rach type of terrain or obstacle is

listed, and put into one of ueveral consistency categories. Then the

te•t•r and spectral characteristics of each terrain type are listed.

E-ýaninat-ion of the correspondences between texture-spectral categories

ari conaistency categories indicates the necessary logic processes. For

eO:ple it may be found that "'medium" color and "smooth" texture always

corresrond to objects of "hard" consistency. In this case. whenever the

co;-si.stvacy sensor dete•uines that the field of view is "smiooth" in texture

x.id "r1ioil" in color it indicates "hard" consistency. In this way various

c- )i•n ;i c.U of spctral filtering and texture analysis (using different

c.,-yp:-r ":o•ticles) arc eixmiined witil the best patterns and filter choices

. ;,•id.,t conaistency deteriwiation are discovered. 141



On the basis of te Ulnited data avaiLable It cnnot be aseted that

this optical technique for consistency determination vwil be infallible.

However, it does appear reasomable to estimate that aO% to 90% of the

terrain obetacles encomtered viii be correctly identified. The ipMwved

vehicle performance which wvin result from this degree of terrain

identification is won worth the sumal aitiona terrain sensor coiaxity

involved.

Both texture and spectral analysis can be carlied out during night

operations. Night operation of the terrain sensor involves illuminating

the terrain ah&ad of the vehicle with a light in the vehicle. For security

this may be a very narrow beam, or perhaps an infrared source. During the

courso of the present study both the use of a ttngsten and an infrared

source have been examined for spectral analysis and found to bo

satisfactoryo Since the detail seen in an object is affected only to a

s1all ertent by the spectral characteristics of the incident radiation,

tenture analysis can also be used under artificial illumination.
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( Fi2 zLMISM DESIGN

on the basis of the results presented in the preceding setionas

it is possible to pro•oed with a prel nar desipa for A te*rrainrei.s : "

This involves at the start the followlng steps: the choice of a ranging

technique, the choice of a computation method, the choice of a

onsistency measurement technque, prelminM optical design and

preliminary system deLti, these are discussed In variouw m•agas

of this section.

CHOICE OF RANGING TECHNIQUE

While the final choice of a ranging technique for the terrain sensor

is based on the facts and calculations available an the different methods,

tho actual choice remins soumniat subjective, since the weights given

to the various factors depend on judgement and intuition. Also, not all

of the possible techniques have been analyzed completely, so the

discussion must be based on data which is to some extent incemplete.

With t•is in mind, it appears that the best choice is passive

ran ,tng by image-plane location, described previously. The reasons

for this choice aro as follows:

1. Tho tysto. moets tne basic requiremats on range and accuracy.

2 ¶-hae iysicn is rsaiv uder usual operating conditions, leading

to simplicity and security.

3ý Only one station is reqvired for Oach track (two per vehicle)

ra-U!.hr tban two per track (four per vehicle) as required by
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active system and those based cm tdanpglation. Ws leads

to simplicity of installation and aligpmnt.

4. If a source of illumination an the vehicle Is required for

night opeoation, considerable freedom of choice is allowed;

the source my be either a very narrov beea boresiftted idth

the sensor, w•itch leads to pod seum-ity, or may cover a broad

area as do conventiomal headlamps.

S. This ranging method is based an vefl'4wwn optical principles

and does not require the development of a technique,

6. Certain of the pararmters have alreIay been investigated

experimentally to verify calculations* (See Appendix C.)

7, The eqiipment configmation is relatively simple - apparantly

as simple as the equipment for any other method. This leads

to low, cost and high reliability.

For these reeans we have racomrided the use of optical rangefinding

by.1 "ag p..nO dotoc-inition, and haVe chosen this method as a basis for

P prz' rd'•ary- equipraent dosign.

"T ... .. OF CGo1-JITION I tTH{OD

T'he no:. step i• the prelii'-xary design of the trrain sensor is

thL cho;ce oZ the computaticn process from among the three techniquaes

sc-z.2d' T,4n e provi.ous section. The first and second consist, in
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simplest tamp of looking out at the terrain vith a fixed depreesion

angle*, and waauring the range to the terrain. Vales of the Vamaia

elevation are coqmted from this mes wed range, Data proessivn

continues by reading these values into a buffer stoege uit as they

are omputed., and reading them out at a variable rate so that the

values of terrain eo3nmtian at the output correspond to the terri

a fixed distance ahead of the vehicle, or a finmd t ahead, by

taking velocity into accomnt.

The third computation process requires varying the depression

angle in such a wy that the horizontal distance to the point measured

is always constant. It this is done, values of y compjutd from the

measured depression angle represent imnediately the terrain elevation

a fLd distance ahead of the vehicle, without the need for an

ainziliary buffer storago.

In either case an intugrting accelerometer is mounted in the sensor;

"-• Tho variation in this depression angle as the vehicle tilts is actually
tkera into account -n the cOputi0On process.
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the output of this is subtracted from the measured values of terrain

elevation so that the final terrain elevation output is given relative

to a fixed reference level and does not depend on the mmentary position

of the vehicle.

As far as they bave been studied, any of these amputation methods is

feasible, and therefore the choice is to some extent arbitrary, as in the

choice of a ranging technique. We have chosen the third method, in which

the sensor is caused to look a fixed distance ahead of the vehicle., on the

basis of the following considerations:

1. Buffer storage or extensive computation is not required. This

siiga.ficantly simplifies the aquipment0

2. The selected method of ranging requires some physical. motion of

optical elements in order to locate the image plane at different

ranges, This .-motio. can Ne replaced by the change in the

dopregsio. angle if a fixed range is used, as in the selected

c•3sypuV•tior. nothod,. Thu:-, the need for one other majo" rmotion is

3,Thh.o ;n:'rthod olLainaces the need for measuring ranges greater than

tie roiuim0. horizontsLl disitance, thus contributing to range

*2cc-u-xcy uidch falls as the sqnare of range),

4 'hc'•. ,;,nscr operatcs at a nearly constant range, the

d•iat on ,cZ consistency by texture analysis may be simplified.
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PMELIMNAP OPTIOAL MI(R

As has been seen, the system to be investipted during the pn•lad y

dosip stage consists of an optical rangefinder funcotioing by Imp p2ans

location, which keeps itself aimed at the trrain a fixed distane ahead

of the vehicle. A ummber of optical configurations hav* been considered

for this sensor; one which seem suitable for analysis Is described In

this section.

The optical layout for this system is shown in Figure 34. Thts figure

is drawn to approtLmately half scale, Radiation enters the system from

the right and strikes the lare flat pierced adrror. This mirror is an

ellipse, about 3 inches by 4-1/2 inches, and can be rocked about an axis

perpendicular to the plane of the drawing to chang the depressio ang&e.

Energy is reflected via a fixed folding mirror to the 3-in, parabolic primury

mirror of 12-inch focal length which is fixed with respect to the sensor

frame. The converging cone is again folded and then passes through the

elliptical holt in the large flat rocking mirror. is folded by a fixed

mirror, and an image is formed near the fixed field stop and dual-thickness

rotating chopper. The interrupted energy then falls on a multiplier

photatube, geerating an a-.c vaveform Details such as the required light

&atffles have heen om•ttod from this sketch.

Th. ch•opepr is shown (not to scale) in Figure 35. A reticle on the

-'a1 cur.Z'cc int-iTopts the incident radiation to generate the a-c output.

z a i-•ain' 1j ':en t'li field object is focused on the pattern.
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( Because of the duai-thiciees. chopper, the op Xcal path Is l•nor for m,

half a revolutimo than it is for the other half. Thus the focal poaitian

shifts back and forth with respect to th retiole, This results Iu

amplitude modulatio of the a-c wvefom out of the utitiplier phototube,

Phase detection of this wveform permits the determination of whether the

object field is too far away or too near; this infomation is used to re*

the large flat mirror In such a way as to reduce the amplitude modulation

of the a-c waveform to sero.

One other optical element, the optical path length adjuster, is shown

in the figure. This consists of a pair of glass wedges, owe sliding and

one fixed. As the movable wedge slides, the pair ban the asme effect on

r-adiation passing through them as would a plate of glass having a varying

thickness. Thus, sl&idug one of the wedges changes the optical path length

by an amount proportional to the motion.

This optical element serves two purposes. It adjusts the optical

syste.m fzr" pitch of the vehicle, making stabilization of the entire optical

imit =,enca2sary, and it improves the accuracy of the values of terrain

cleoation viiich appear as the output of the system. This will be shown

-n tio discuszicon in. the next section.

CAY:rT:K"TXUAT4111014S ý1O41 VIWILMINIRY DESIGN

F":;:.' 36 i3 a sim•plified version of Figure 24. The following

•'.,. .::'iiti of th;o e•ybols are the samo as those used in the section on

( 0ta iliation antl Cbm~putatio Requirements,
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a - The height above the terrain of the tcraiii sonsor, along the

direction of gravity, The po3iticn of thu Sen-or ia aees•ed

to be above the front point of coatcact of theo výhiclc tr'ack

or wheels and the terrain.

b - The difference bztween the actual turrain elevation,' and the

elevation Pa measured by the aecelerometer a-d attendant

circuitry. The value of b is a slowly vallying functioa cS time,

but may become large for large changes in terrain elevation.

0C - The depression angle of the optical sensor. It is ireasured in

the vertical plane, and is the angle between the horizont-a-.

and the direction through w;hich the sensor is pointing-

x " The coordinate of the terra.5r. along the horizontal, measured

from the present position of the vehicle, positive in the

direction of motion of the vehicle.

y The measured vertical coordinate of the terrain, positive

upward.

R - The range to the terrain ahead of the vehicle measured along the

direction that the optical sensor is pointing.

X 0 ''he fixed horizontal distance ahead of the vehicle a which

V;ezTain measurements are to be made.

We will define a quantity A(t):

A(t) - a(t) + b(t)

SAbove som absolute reference level.
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A(t) thus repr:esenta the terrain height as obtai• d fros the intogralod

accelefiomter output. It accurat]ey represents aort-term fluctuatims

in the terrain.

