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\ ABSTRACT

\

JOptical techniques were studied for application in a terrain
sensor which measures the profile and consistency of the terrain
aﬁead 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 Q/m;u:l-; suitable for
terrain profile sensing. Optical methods of spatial and spectral
analysis of an image of the terrain were shown to have considerable

promise for consistency deternination. Preliminary designs for

equipment for terrazin profile and consistency sensing are used as

\

a basis for performance evaluation.
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OBRJECT
The object of Contract No. DA«-04-495»0RD-3569 is the conduct of a

feasibih.ty study of thﬂ teehnj.ques a.nd processes required to pravide a

: system for gat.hering and px-esenting tamin intelh.gem data, m accordancc

S

ELEP . mu:s cr. sb.nsir'r dlstuncc frm the ve‘ucle‘, L ‘e

*

5 = J.-..‘;;b:’ac{c‘;-"l):z' acn3ors by clmatlc cord.:.uonsn.
2. Uimitatiers of congors on obtaining accurate information on
olitacle zine ang shape,
(u ¢.  Tiloitatien of sensors on cdtaining accurate information on

1



consistency of obstacle or terrain.




SUMMARY

) The smdyoi‘ oﬁtical ranging techniques for the determination of

terrain proﬁle' a.nd_’ of optial techniqnes for determining terrain

asw c»,. t esa, n‘:stnctwm, the following requirements were

('I‘"E‘LK SensIr:

W00 T mhetvocles in the two tracks of the vehicle must be measured
tividually, so two semsers are required,
L3 hepizonteld

distance firom the scnsors to the points at which

tiein Liat-of sight intersects 1r o) terrain is 44 feet,



3, The vertical field of view of the sensor should be about §
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,

5. Range to the terrain should be measured to an accuracy of + 2
inches,

Verious optical ranging techniques were evaluated for this appiication,
These included ranging by iwage plene location (passive), phase comparison
(active)}, triangulation trecking {(active), triangulation using image
correlation {passive), and pulsed lssers (active). It was found that the
first two bad adequate range accuracy for this application. Ranging by
impre piane location was selected as most suitable for the following reasons:

L. This zethod has a greater inhcrent accuracy and thus is lesas

affacted by adverse conditions than other technigues investigated.

™2
o

The gystem is vassive under normal daylight operation, leading
<o shaplicity and security,

7, Uuly onc station is veauired for each track {two per wehicle) as
monvised by active systens and those based on triangulation,
This lzcde ©o simplicity of installation and alignment,

Par nipght operation o source of light cn the vehicle is required
firoony of the svstoms, The sygtem permits a considerable

oaios of chwoics, sing

[&]

tha source may be either a very narrow

4



beam boresighted with the sensor, which leads. to good security,

or may cover a oroad area as do conventi onal headlamps

a.nd does not requxre the developnent of

expemmenmlly to venfy calcuhtions. :
7 The equxpmont conﬁgumtion 1s relatively simple - apparently a.s
' s:unple as the eqm.pnent for any other method., 'ljhis “leads to low
cost. and lngh reliablhtyo - '

The- stabzhzatlon end comput:atlon necessary for terrain sensing were
°tnd1ed wlthm the framework estabhshed bv the previous requironents,

LIt was uetemned tha tne followmg sta.biliza.tzon errors were allowable:

_’_a' Tha FoleS, error in !mowledge of ’che elevatlon oi‘ the terrain

secsor above the torra.:m is 1 0 inclxn,

2. The FoltoBo error in lmowlcdgc of tha elevao on of the terrain

_'mth rcsp'*c» to a vertical remrence leve] is 1, 0 inch, (This
" ‘and the prev:.ous error my be combined to imp]y that the
. emvatwn of thn tcrra.in sonsor ahove the vcrtical reference

Level must- be kno‘:m w'lth an r;n.u.'xu error of l 4 mches )

1@ termm sensor depression angle m‘

(e8]

The Pn‘n.,i;f GZ”"O"” :LI‘

Jese zhar 0. 11 «lea”ee,,

J4, Under 'w'ors '*ondu-ona > 2 decru.a o
rroger vehicular mount me,, consi b3y greater errors can be

Lolerated,



“‘he cox:zputauon process was studied by writinz the equations which

:. “ s 'be solv»d‘ in order to determine the cemm profile a. fmed distance

~1ooks out wlth a flxe dep“ ;sio | angle end measures mge-to«-terramu e
',:_\'ﬂus technique requires a buffer stera.ge element., because measuremnts are '

ma.de .at’ varymg dista.nces ahea.d of the vehicle. The second teehnique

ccnslsts of adjustmg ‘the depression angle 0. that renge :.a alwaye

measured toa point fixed honzontal chstance ahea.d of the vehxcle,

This process aoes nm ‘requirs a buffer storage, and while it does 1~eqﬁre o
ad justing the d_epression angle, such an adjustment is required for pxteh :
stabilimtien in any cage, Hence the latter mthed was chosen as mest

© appropriate

The analysis »f the cﬂmﬁm:ation process showed that deriving an.
acenrate terrain profile x‘equlrcd an independant measure of the actual
_yertical motion of the 5ensor, .This may bo previdcd with t!.e nequz.red
- _dM:cc of acm!mr:} by an accalercremr :m«,e*g.o atﬂd as an mtegra] mr’o

‘ of the sensox.

in oxdexr te determine consistency by reflected opt1ca1 radiatmn ;"
it is neestsary to classify objects which sy be encountered a.ccording
Lo thedr coucistoney, and thien attampt ©o discover properties of the
iczted eopticnl cnergy viich correlate with the agsigned consistencies,
8 way first ctudizd qualitatively by listing a nimber of

nsiderinrg how they differed optically; it was decided
6



\

- that memy different obstacles could be distinguished on the basis of

SR color and texture. ‘Adequate data was discovered to demonstrate

comnnctngly that measurable spectral dlfferences exist between

‘dszerent‘ typea of temln., No quantxtative information on texture

‘dxi‘fereaces was dis eovered' hwever, everyday experience leads to the
'.conclusion that equa]ly pronounced texture differences exist, Therefore
:.t appears that a combination of spectral and. texture analysis can be

used as a .hasis for the design of a nse,ful- consisten;y 4ensor,

ﬁsiug the above ché;deé of rangiﬁg a§a compqtgeien rethods, a
prelimina;y sensor design was produeedoz:Theeeﬁeential parés oi the contouxr
s2nsor are: |

o rlat ell.;p..:.cal mirvor, about 3«»1/2 mches by 4 inches, which

'dﬁ rects enf.rgy onto a folding mrror am then onto the priwary
mirror, and .'whlch ¢an be rocked to adJust the depression zugle,

2. 4 alnch-dxameuer parabollc primary mirvor, .

3. A Ghonpa r‘whlch 1nterrupt: tbe 1301dent radlat'ou in such a way
as ip rrorlde an unambwguouﬂ 1nd1cae1¢n ‘of tae Jocation of the
ilw'r" dlan
S 15 p;.ot_.,‘,g.ltxpher wnlch gener..tes an electrical signal as a
‘ finetion of tbc incident Y&UIuClcﬂ;
‘zﬁﬁ..‘Eiecbtonics‘to derive ervor signals from the photomulitiplier
it

2000 vetwnicel conpontuds to rapidly adjuat the flat e]1liptical

s A
S AT S N 2 4

meduce €he crror signals ©o zero,

; Uoastrlan readont covpoanite, which convert the resulting

Aty el
ALINA

aropasitieon of tha Dlat clliptical mirror to