It can be seen from Figr ,6 that

y(t) - a(t) + b(t) - R(t) sin or, (t)

- A(t) - R(t) sin CC (t).

This ranging process consists in adjusting tde rocking wirror until

Xc- R(t) coo d2 (t).

10kien thin bulds, wo have

y(t) -A(t) - Xc ta O. (t)o

!No'v the effects of vehicle pitch on X will be considoredo The

allc.cvamble stabi.izati,4n errors in cant (motion about an axis paral•el to

the miotion of the vehicle) and pitch (motion about an axis perpendicular

"Lo tbe c•%.'•o-is a-,d prallel to the ground) wore discussed in a previous

suction., Tho o..J.able ms enror in pitch (or the eqtivalent error in

terr,%i. 6:2r o dTsion wagle) was found to be 0.11 degruee The allowable

,•,:'ro:' i• c•'a~t £,:as i~.d t; d i oa "il% criterion used but was at least

_ .- 5.. , the o pitch error, and under certain conditions

13.



Becauze the effects of pitch on the terrain soer accuracy ane so

nuch p-eater than toe of exath they have been taken into acceuvt it the

prlimina• y desiga stage. Thie iAs done as follow: In Figure 37, let 0 be

the pitch anglo between a nominally vertical reference axis in the vehicK*

and true vertical, and let 9 be the easured ange of the roeddi mirwe

with respect to this axis. Then it can be seen from the figre that

O(C- 26 +glf

and that therefore (using the cotangent to eli.,-a-e

7(t) - A(t) + X* cot (2 0 + o

This is the final computation eqantion,

This dots not comiplete the analysis, however. In order to insure that

th.i dcpro2sicn an-!c arrived at as a result of rocking the flat mirror

actua3.Ly represeatz the deprcssion angle to a point on the terrain a fixed

4Jirtauca 4' C Mead of the vehicle, the equmtion

- 1(t) Cos OC Wt

m a3,,,.a'- 'ze aatizfi*.d T;aia requI.res that the range measured by the

".......v rm su<t bh a if uhtion of s;,Co

:m z :)IO optical axds of the primary optical system.



( It will be seen that what is required is that U the an&re of the

mirror, 0 , and the vehicle pi•ch, j, vary, the point in the focal

systen where best focus is found ust be varied.

letting 6 be the location of beat focum, measured from the back

focal point of the optical ytstem, &ad measuring R from the front focal

position of the optical s$Ytes, if the focal length of the eytN is f we

have the requiremnt that

2. 10

In the optical s•ystem described above, the optical path length is

varied to accomplish this, by sliding one of the glass wdges with respect

to the other oneo This method nakes it unuecesaary to move either the

clopper asuembly or the primry mirror, and thus simplifies the maintenance

of optical Pi.giSant.

Tý-DMISY B1.T~ LOGE DI1AORM4

A ici i blockl diaramn of týho sy•ten described is presontod in

- SS. In oreter to r&,xk the di-tgrawa easier to follow., the system has

Sbi 'ok-x d'.;nr into thrca ;:.zain subsystcrtm, the blcclv* corresponding to

:)- bt:r'with ,.: ."ferieat symbol. 'Me blocks marked with a

clz'TLh ci:c ' 021stituta the )mj.n optical loop of the system. Those having

-iC' , c ,ýriso the reodout ard terrain elevation computation subsystem.

",sC rjcith a black disk pearorm tho necessary adjustrent of optical

kcaz.výti jfczvicrý above. 5
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The main loop contains ifrst the controlled rocking xirrorp whiah

directs incident radiation onto the Min optics, comuifting of the

parabolic primary and necessary folding Wirrors SAO eSArgy pASes ftr*ow

the optical path length adjuster (the prisms preriouny7 described) and

then the dual-thickness chopper. The chopped energy fal on te multiplier

phototube, which produces an electrical output. The chopper Is dzrv by

a motor which also driven a reference gneramtor, the output of which is

used in the phase sonsitive detector to determine which way to drive the

rocking mirror,

The readout and terrain eomputation subsystem can be followed through,

sti-rting with the angle sensor, This sensor has an output 2 0 , tvice the

angle of the mirrer with respect to a fixed axis in the vehicle. To this

quantity i- added • , the pitch angle, obtained from the pitch sensor.

The cotanSent of this angle is then introduced into the output sumner.

The intvgrated acceleroatar output provides the other input to the

S==r; UhC outmut is Y, the desired terrain elevation.

Th• blocks mrked vith black disks cwnstituto a small loop for

•,;•.•in thl optical path 2.ngtho The path length, w ich is a linear

i'u Ctitn of tire ,otition of the movable prism, is sonsed, and the arcsine

of tf'is q.tntizy iz cc•pared with tha sum 2 0 + 0 computed in the

[4mrI �:•/-izjsiored stbsystoin. This comparison generates an error signal

•./'zO! -`A-iiv,. the cpti.cal path l.•ngth adjuster to reduce the error to zero,
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SCONSISTENCY SENOR DESICN

In this section a preliminary desip for that portion of the termin

sensor which determinos consistency is discuused. An outline of the

principles of operation and a block diagram of the necessary processing

electronics is given* Hlowerer, as pointed out earlier, it is not possible

to describe in detail the spatial and spectral filtering and the data

processing circuits to be employed, becanes of the lack of adequate terrain

data,

Princitle of Obertion

The consistency sensor is designed to use differences in texture and

spectral content for determining the nature of terrain obstacles. It

contains an optical system smaller than the one required for tho automatic

rang•ing portion of the terroin sensor, because the energy requimrd for

simple spectral or terrain analysis is much less than that required for

accurate ranging. This optical system is boresighted with that of the

primary optics of thc automatic rangefinder; b3cause of the small size

required (a xre-inch diw.eter apor-aure slwuld be sufficient) it can be a

sie..rate system looking out through the swe tilting mirror. Thke field of

ie,.; of •h• consistetncy -ensor is identical with that of the rangefinder.

Th"' it7e (:f th terrain £orwnd by the consistency sensor is analyzed

fc: �:xm-, wuod P,,ctral content, 'Ale spectral analysis is accomplished

Sw."hcl. c=ta:inir.n, v-ious wide-,bnd spectral filters in the

--- r5.;re 39(- This zudulates the
(j -r #SoF-

Ise
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( received radiation and produces an electrical waveform at the output of

the detector; the shape of -this waveform is a function of the spectral

content of the radiation. Simple analysis of this wavefýbrm by synchronous

rectification allows the relative amounts of energy in the various spectral

regions to be determined0 The relative levels so generated can be used to

operate wi.tcJdng circuitryo This may be very simple (for example the

output may consist of any one of three signals indicating "Ild," "blue,"

or "meadium" color), or nore complex (including the relative amounts of

energy in various spectral regions) if more informtion is found to be

usefltu

Fov a similar procos is performied to determine the wz.ount of detail

in the i:iage; this corresponxs to the optically obseriablc texture or

svrfiac, r-oughness in the telrain being viewed, Figure 40 is a sketch ol' a

s. el chopper tbwh]., !ýLaring iarious transmission patterrns, which might

1_ ~.tc. i,-n tikte .ag pla.ie of the co:,,i.stzncy sensor optical sy:tMm,

:~~r~mt ~oI'm t e ie £tating :'etic-le Pass throu&A the ii1age of

~~:~:~Th ofi~' d cjvf $~ret an;}ilitude appear ait the ouitput

... , .; :.,c •..• ,itues of these wave: indicate the

-, fi.c ;t'il im the, ix.vge, jist as the sir,.]ar

.tj'•g .-u2c.tr.1 filter wher.l indicate the

~~2.~~ I Vii. : h:~t' fieold of veiw. A gair, simple

.-.v•.:',: X..o' i ' . of t:he rotrwa into l;rough," "smooth,"

:;" tco •;rý 1;gn difeCr•rtiated categoriesý

( :",- o .r oto spectral and texture analysis are

lbo
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( combined; as will be seen in the xt paragraph, the reticle fortexture

analysis may be laid dam directly on the spectral filter wheel.

ftre-lim DesMLO of COisa.CY Sesor

The consistency determination portien of the terrain sensor is

sketched in Figure 41. It coesists of an objective Less which Image

the field of vai an a field stopl as described previouly this optical

system is boresighted with the autatic raupfinder portioa of the

terrain sensor. Behind this field stop is the rotating reticle or

chopper and a photoualtipler tube. The chopper is rotated by a small

motor which also drives a cm~tator from which reference signals for

synchronous detection are derived,

A hypothetical chopper disk is shown in Figure 42. This disk

contains five sections, each embodying different corbinations of spectral

and spat•l filters. As various portions of the disk pass by the field

stop, a.-c signals of various amplitudes are generated.

The data processing system is shown in block diagram form in

Figure 43. As shown, the reference signals from the syncbronous pick-

off are used to sort ouit the particular portions of the detector output

which corresna;id to each sector of the chopper disk, so that at the

out-prt of amcli of the five synchronous detectors a signal appears which

ri'csoets the result oR chopping the image with one particular sector

t3.62



Nor b Sca'-L

(eyre 41. Coos-( extaayf~r eOIJOtOpocs apoww A~eftor.



I

c

F�e/d'CAopp'�f 14/-

A'�fgrev CS 119 Ad/

*:** Coa'ss 7ritui'e

Ckoi�D,�y

Ceerie 7�rtue CA.pprap.

C*eppt��y ..(aEetr�1
fi/te, 4

Er



Raeoeer~ce Si &,'a/j A..Snhr.as r~

D~Ir t ODET ZI 0 TU D ET T I0E1 T

OATM0O D -_I I LDEA4i0Dd DEAVOD

ARRAY COMP COMP C oP C0AW

CODED COANSISTENCY

fi 1 w~43. afvgy fDt ~oes 1 yS~Ee'



( of the disk. MTho outpnut an further demodulated to yield amplituft

information. The resulting a•plitudes are comaed in a set of

comparators in accorda•ce with the Chosen l2tc for cosistman

determ•nation. The outputs of the compaators activate a output

switching matrix wKch yields an indication of oonasiseao properly

coded for use in the sumpiision syeten.

OPTICAL GORIDUATIOIS

The general optical system for the passive rangefinder in

composed of the flat pierced mirror which directs the energy to the

primary mirror, the primary mirrmr of parabolic shape, and two co•a•nt-

thilcness eloeents. These are 1) the path-length adjuster consisting

of two wedges whao combined thickness adjusts the focal poeition,,

and 2) the dual thickness chopper. Thus the aberrations in the image

will be a function of these three elements.

1. Parabolic Reflector

The pmralic reflector is ideal for this system because of its

"perfact" imago quality on axis, where the angular blur site is

thuorotically limited only by diffraction. The effective angular
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( size of the on-axis blur spot, at the diffraction lisit is

2.44 A /D, where A is the wavelength aid D is the mirror diameter.

At a wavelength of 0.6 micron and a 3 inch diameter, the blur is 0.005

milliradians. In praotice, the diffraction limit is not realizsed and

the actual imaae size required over the whole field will be a function

of the off-axis characteristics of the paraboloid.

There are three aberrations inherent in the off- axis image of a

paraboloid. They are com, a•tigmatiim, and field curvature. The

sagittal corer patch, identified here as P C, is the width of the

triangular shape containing most of tho energy. The total height of

the coa patch is three times this value. The sagittal com blur is

(3 O 00625 60 (f/#f 2 radiians

. • ".e offan~s ,•gJA, and f!if is the foc.;'l ratio..

'. d• a•'ic+ia-.••i uiz.r blur" of the paraboloid is given by

. (f#) • radians

T'!i, fii,'Id curv'tui'c of Ais type of 3y8'stem is not strictly an

' "ioxn. aLut if 0z1a cIoj-ing motion occtrs in a plant, the result

is that ivlzn tba,u best an.-axi.s irage is caopp2d, the chopping will occur

•- • -u:•.ro ! re-.sivly ±"urthcr froyi the best image as the field

12 •n,•-'c ic . a•;C1



(1. Ass3ming that the be•st image plane .ies an a circle whose radius

is the focal length, then the off-aida chopping (at G ) will occura

distance x along the optical axis from the beat on-ails Lap whure,

to a good approxmJations,

. f(l- • )

and the angular blur due to field curvature is

p o - x(f/#) radians

Another factor affecting these aberrations is the position of tha

limiting or entrance aperture. Cow ( ( c) does not vary with stop

position,, The above relationship for the asti&%atic blur holds for

the uiiiting apcrtul•e at the reflector or primary objective. It is

zero when this aprt-are is located one focal length in front of the

....... t.or, ind 'a,'ie as the souare of this separation, Thus for the

st:,p positioned a e!!starce onr--t-lf the focal length in front of the

r:?T:or, (3a is one, .fourth the value obtained from the above

cquation.

A:m;',xz tho uitij d<1sin Darnameter:

'4 t - 12 in3hes)

C 0o0010 radian (total horizontal field equals OO2O radian;

i- total vlrtical field equls 0.005 radian.)

le



Therefore

at=n: - (0.0625)(0.010)(4)r - O.o03 ol1redi.z

Astiguwatisn: (0.5)(0.01o)2 (4)--l 0.013 wi.lirdlanu

Field x 0.006 inoh

curvature (f 0.015 Pilliradian

The contribution from coma is the bkrgest and determines the

resultant revolution aver the whole field. Since coa is not a

function of the position of the entranoe aperture, this stop position

may be put at any convenient place. The comatic blur is 8 times the

diffraction limit. At a range of 44 feet, this blur size corresponds

to a resolution of 0.02 inch in the object plane.

2, Path-Length Adjuster

The p~th-.length adjuster is composed of one slidiug and one fixed

w.edge mounted together to form a parallel plate of variable thicinesso

Ass the sliding wedge moves, the focal position for a particular range

cheiges. This serves to adjuCt for vehicle pitch, and to keep the

opticl syst=m poLnted a fixed horizontal distancre ahead of the vehicleý

Wo factors must be considered in regard to the optical effecta of

the parallel platz, These are 1) the relationship between the

combijrnton of the effects of the thickness of the plate, T, the optical

indcx of refraction, n, aad the focal position displacement, and 2)

"'he a-,iotmt of aberration introduced by the plate, The image shift, S,

cnn be stated 'o a good appro.•xmation by . .



I

n

The above shift can also be related to the change in object distance

from the relationship

where axf is equal to 5, &x is the equivalent object distance

shift, and f is the focal length. So

lax = (/ -

'M.n xwuln ciunq;o ia the object distance that may occur is on

the order of onu foot,. This value is deteridned by assninZ t.t•t

"tih optical s-sym views first the level terrain a dista•imce of 44

.ec! ahcý%, of" tho vehicle and then the terrain slopes downward an

eao.ivalp:,t o; 5 X"cet d&iri.g the ne:t 44 feet. Thus if f - 12 inches,

and 6 12 inches,

T( inch

r," 1' is the zmrimim change in thiciness requirod. If n - 15,

LT 019 inch

170



C thkae wedge angle i 10°, the movable wedge must shift a total

of 0.n1 inch to produce the above value of AT.

The other com ideration is the amount of spherical aberration

caused by the path-length adjuster. The angular blur introduced

by the spherioal aberration of a parallel plate of thickness T and

index n is*

For a focal length of 12 inches, a focal ratio, (F/#), equal to 4

and a 1.5 5, the above relationship reduceo to

(�s - .0.15 milliradians (T in inches),,

t'u a mns. of" 0.26 inch woutld give a blur size equal to the

iL.•v aonwtido blur ( of 0.039 milliradian, as coaputed above0

9f thu vbŽ.xrof ; -ae.. n blur is assimed to be equal to 0o.0

•:A]ir,•.dia (,a takau in tbe previous section) an equivalent

:...•... rat'•er c.;rSv•Cm Lx'w sion can be readily obtained from
n; oi:'y7.].e g eutric considerations using the paroxial and
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spherical aberration blu~r S would be iatroduced by a parallel

plate thickness of 0.67 inrlih The wedge may easily be kept to miauch

less than tiis value and thus spherical aberration presents no

problem.

In case greater resolution is required, it would be possible to

maiufacture the paraboloid to allow for the thickness. Since the

final poliiiing of a parabcla is performed using a method like the

"kaife-Iecdgo" test ir should be easy to perform this operation to

allow fo41 tehe aralilel plat'o

3.. Dual-Thiciess h�whupper

The sari son t.kns apply 1-o Zhe opiical effects of the dual•-

%h-:n os lihrpier as .:r" iiscussed for tue pazthi-ength adjuster,.

'Jhe chop;" avtý, is a parallci plate vith either of two ticieimcases

S' "",.wilc'l i.UrIL duw,;oe both iw~c positipon sthift artd s•tf~rical aberration,.

l, -t r''nlicnvt scv1i a Ocrivatio:x is given for the value of

uoii& ,- vs~e d ý.ro-Žos'A rysten d~esigr V~ra~ters.

" -, • ,if . , 2. x 5t~weer. the two irzge posi'tienz. as

.- ' ',,-.thic,-nzs c•. -" z fciuid to �qual 20•"/V'-
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(

Using the same systc parazeters as before where 49 the angular

diameter of the optical blur equals 10-4 radians, D, the diameter of the

optics was 3 inches, and a focal length, f, of 12 inches, results in

in order to effect this shift in focal position, the change in

tfiicImmcsx requirzd (n - 1i.5) is

T /- _- 2 ic.

-0.1 sphirr.c;3.l ri-wurratioa is a function of the actual thicknesa of

~ Th ~ ~~i VIN7I-a kept to~ rro-kid a value of 03.1 inch,

l~it~. toii~~i ~son z' h&'r bey .A~etion~ i's again not of

~t~r. 'i m~'t~i:gvhii.; s~ hift besides a dual thiknass

-:OS.' 'Dab. Ih of different indices

7-
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represents the index change necessary to produce a focal shift of

0 S. For a,, the value of index for one of the materials* equAl

to l.5, T equal to 0.1 inch, and 6 S equal to 0.0096 inah,

&n-O0.22

Combination of the various opt.cal glasses of crown and flint ny

be readily found to uviibit this value of difference in index of

refraction.

Another aberration that must be considered in the use of the

choDper and the path-length adjuster, is longitudinal chromatic

abcrrationo It is proposed to we an S-20 wavelength region which is

responsive between about 0.32 to 0o62 microns. The variation in

ir~~e!• of rzfrz,..i..n mver thin wavelength region for the optical

m.atýrial or ma-crials used in the wedges and chopper will introduce

c!"Zomatic ab i-rat=oo.

Assvie that tl•e total thi!mcess of the optical elements is 0,2

iotch, A typical low dispar3ion crowa glass exhibits a change in

; ire:z of about .035 over td.s wavelonegth region, at a nominal index

valu•3 of 1i,52ý Tho eq~tiivaloent change in focus is

AS 0,2 X 0.035 .0025 inch,,
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This is only a factor of four lose than the required -bift in

focus caused by the dual-thickness chopper. Thus aam achromatio

is required in the optical design. The wdgee and chopper duio xjW

be color-corrected by constructing then of different materials. This

is entirely feasible, The detailed calculations demonstrati•g thee

achromatic elemeate are not considered important at the present stats

of design

Conclusion

The following table asmmarizes the various optical design parameters

discuesed. In general, there are no serious optical desip problems. The

optical elnment are well within the state of the art. The parabolic

priu.iry nirror should only be of moderate coat. For production qmantities;

replI.ca irrors can be made at low cost.
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C• IItODULATION IN THE TFMPAIN SWORf

When a chopper is moved in the image space of an optical syste•m, the

resulting sodulation of the transitted radiation my be dum to sit.me of

two separate effects. One of these effects my be called detail chapping.

It results from the detail in the image: point-•o-point variations in the

intensity of the target result in fluctuations at the detector as the

chopper alternately trmnsmits energy first from one ssal] pord on of the

field of view and then another. This is the effect which is exploited in

image-plane location

The other of the effects may be called field chopping. The chopper

and field stop (which may be the detector area itself) together may cause

the energy falling on the detector to fluctuate even if the object field

is mniformly illuminated, because "when tho chopper is in certain positions

vith r-spect to the field stop more radiation is transmitted than when the

:''ltiv• .io-tioa o. eopp-r and field stop are slightly different.

It la irmpoxt:ýa to l-ieduco or eliminate field chopping in a ranging

sys',xa. becc•.use field chopping Cene'ates a large sigma! Which is independent

".', tih. r..aziv;& positions of the Jiiiage plane and chopper; this dilutes the

zr•;_ x hiýich results from data.il chopping and thus makes it more difficult

t:, d:t..,ino thc lozation of the plane of best focus

This c:-,. Lv, seen frozi a ratlier gncinal discussion. Suppose the signal

to~ Ii chapping is

177
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(t,) ,.C( " lc 2 l t) c". 27'Wc t

as before, where E can be approximated as a linear function of the

object dlsplacementb Then the minimum detectable value of E can be

translated directly into range accuracy, as wse done before. If no field

chopping occurs, this minima detectable fractional modulation mi a is

2,•, a o (,a,./
S o

where C is the input noise power per unit bandwidth, and af iL the

system bandwidth.

Now if field chopping is present, it results in adding to the above

signal another uumodulated signal of the same frequency but possibly

different phase, and the result, S3(t), is

, £ Sof'P ) co.4 2T'ptco47/ .5t ca4(21r4tc)

where the amplitude of the signal due to field chopping is Sf and OC

represents an arbitrary phase angle.

This can be written as
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of •,,a E~rc is waltivecn by'•e aproadica asdtmfa•s o~•¢

, ,.of os 2 en" pt, Hence the viitium detectable modulation,
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Thus in the presence of the d:situro g i.gna.l due to field choppnwg,

3E 1)rain depmds on OC , which represents the phase difference between

the average signal due to datnil chopping and the signal due to field

chop•ing

When OC Mo, ( CF)mi-n ri

wicr _ ( l is fte itdnimnn detectable modulation with no field chopping.

if mrn the other h.axd C fl/ z 1,

t-i -t in 1%o iC se Sf is large

SiL

IT:aif. in ti)j worst case: tho :Ydxdznm detectable modulation is increased by

tCe %atio .- ,nd hence the rmae accuracy is decreased by the same
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(/ factor. This is especially bad, since, in any cae range accuracy is least

when there is little detail in the image, mddng So small; and it is under

just such conditions that the effect of a large constant Sf will cause the

maximiu effect.

The effect would be reduced, of course, if oC could be chosen as

zero; however oC depends on the nature of the object field and so cannot

be controlled,

Another factor which mat be considered in the design of the terrain

sensor is the choice of the modulating frequencies. In order to achieve

the previously calculated range accuracy, it is necessary that no disturbance

appear in the system at the carrier modulating frequency p. Any such

disturbing signal appears at the outiputA noise in the output pass-band

of the .system, and consequently reduced systemi accuracy.

In the employmnt of the terrain sensor a built-in mechanism exists

for producing such undesirable disturbances, This macbanism is the motion

of the terrain through the field of view of the device as the vehicle moves

along. As various portions of the terrain having various degrees of

'h;iýgiiess move tluroug the field of view of the sensor, the carrier

gcnerated by detail chopping is modulatod by a wide-band a-c signal. Most

of tie !;n~erU in this signal is concentrated at low frequencies, and so it

the frO.qting frc.qnincy is' chosen to be high enough, the modulation

. ihc- . ;moition will not interfere with the ranging process,

Sc,' ". ,.�,, of t dc", i effect ruquires further study .



LIMITS On SENSOR OPEATION

INTRODUCTION

In this section the effects of atmospheric conditions an the operation

of the terrain sensor and the problems of increasing the operating range

of the sensor are described. The discussion of atmospheric effects is

separated into two parts. The first covers the effects of atmospheric

turbulence ("shimmer," "boil") on the perfomamnce of the sensor; the

second discusses the effects of climatic conditns. On the basis of the

I effort reported here, it is concluded that neither turbulence nor climatic

conditions norma.ly encountered will seriously reduce the effectiveness

of the terrain sensor. Finally, it is shown that the operating range of

the terrain sensor can be increased, but that many factors must be

considered in doing this.

EMCT Or ATMOSPHFAIC TUMBULEM&E

If t.e air between the terrain and the terrain sensor is still and

clear, it has no effect on the performance of the optical system, but

com-only the atmosphere is a turbulent medium of varying refractive index

av a ivsult of non,-uniform heating by the earth and non.-Uniform iWig by

the uind, This lack of homogeneity of the atmosphere may affect the

!rrfox.&A,•o ot optical instruments.

Threc affects on the imge formed by optical instriments may be

1istinguished. These are intensity fluctuations, generally called

zc::iU...l .on, image motion. and image blurring. These will be discussed
(L zyl;':'a rly bc).o'*i lea



7here is quite an extensive literature on thas atmosIpric Mother.

One of the best bibliogra#em ins given by mbsh.o Hwmever, mast of

this literature applies to the affects of the atoosphere an steLlr

observations and on long range terrestrial observations* and little

investigation has been directed to the effects of the turbulent

atmosphere made at the range the terrain sensor is to operate, (about

44 feet). One reason for this is that atwepheric effects increase with

the length of the optical path, and therefore, the effects generally

constitute a problem only when precision observations (as with an

astronomical telescope) are to be made over long paths through the

atwosphereo Thus it can be said at the start that the'.tenaln sensor

would be expected to be relatively unaffected by atmospheric effects,

becatse of the short path length, involved.

In discussimg atm.espheric effects, the effect of intensity fluctuations,

or scintillation, may be considered first.) Scintillation is commonly

observed in tho twiukl. of the stars at ni&hto If the energy received

from the target area fluctuated iu tbe sams way, it would produce

amplitude modulation of the detector output, and this would interfere with

thi determination of best focus, since the latter is measured by reducing

the envelope miulation to zero (at one frequ-ucy)o

: ••bu~h, )Iark 1, Optical A3trorno-cal Seim: A Reviev, Hawaii
•w Ut• of CGezphysics, University of Hawaii, Honolulu, Hawaii.
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Intensity fluctuations are generally meaured by oboorring a poitn

source of energy. Under these conditions the percentage modulation

increases linearly with range.* Under the worst oonditios measured in

the program at the University of Michigan, th extrapolated value for

modulation would be about 1% at a range of 44 feet.

On the other hand, when looking at an extended source, such Pa the

terrain, these effects are much smaller; in the case of stellar observations,

for example, the planets appear to twinkle less than the stars. Also, the

greater part of the fluctuations occur at frequencies below 100 cps. Hence

if the modulation produced by the relative shift of the chopper and optical

system is considerably above this, the effect of such intensity fluctuations

is still further reduced.

The second atmospheric effect to be considered is image motion , or

variations in the line of sight to a fixed target. The principal data

avzildable cn this subject comea from astronomical measurements. Under

coaiditions of very poor seeing it is observed that the motion of the

itmag•, of P- star is on the order of 10 seconds of arc (about 0005

r!.irs•dia.i) this particular effect is due primarily to the lower

layu-;s of the atmosphere in which the telescope is immersed, and so

possibly gl.ves a good indicatiou of the amount of image motion

i Bcl.airi, F,, R. and Ryznor, E., Scintillation and Visual Resolution Over
ie round• Institute of •.cience and Technology, The University of

ichigan. Contract DA-36-.O39 SC--78801o September 1961.
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C experienced when looking horisontally; with the reservatiom, however,

that the effect# observed through a horisontal path near the surface of

the terrain might be somewhat greater due to geater turbulmnce at the

surface.

It does not appear that image motion will be a problem in the

operation of the terrain sensor, for the following reasons. The path

length in the lower atmosphere is very short cwmpered with those for

astronomical observations; this is expected to more than compensate for

the effect of greater turbulence near the surface of the terrain, Image

motion of 0.05 milliradian is less than the optical resolution of the

system, and very nuch smaller than the field of view (which is about 5

milliradians by 20 milliradians) so motion of the image is expected to

have no observable effect.

The third effect is that of irage blur. Image blur is the

enlargement of the image of a point target and can be distinguished from

the relative motion of different parts of an image with respect to another;

th- latter doeo not affect the peormance of an image plane location

L•s aplicable information in available on the amount of image blur

So , ex pcctd than on image motioa and scintillation, because most

i ,•zas'zm=ts rnd otserratiois represent the time averaged effects of

atos-)h~zric ztarut.lenco on poLit targets, rather than the deterioration of
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C extended images when they are observed for a very short timn,

The imp blur might beta e u to be due to the independent notion of

various neighboring points of the image. Since as reported above image

notion is expected to be lose than 0.05 milliradian, blurring due to this

j effect would not apparently reduce the observable detail in the image.

Image blurring way be a low frequency phen non which is not

observed when integration times are short. Atmospheric turbulence is

not generally considered to degrade the resolution of photographs made with

relatively short exposures. The terrain sensor has a resolution of about

photographic quality and operates with chopping rates on the order of

1/1000 second or less and hence would be similarily unaffected.

Image blurring is commonly observed only with long optical paths.

To gain a qualitative feeling for its effects at short ranges, objects

were examined outdoors at ranges on the order of So feet with binoculars,

which permitted fine detail in the objects to be studied. Lines of eight

extendad over asphalt, concrete and earth. At no time was ay image

blurring observed, and in particular, detail on the order of 1/16 inch

(which corresponds to 0.1 nAiliiradians at 50 feet) such as blades of

grass, leters on boxes und so forth were clearly visible. Mherefore it

i.b felt that image blurring will not affect the performance of the terrain

In$r syitena

(i Inl staaa1T, it may be said that because of the short rane •invle



a

and te resolution requiements on the optical system, no significaut

degradation in performance is anticipated as a result of atospbMria
S~turbulence.o

W•FECT OF CLUUTIC CONDITIONS

The effectives8 or accuracy of the terrai sensor w be reducd

by various climatic conditions such a fog, hase, dust, rain, and snow.

In general these factors have about as much effect on the terrain sensor

as they do on humcan vision. That is± the terran sensor makes use of

the visible spectral region and is quite sensitive, and so it is not

unduly affected by climatic conditions; on the other hand, the sensor is

not able to see into or through such phenomena to any greater exteut than

can a hweTmf bein.11go Incidentialy, it may be assmed that the driver of

the veeficle must see the terrain in order to operate the vehicle, end so

it may be oxpocted that the speed of the vehicle will have to be reduced

anyv.fy undL-ir conditions of reduced visibility, so the requirements on the

ter'rain sensor may then be lesa severe.

Fog, haze, and dust have similar effects on optical instruments.

&.;-:h of tn e onsist of •aU particles of various sizes which scatter

sw7;* of tnee iig'.tt Thus they reducl 3omewhat the amaunt of illwiination

failin o- •hs objec. beiwa observod, and they interrupt some of the light

¢,>:;14.p :trn' the I::rppet to the observer. Such a scattering medium has no

' on *lto slharriess or resolution with which such an object is

~r':ec•.; ir .s. ývrver, rohuce the observed contrast of the object.

V!



This effect increases with rane,, and at ong rnesp objects cannot be

detected not because they have becom blurred, but because their contrast

with the backfround drops below the huran (or instw Utal) threhold.

The contrast of objects observed at range x is given by*

*C - 3

where C0 is the contrast at range x, C is the contrast in the absence

of the scattering medium, and ( * the scattering coefficient, depends

on the nature of the mediua6

For a given modim the visual rang Yn is defined as the value of x

v*iich makes C./Co - 0.02, since the contrast threshold for normal human

vision is about 2%. Hence

eT[yflýV-J 0.02,

'¶bis ýc:prossion alows tiw contrast reduction to be calculated as a

fivtic•n of range x, if the visual range V. is known.

"Handbook of Geophysics p 1414



In the calculation of the performanoe of the terrmai sensor in the

previous section, it ws shown that the noise-equivalent range incement

at 44 feet was 0.016 inch for the system described. An actual system winl

not be designed to have this accuracy, since achieving this perfonw e

would require umnecossary refinement in design. This ramp accuracy

calculatin ehaws that the inherent noise in the reqM Process winl

not normall affect the accuracy of the system. It will, however, became

a factor when the calculated range accuracy approaches the system require-

mnts of 2 inches. This, expression just calculated, permits the

deternmation of the visual range which exists when the latter condition

occurs.

Inspection of the range equation shows that the factors of interest

here can be suwrised in the proportionality

w-here A x is the range accuracy, m is the fractional modulation produced

by the choppor, am-d I is the intnaity of light falling on the object. It

ik3 clopr that ra is a linear Atzction of the contrast C0. Hence

X X
!r

( 0 _-74_
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(

where C is the contrast in the object field ia the absence of scattering,

Ox is the contrast in the presence of scattering, 6 x)O and ax are

the noise equivalent range imncremts in the absence and presence of

scattering, and I and 1a are the intensities of illumination of the object

field with and without the scattering medium; 172 - 3.912 X 44.

Suppose that /,x is to be 2 inches. If ( x)o 0.016 inch, and

Io/I - I0 (correspondfng to a 10-fold reduction in available energy due

to the presence of thL scntterlng medium), then

7n - 46.8 feet.

Thits for the assumed conditions terrain contour measureWmLnts can be made

-h.Ain tho visual range is only about 50 faeto

1i1.1s sugugnts that uoder son conditioas of bad visibility the terrain

.•;cns' •.y ~~-raiit orrvati.:n of a cross country vehicle at higher speed

tha o:hrwjs .Itd be wv-asiolie since it would sorve as an obstacle

• ;.iS ,av.icz. which co)LV.d see cs f'a.r as the vehicle driver, but would have

a rý•-hi'. &hortc.' reacti. ia., Foj sitle obste.cle ,araing, less range

:csrz.cy ,cq')A rcba'd be ti'actory; lowering the requiroment for

".-,,,c~x:•.:y :t.,, • t•V ý-£ffcciveaeso o4 such an obstacle warning

i ( ' ,uiso. so Car aV•ii=e to fog, haze, and du,;t, The analysis

190
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C of the effects of rain and snow is more difficult because the particle

site in much larger and simple attenuation relations may not apply

exactly. However, it is believed that the above calculations give a

fairly good representation of operation in rain and snow, and so it appears

that the terrain sensor will be effective under most conditioens

Other problems remin, of course. For example, the window through

whichthe terrain sensor looks must be kept fairly free of rain$ snow, dust,

or condensation, This has not been considered at this stage of the study.

Another problem which has not studied in detail is the effect of

climatic conditions ox the determination of conaistency. However, the

folloving observations may be rmde. First, because scattering media

ca,.-'e only loss of contrast, the amount of detail in an image is unaffected

by scatter, znd so texture analysis is relatively unaffected by fog, ha-ze,

-And dust. ,l.o, fog and dust consist of particles of various sizes, but

the largest articles arc wost effective in causing scattering, and the

larger rn.rticlos are typically gre-ater than l1o micron in diameter., For

1-grticles of this size, scattL-i•2g in the visible region is independent

of s-4,ctral wave lengh, Pnds. sO Spctr'al aalysis is expected to be

i•.tiveJy •.aiE~cted by fog aPu dust. Haze, on the other hand, consists

C;' '•y .;U' -•'articles ard -,attaring is a f-lrction of spectral wave

.cu~tv. (This is obse•,vd in the bltish cast haze gives to distant

,. v ) llowc.v', t�th effect of haze at ra;,ges of 40 or 50 feat is

J Mj too P4::oflncd,- and so tIris may not interfere with spectral

1!01



DAY OR NIGHT OPEATION

If a light source is not available on the vehicle, operation of the

passive terrain sensor is limited to daytime hours. However, if a light

source, which may be either an ordinary headlamp or a special narrow beam

lamp is provided for night use, the sensor will operate both day and

night. The passive sensor makes use of all the energy reflected from the

terrain in its spectral region, and so during twilight hours a mixture of

natural and artificial light may be used with no adverse effect on the

ranging process. (Such an adverse effect would be expected if the

natural light constituted an undesirable background to operation by

artificial light.)

The mixture of light at twilight may affect consistency determination

by spectral analysis, if different techniques or filters are used in

natural and artificial light, One solution would be to filter the

transniitted light to match the spectral characteristics of sunlight,

although this solution introduces several problems. It reduces the

energy availabl'd.; this effect is not too serious, since much of the

energy removed by filtering lies outside the spectral region in which

the photomultiplier responds. Filtering a light source constitutes a

problal because the filter must absorb rather large amounts of energy0

Finall1, if ordincry headlamps rather than special sources are used, this

solution is not satisfactory, because special lamps would be required.

'he an;it,2rivcts to filtering the transmitted radiation are to filter

VtL.. rzoic&-&ý zre.-'gy and adjust the amount of filtering, or to make the

resru-in; of • th covsi.stency seraor relatively independent of the nature

SI9



of the light source. The extent to which either of these can be done

camnot be deterxined without further analysis of the technique of

coneistency determination.

RANM LIMITATIONS

The terrain sensor design has been baned on the concept of

determining the contour of the toerrain with a vertical accuracy of +

2 inches, and a distance of 44 feet ahead of the vehicle, as noted in

Monthly Progress Report No. 1.

Under normal conditions, the sensor is capable of measuring the

range to the terrain a greater distance ahead of the vehicle. If the

actual field of view of the sensor is held constant, range accuracy is

proportional to x3, and the percent accuracy is proportional to . Thus

the system previoucly considered has a theoretical 2--inch range accuracy

at a range of (2/0.016)113 (44) - 220 feet, and the original 2lrcentaa&

ri.nge accauacy (0.38%) at 490 feet. If these range accuracies are not

r-tq•_cd, as for obstacle warning, or if the sensor is made larger, these

nznncs ý:ar b,, extended even iurther.

.•e,•vcr, in extending c: rango of the terrain sensor certain

I. .i. or$lar to .• ka usce of an accurate deteridnation of contour, it

i3 l•cessary to knzou at uhat instant the vehicle will reach a

ctain point oa the ýmrra.in, This requires very accurate

( velocity inforJtion: for example, to use information about
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( the location of am obstacle to an accuracy of 2 inches at 44

feet, the average velocity over the distance out be known to

0038 percent. This accuracy reqdreuwnt increases as the range

to the obstacle increases°

2. If information ia Icollected about the terrain a longer distance

in front of the vehicle, the vehicle trvels a greater distance

after maneuvers before complete information is agpin available.

Hence greater ranges increase information drop-out due to

maneuvers.

3. Measuring the terrain contour accurately at greater ranges

requires equipment of greater precision; it is thus more costly

and perhaps less relaible.

4,- Measuring the terrain contour at greater rages with a device

restricted to an optical line.-of.-,sight increases the "shadow

Azoelem" the fact th;it portions of this terrain such as

i-., ~ions ar., conceaiad by ohstf.clas in front of them

-.•st-.ain.; that tho tc.vaien of the sensor above the terrain is

-- df cr.rt-ivt: itcreas;i~u the &coizuj range ,:1a-zes the line of

,;isht ;t.-, id mo-• p.'aKll to thI surface,, and more and noro of

2~ e'-,,~ill be Zu-- to bu shadowed.

' t rhnz e rn tkvh t;crrain sensor requires that under

:-:•';r. con-iitions the eanVilz&mnt is operating closer to the

t: :ol,,ieial lioi• and henee climatic and simiilar environmental

e!f:cCt3 WOUd rI'odu-co grater degradation in performance.

tho other he.'nd, if only gencral information such as avarage

i-s raquirad about the terrain ahead of the vehicle a larger
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actual field of view can be used, and range acouracy requiremnts

relaxed. For emample, if only one percent ramp accuracy is adequate,

the system studied previously has a maxiws range of 14,520 feet.
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SiHUMAN FACTORSB BOGNUINM

Because of the theoretical nature of the at%*y puofml under

this contract and because of the preliminary nature of the designs

which includes only an optical layout and a functional block diagram,

human factors engineering is not applicable to this rasarch and

development work*
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C APPENDIX A

DRIVATION OF EQUATIONS

FOR ACTIVE C0- RAMR

Details Z the active c-v ranging system described in the body of

this report are revealed In the f*ollowig equationse

A-i Synchronou Detection

Suppose the input to the synchronous detector is s

I - D sin (D-t -. oX) Ksin (. J+ C7 ) t,

where D is the amplitude of the signal., and N represents a spurious

sig•al (noise) at a slightly different frequency. If this is

muItipLied by the signal reference sin ( -a t -3 ) where ( is

a controllable phase shift, the output is:

D6CO -- [o(OC-() -- C0.5(.24t-oc-9 )j

After lou-pass filtering, the output is:

2' [ ± os(oc-A9)

C 19?



then from the first and last expressions above it can be seen that for

the 3pecial cawie described above,

and that if the noise is a random signal,

Q(X-P) Z CO' OC -~

if CQ and Z are measured in the same bandwidtho (The extra factor

of /13"f appears because noiso on both sides of the carrier frequency

appears in the output, )

Since a si,.7J. to-noise ratio change of i results from a signal

change equal. to uoise, the noise equivalent change in Oc 6 o is

given ty

Or

-.C., A. (K k3 ~&n. a at a 0 at this

t-c N( output level is zero. This is

- ,'r;~i~i� .sys••: in the followi•gi way: let the

, . $ g;ai b•'; ss (.0n. t)d ";.'e ieceived signal from a

". .',! , ., . . TT can be seen t1at

( ~' , ~ c Ui jl ~ocity of light. The received signal
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Cis multiplied by sin A.t t-( )and(1is inaorsaedfrom 77/2

uttil the masured DC output is zero. This value of P alials x

and therefore R to be determined. For an umbiguous indicitiom,

0 < < r , became sere output can also be obtained for *- P +

HenceP,, - Z.•- * Also R so 'R wre

. R is the noise equivalent range change.

Thereforep

This is the basic equation for calculating performance,

A-2 Kvxmum Possible Chopping Frequency

Since K., - C/•Z , where c is the velocity of light and 2 is the radian

choppin frequency, the maxiw=x frequency (cycles/second)is

f = a-

A-,3 Ewer&y Returned From Target Area

Here aud generally throughout these calculations. all measurements of

;.ver are n.do in the spectral region in which the multiplier phototube responds

(abait 0.35 to 0.55 microns for an S-il response), These limits are

'•iete and in practice vary from tube to tube. If W watts/cW2 - ster

r.%e radiat.d, WA46t) watts strike the target within the field of view of

the rncoiv-ro. Then ebJ/,LA //,T" w-tts/steradian are reflected (asmSing

that t0.ai target is normal to the line of sight and radiates according to

tlo. cozine law), and so

( Ft



APPENDIX 9

Wl MWVIPIM PHOOThMS

INTRODUCTION

The most sensitive detector that is available for use in masuring

radiation in or near the visible region is the maltiplier phototubeo Its

high sensitivity and fast response t•m maiM it ideal for the measurement of

reflected sunlight in a passive raqng determination. For an active system

using a lamp with a color temperature at about 300(PKO the -ltipaie phototube

is an ideal detector, This discussion of the multiplier phototube for use in

the range measuring device does not preclude the use of other detectors such

as the silicon photovoltaic detector, which is sensitive out to about 1.0

micron, or the lead sulfide detector, sensitive out to about 2.5 microns. The

elmuninatior, of the measurement of consistency by spectral analysis discusses

the use of the spectral region from about 0.4 to 0.8 microns, A multiplier

phototube with S-20 spectral response is especially suitable for such a

wide region.

MULTIPIER PHOTOTUIB SMITIVITY

The ordinary method of defining sensitivity of a iLdiation detector is

the tue of the spectra1 noise equivalent power. The noise equivalent power, P.

i0s the •er in watts required on th2 detector to produce a signal equivalent

.to t:he noise produced at the output of the detector. Since the signal from

tbm z.t.tipli ..•cI' •ctotubc is also a function of the wavelength of the Incident

, , .. .actlss the value of P should be specified at each wavelength.

ActJ.•3. P I.s o .ually detcrinid at the peak wavelength response of the

( zticr,1c-. "Oetsoer; thiu value in watts is assimed to apply over the
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equivalent spectral bandwidth of the detector. For example, a ier vidth

between 0.35 and 0.55 micron for the S-l multiplier phototube is accepted°

?wo difficulties arise in the specification of the value of P

(or PA ) for a particular multiplier phototube. One is that the noise

level at the output of the multiplier phototube is not constant, and is a

function of the illiumination striking the detector. Also, the multiplier

phototube has an inherent "dark" noise; this contribution to the noise

is negligible at high levels of illumination. The other difficulty is

that most multiplier phototubes are specified in terms of their response

to energy expressed in lumens. The energy specified in lumens refers only

to t•at energy present in the visible region. (The visible portion of the

spectrum is usually defined specifically in terms of the "Standard

Objerver" response, wAich peaks at 0.556 micron and extends from about 0.40

to 0.70 muicrons.) For a multiplier pbototube whose spectral response

differn from that of the Standard Observer and whose response to a certain

number of lamwns is gi-vn, it is also necessary to specify the color

temperature of thý radiation source used in defining this response.

Z3..uctrations in 'the output current of the multiplier phototube occur

because tlho ottpmt current is due to the independent random ejection of

lccýtronr from the cathocdeo, These events result from the input signal and

2':'o•;i spe•'nt•.eou. ,i rassion which exists even with no incident signal

(•varl current), If the tot:d avara.e incident energy is E, the resulting

v.,. d curTrnt 3.s i +- SE., •i•'re 3 is the multiplter phototube

( ~(at:Trzr) ani u ig tht multiplier phototube responsitiwity
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(amp/watt) 0  The above zprnsion, divided by the multiplier phototube gaimp

G, is the Scthe current in coulombs per seco Dividing by tbo absrse an

the electron, e, in coulombs yields the number of events oceuring R f

at the cathode, which ts

I+ S
so

The rui variation in this number is

[ ,E I1/2

60

assiming that these events are randomly produced and independento

If the fluctuations are measured in a one-cycle bandwidth, the number

of •,•tts -I.ncident on the cathode required to produce the above equivalent

variation is

1/2

L 5
(B-i)

-1/2
T!. ,Itrvtity 7/ is the buadwidtb in see required for a measurement

0o,,•. p+'i~Wi of ont-:.,alf-cycle o.. the minimum measurement necessary to
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detetmine the electrical waveform. G/S in the reciprocal of the

responeitivity or the number of watts necessary at the cathode to preduce

one ampere at the anode.

The quantity 9, the total average incident energy, depends upon what

is being measured and the envirommnt. In an active system, 2 is equal to

0.625 Et + Eb. Here, Et is the target energy, and the factor of 0.625

results because Et is modulated. lb in the pwer collected from the ambient

wmaodulated e3ergy incident on the target, and may be appreciable in an

active system during certain daytime conditions of illumination, but is

nogligible at night. In a passive system, E is equal to Eb,

This relationship is expressed in the above form since the quantities

i, G, and S, (or SfG) are most usually given in specifications for multiplier

phototubeso

Multiplier phototubes differ in their spectral response, and in their

valuf4s of sensitivity and dark current. Two types are considered here for

the pur:pose of calculation. These are the types using a photocathode

:ate'rial. of cosimi- antimony, which is usually designated as type S-1f, and

w-ich cqw-rs the spcctral region from 0.35 to 0.55 microns; the other y

is -he S-2o0, v;itbh a tri-allkali cathode such as SbK-.Na-Cs, and includes the

t•r.ectt.! reoion from about 0.32 to 0.62 microns; the response extends at a.

1ýi!-:r vel to• 0.8 inicrons. Either type would be almost ideal for measuring

,•:•crf :c. cnergy. In an active system, trith the effective target source

•. ,•bci•3.t K, cithier of those two types would be quite suitable.
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Values of i, the dark curren•,. aay a.y frcu Owl t O•3O0' :n'.c€', :c.

depending upon the appllcatioai. A valvm cquCI t'o 0"001 JL a 12 x.

here as being easily achievable for both th S-.1i and S-20 typs TI 'is

value corresponds to a cathode divmer betien onie and ino inah• (I.i

should be r==mbered that in tha final design of a systemn, tcrc i, not

complete freedom in choosing the size of the cathicd ThMo focal lo.th ai, a

field stop m-y have to be tailored somnewhat to fit the sta.ndard pL.otocathcdo

supplied by the manufacturer. This will present no problem, how..ever,)

The multiplier phototube gain, G, ia a ftnaution of tha •uod•-suppiy

voltage, and may asame values bet-Aen about 105 to 107 for Ywst -ubeso A

value of 106 may be considered typical for both the S-U and S-20 types.

The remaining quantity necessary to solve for the equivalent noise

input in watts in the sensitivity S in amperes per watt. Most manufactu-crs

quote data in term. of the quantity S/I, the photocathode sensitivity in

units of amperes per lumn. Values of S/0 for the S-20 type are approximately

twice those of the 8-11 type. A value of 70 /a per lumen is considered

typical for the S-11, and 140 ,,a per lumen for the S-20. These values

are referenced to a source with a color temperature of 28700ol

In order to find the number of effective watts in the spectral region

of either the S-l1 or 3-20, corresponding to fth measured amiber of lumns

frsm the 28M0 K source, the followi•g considerations are essential.

At the peak of the Standard Observer curve (0.556/4A ), 0.00147 watt
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oorrespond3 to one lumen. This, is the mechanical equivalent of liht*.

The total effective watts in the visible region frotm a source at a color

temperature T corresponding to one lumen is .00147 watt. The total

effective watts, from this source, in the spectral region of the multiplier

phototubo is .00147 multiplied by the ratio of the fractional energy in

the spectral region of the phototube divided by the fractional energy in

the visible or Standard Observer region, both from a blackbody at

temperature T. This relationship is expressed as

.1 f rrl IdA 'I FfwA dA
o0.v047 M -

Wý [T] dA WA E71P

who re S a, •d Ki are the relative responses of the phototube and

S tI;dArd 0C.ervor, imapectivaly, ncr•alized to unity at the peak4  W (T)

.L the olinate of the Planck blackbody fAmction at wavelength A

()orr~s:Q~u~r, ' to tt eraturo , T,.

tff'-:r44A' 1.1, valuea of

• (,.>) : .: /:[T] RA d A

20
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versus the blackbody temperature, T, in degrees Kelvin, where RA represents

tJe relative response. These curves were obtained using mmerical

integration &ad represent the multiplier phootubes with S-11 and S-20

responses, and the Standard Observer. Figure 45 shows their relative

response.

From figure44, when T is 2870IK, the conversion factor from lumns to

watts becuomes

-1
,00147 (.0400) (.0249) - .00236 watts/luaens

for the S-20; and

.00147 (.0193) (,0249Yj- 00113 mtts/lumans

for the S- 11.

Using the abovy conversion factors znd the values for i, G, and S

given bforz Zor the S-20 and S-1_, the following table results:

Type~~ S/ Gv ) C; S( / a/iA /~/) P(watts) (Eqn. 3-)

Ni IOG140
..O31 i70 062 -l8(1.6X-4+E)]

t'-- o•,a1.7 S/(3in T ,h . pjwr tratt are essentially equivalent,

Vaaove of P is taowi z both types S 20 and S-11.
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The determination of P, the noise equivalent power in watts# in the

spectral region of the detector can noa be mad. as a function of E, the

tvverage incident energy in this spectral band.

AN EXAMPIZ

The following is an exiample of the usefulness of the equations and

relationship dopicted in figure44. Consider a passive system receiving

energy from the terrain illuminated b7 the sun and scattered sunlight

from the sky. Figure 41) Is a plot of the total illumination on the

horizontal plane of the earth due to both direct sunlight and sky light

versus solar altitude.

At a solar altitude of 45 degrees, the illitination is 7300 foot

candles. This corresponde to 7300/30.482 . 7.86 lumens/an2 If ( y

represents th6 power in the reflected sunlight, and ( is the reflectivity,

the power on an S-20 detector using a collector of area, Ac, and an oprcal

system with a solid angular field of view, W) is

-#

The last t• o tenis above are used to convert the reflected power from units

of lu•ns to uffectivo watts in the S-20 spectral bandwidth. 'hese are

1. Handbook of Geophysics,ppo14-13, Revised Edition, The MacMillan 0o.

(New York, 196L
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found using ftp.re44, where T equals 5900K. The above relationship

becomes

E L - 86 W ,(0oo04j)(0o.3l6)(0.137)--1 b 8.4 X 10-3 aO)Ac watts

where the use of fT7 assumes that the reflected enerh is scattered

according to the cosine lay. Madking the following further assmptionsa

(J = 2

0) - 1.6 X 1i-5 steradia

- 200 =

E 8.4 X 10 X 0,2 X L6 X 10-5 X 200 - 5.3 X 0-6 watt

The quantity P, the noise equivalent power of the S-20 multiplier phototube,

is (from the table given earlier)

s• xzo° )] /2

S 3 0X 10"18 (1e6 x I0"1 + 3... 7 1, 10- 2 watt

E in the above equatioa must be dividcd by 2 if the energy is chopped.
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APPMDIX 0

N MAG4n LWAOCTION

IINTRODUOTZON

A gnemmal descriptioa ol the passive rangefindiag t qmp~ adopted

in the preliminary deaigm vam given In the section an Optical Ranging

)YtbodSo The disussion Inoledes a theoretical dovelopmat of the •quat•om

which relate the esoted ughnal-to-noise ratio and the uign almpUtde-

foca position curve to the noise-quivalent range lacremnt for systeme

of this type.

To verify these thooretical calcalations, experimnts Wve be

performnd in the laboratory uin-g currently available equipment. This

section provides a description of the eperimsntal procedure, and an

analysis of the 4ata obtained. The results are in good areement with

theory, giving a further dogree of confidence that tho suggested appIoach

can bt applied to an effective terrain semor for cross-country vehicles.

EXP:"TuMNThL I'ROCEDURE-IIRST SM~IES

1he baic clennnts in the experimental setup are as follows:

1, A pattened target simulAtiug the terrain to be sensed

blishe• ~at a kuo 5, fixed range.

2, An optic:.l syteam to fom an imago of the target.

3., A caop-er to modulate the radiant en••y col•ected by the

211



optical systea.

4. A detector (inltiplier pototube) to forn an electrima

o' &W frm this modulated radisant ensv.

S. Elac•ronlca to process the electrical uiuals obtained ftre

the detectors

The experimnutul pr6&r ohee ri~1gthe variali ca in

electrical output that resulted from cha•ging the focwu of the optical

system. These variations ar* calmed by th tact that the oaf.iie• c of

chopping is a function of bow we the target is imaged on the chopper,

Further details an the experinental setup are giren below.

For simplicity, a high contrast target consisting of a 3-inch-wide

black stripe on a white background was used. It was placed 18.3 feet

from tbe objective leno of the optical system, and was illuminated by an

ordimary household fluorescent lamp, The lamp was close to the target,

but oitside of the field of viow of the optical system. The experiment

v.a conducted in a darkroom laboratory, with no source of iflumiuation

othor tivin the fluoreacent 3=V.

Thz- op.tical systwm consisted of an objectivo lens, a field stop,
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and a relay lens. The objective was a good-quqaity photogralhic lens with

2 .inch aperture, 90 un focal length, and a miniawa focal ratio of f/A.8.

A circular field stop, 0,125 inch in diametor, was placed at the focus of

the objective. The relay lens, a 15-uiwwiator triplet with 1-inch focal

length, was placed 2 inches behind the field stop and 2 inch-s ahead of

the chopper., The target image and field stop were thus made oimncident

on the chop-er disk at unity mAg4ification.

Chognir

The chopper was a disk of clear plastic approximately 5 inches in

diameter, with 180 equally spaced radial spokes of constant width (1/64

inclt) The portion of the disk centered 2 inches from the axis of

rotation ws used fcr chopping; in this region, the clear spaces are

a-pprodinately 3-1/2 timea the width of the opaque spokes. The disk was

dr-ivn at 36ut) rpe, to yield a chopping frequency of 10.8 kco

De .,ctor

'h- o-tector ';ms an RCA 17pc 931-A multiplier phototube operated at

750 v T.; iw a.;:i positicned itrnxdiately behind the chopper disk to

•cc•iv •b.• o-d-tO.td i-adi•tion,.

LWec Lronics

Ti,. ou~ipuý of t'he multi.plier phototube was connected to a Spencer-

•eci•d•, L o.ratoric3 ivll Y358-A Variable Electronic Filter. This is a

cwc.. :c•"z'c' fi' ~.• aitd z.s ope.•rated as a bandpass filter with each high

•.nd Th,:~ ;x• i; ' a :. t 1.O kcps,, The cutoff characteristics of the

.... .a. rJb ,r octu- sl]pe. The equivalent square bandpass

,f :;. . , -- ' 'A•. .n .," ab-,.V A25



The output of the filter was connected to a Ballantine Laboratories,

Inc, Model 300 Electronic Voltmeter, which was used to read the output

voltag, of the system.

As the first step in the experimental procedure, the system noise

was determined, Since the experimental setup was not completely shielded

from extraneous iluminati on, it was necessary to masure the s9Ttem noise

indirectly., (The only source of illtiniation in the room was Lth lamp

used to illtuinate the target, but a portion of its output was reflected

into the irwltiplior phototube by stray paths which bypassed the primary

optics8 ) The chopper was turned off, and the rus noise van measuredo The

etrar-nce apertrxe of the objective lens was thn shielded and the noise

was measured, The rms system noise was then azswimed to be the square root

cA' the difference between the squares of these two measured noises,

Fo.l.ol.ng tho noise measurm.nt, the chopper was turned on and the

r;.s 9output signal tas recorced, :cThe objective lens was then moved along

•;Y, optic.-- '.is in l.nillimeter stcp. and the resultant rmB signal

,idt:..ges .;z;re mre-.sred., resulting in tho curmve of F.gure4? A sigral-to-

uoaise ,votio o' 35 w'.s obtained at the position of best focus.

N,.- c!-=rncztristi(s of thi curve are worth noting. One is the large

, c•..,sicion of best focusi, and the other is the shape of the

:1 - ir.,1a. no thu iziag- that is chopped becomes dog~uded.
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TH rEORCUL OALCUIAfO OF SIN

Using tM equations vm I is th setein om the anmalusi of smigift

by impg plain baleosti and Appendix 3, the uigl-t.o-solse ratio for a

system of this type us be bma to- be

The factors Involved in bis equatio are as follonvs

a - the r a s ftationwl =odulation of the field, In t•h experimntal

setup, the tota field is (1/4)( Ir )(1/8 Inc) and teo aprpvximt

area of a spoke an the chopper vithin the field is 1/64 inch X 1/8

inch. Hence th fractional area modulated is //ý42.o The estimated

values of the reflectivit-.- of the black and white portions of the

target are 0.1 and 0.9, respectively. Ue average reflectivity of

the portion of the tarpet in the field of viw is 0.5, and so the

r.moes fractional modulation in

a . I . 1 . 0.08 o0.09.
27/ 2 aiYr 0-5

Ac the a• of the collecting optics. The entrane aperture is

acttully 20 =2 (5 cm diameter); hover., the diameter of the

15 mm relhy lens is the aperture stop of the complete system.

This 15 rm lens diameter, reflected back to the entance apertvre,

corresponds to an aperture diameter of 26.6 m=, Siring a val of

A of 5,.5 cm2 o

tho solid angular field of viev as determined by the 1/8-ash

o1(



amister f1eld stop and 9-M tocai 1.mh• s

Sv x (..S X 2.54). x . 1 O3 steriaa.
4 9

-tho nWeieaa reflected from the taret) is Wmtt8/dWý.4tO in lthe

spect"al reoiea of t•e detector. I is the 121iinatied W the

target. The Value of r ye4rm f.ead to be 10 3UmuS/fi 4 -6te fo

the wIite portion of the target, as measured by a onoriAl lght

ater. It is diftioutt to deteAine the emmt Conversiedn fatWr

between luaes aM vtts is this case, since specific Oat wS not

available on the spectral adasio of the f•ureecet lamp used.

ase gmearased data available* in tes that the total effectlve

wttm from the laBm in the visible region is aPPrmtit7ly equivalent

to the amount in the region wit4in which an 8-4 Photocathode is

sensitive. Thus for the white portions of the tarrt, which Occupied

about half the totl fields, f _V is appro.iatlY

3.o 1 i00147.6 1o x lo0- vtt/ck-,,r.o
929

(T-he factor o00147 used above is the comversion fctor from Iwons

to watts for the visible region - as discussed in Appeudi B. The

factor 929 is the conversion factor from ftZ to •£•.) Hence the

average value over the field is given by

STableo -96j11 o -1 079 , tbxrian physical Table# Ninth Bdition1
~ib)s~eJby the. Sm~itbawoalAn In-4titute, 1959.



I.A-x(I + 9-)1 1.6 1 a4~ Bosg x 10"6 ,,,ts/a..sw,

B -the electrioal bamvitd (4.5 Imps).

K - Ce coeoffioient t•at spOOeifS the SeusiTii7 of t08 MUltipfles

phototob as exprsed in the re2at.midupfor few nolse *Vdulmut

pJIrm P - (RE)1/20 Aem 9 is the power am tm detno.r fro the

target. This oqtafadt asse that th dark nolse cemtrlbuticm Is

negligible. This esprmsion, as won as valmu of 1 for the 8-11

and S-20 types of photocathodee, is dLwteloped fully in Appendix 8.

For the 931-4 mltpltr phototube, at a eupply voltage of 750 voltes,

the followng manufacturer s quoted values were used:

Cathode Radim, t Sensitivity (3/0) - 30 • •m/len.

Cument Aplification (G) - 1.1 X 10P.

The following values ar also required:

7 (s-41 , 2870&) -. 0170 Derived by the mthod of Appendix S.

P,(K., , 28 o°) - .0249

3/ 0 X • 1o6/(.oo147) X (.0170) X (.0249ý' - .03D amp/watt.

/ -° = 1.7 X l-e .watt
.030



t - the average tsnumission of the chopper; in this cae it is

about

t " 2 - 0.84
2

The c•lculated r..s. sipsl-to-noise ratl.o for th em*adition of

the expertmeat is therefore

545 X W3 Xe8.,zX 2e 1/2S/- o -xW- ) ' - 99
4.5 X 103I X 3.0.7 1 1I8 X 0.84

This is a faotom of 2.8 greater than the masured value of 35.

THE SINUL AMIPIVDS CURVE

Another factor which dotemines the accuracy with which the imap

plane can be located is the rate at which the detoctor output falls off

as the chopper mm3 out of the plane of best foes. The expected shape

of this curme can be calculated from the fonrmla given previotuly, The

slkipe of the curve, Q( A ) is given by

217-

17rk 
42• )

a net Eric arc constant,
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is the optical blur

I in the spatial dwpping frequways

Sin the dip100na aon the aidep

D is the diamter of the optical sptem4e

f Is the focal lengt of the optical systeU.

For the laboatory system, 1' oam be oglotdp, and

K W SO ycles - radian"1

D - 26,3

f - 90 m.

The resulting normalized curve is shomn in Figure 48. The calculated

width at t'Ve 3 db points is about 6.3 na.

Since the experimental width is omebwhat wider than this, additional

experlments were performed to study the affect of various optical pameters

on the shape of the curve.

LXPERPI TAL PROCEDdRE- ECOID SERIES

Esscntia!!y the same experimental equipoent was used as before. The

follm.iing additional equipment was usedo

In addition to the high-contrast targat of a 3-inch-wide black

sta pc on a vi'te backgiound, a new target was used having a checkerboard

patter. This consisted of 1.5-inch-wide horizontal and vertical stripes

of blaclk tape on a white background with spacing between the stripes of

1.5 inches. This resulted in a pattern of white sqaXs.mAnd black
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squares in a ratio of 1 to 2. Essentialy, this pattern repesented a

more detailed target than the me used previowuly.

In additioe to a spoe choimer, anoter ebppW with a pattern

composed of randomly spaced black dets of appeziutsly 1/40 Imc In

diamter, was used. The average spacing betwme dots es between one and

two dot dimeters.

MasMeuj hrcedre

The rs output signal was recorded as the objective leos was moved

along the optical axis In one-ailliwter steps for various target and

chopper combinations. Also, other data ws obtained by chopping the iuap

both with and without a field stop. Thess data are plotted In the form

of curves normalised to their peak valuec.

RESULX OF SENOD SERIES OF EXPEIKM

Figuro 49 gives the results of three measurements. Cure I shows

tho shape of the signal using the new chopper with random dots aga.Lst

the lito target. Gum( e I1 represents the results using the random

chopper and checkerboard-patterned target. Curwy In represents the

rcsu.•ts using the spoke chopper and line target. Measurements for all

three cm-vas !,rare .mde using a circular field stop, 1/8 inch in diameter.

Figiire 50 shows two curves obtained with no field stop. These

experiretas vzra performnd in a dark reoo with a fluorescent Imp as the

• ay sr•-'c %C iIrminationo Here no actual field stop with sharp edges

was usacd The edges of the field of view ame determined by the falling-off
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of illumination provided b7 the fluorescent lIp aSIAu the 'a.kgrouad

The Imp was enclloed in a sWield vwdhh tended to direct the 2h1t in

one direction.

DISUSION OF ESULTS OF DM11 MSRI

The values of maunrd and calculated sigoal-to-modsi ratio are

oonsidered to comper. favorably, and Indicate *at no saipficant

considerations were neglected in The theoretical performnce calculations

on the passive ranging system. Closer agreement would have been

desirable, but is unrealistic to expect for the following reasons:

1. Tho actual sensitivity of the off-the-ehelf multiplier photo-

tube (Type 931-A) used was not determined. Median values from

the manufacturer's handbook were asumd. A different nltipler

phototube of the same type coulA easily have had sufficiently

differing characterIstics to have affected the results by a

factor of 2o

?, The measuremant of the targot radiance by an unca.ibrated

li.ht meter yielded a val.e that could be questioneds certainly,

to an accuracy of 50%.

., °The chopper used had slightly irregular line spacing* This

cwhppor ua.s hand-amde for the experiment, and extreme precision

i its fabrication was not warranted by the accuracy goals

ad]opted in the experimental design.

4. There -,ay have been other contributing factors, also, such as

iraccuracies in the assad values of the reflectivitios of the

black and white portions of the target, and imperfect optical
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In discussing the ampe of the signa ou", it Is Ocnvemenmt to

denote the vidth of each caIm by the distaoe betvwee the 3 db points

(the plases who*e do rvs ane dam .707 free their peak valms).

These "widths" are called out in Figwue 49 and 50.

Ot"ve I of Figure 49 show a vide peak••f 2.S. .=6 i ma be

compared with the width of the mu.v in Figur 47, of 8.1 w. Uis latter

curve wa obtained with the same li target and 1/8 inch field stop but

the spoke chopper vws used. In eithur case, dte fan off from the peak

is more gradual than expected, and it can be oncluded that ohopping of

the field stop, which always remin in focus as the objective lens is

moved along the optical axis, is co•tributing to the total signal.

Curvus TI ar II show much smaller widths of about 5.0 mm, slightly

marrowir than the theoretical curve, Apparently the checkerboard target

restIlted ini significantly more image chopping than did the single line

target. Thuo wible field chopping still exists, it is at a much lower

lawv:i than the :buage chopping and the chape of the curve around the peak

reprarsets a better picture of the fall off of image chopping. Note the

oa c:'rve III which sugest the lower amplitude wings on the

C~wvc-s I cawl II of Figue 50 show this effect even better. There us

n-) (,•5iiCifield stop =nd thý, turget wus the shade of a lap seen

(,J.'st a high coatmat circle of light pi'dcuced on a whte background.
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SAgafn a width of about .owas obtained*. AWlst a oh*bcdwAd

chopper pattern a width of about 3.0 = reulted. It Is diffLmut to

deterdmi how tids &Wdtioasl sahrpoess wme about. it would sees that

the use of the cheokerboswd pattern provided a bI IMP choppn

signals thus effectively lowoerin sne field choppdng which is still

present. A"ther reason for the disorpancy is the possibility that the

width of the curve, It there is negli•ible flald ehoppbus does depend to

som degree on the detail in the imp.

CONCLUSIONS

These experiments; indicate close agreement between the theoretical

sigml-to-noise ratio and output amplitude curve and values obtained in

prcticeo They also demonstrate that in the design of a passive ranger

hased on the location of best focus, field chopping should be minimized.

This can be effected successfully by various man.o A smuple approach

should be the use of a field stop that is defined by shaded edges.

Anothar cffecti,,e means is the uoe of a field stop and a spoke-type

chappor of jurt the. right sise so that tha edge of me line on the

chopper ractielc enters the field of view as another leaves, For exuzpel,

the field stop could be a portion of a sector of the circular chopper,

b'•-,ic~, •by tio arcs cancentric with the chopper circle and of smaller

rt.di-z than the chopper and by two radii of the circle spaced to enclose

Oie s.-omin•,nir of black and wbite portions of the chopper,

Jezno'C.• :Lpo-t't consideration in the reduction or elimination of

(fi;:l, ctiopping is the nature of the o•tical blur. The lens used in the
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ezperiu..ts described ywe a good q=Usty Imp ovsw a widde feLsd

apu;12a savh that the field stop we alvays In aged foam,. the we af an

optical systema with good reasolufionear Om azis amd pow meaoluw..

nea tbe edge of the field would reduce field ohboppiag iterJial1, A

parabolic mirror should be ideal for ibis applioatioi.
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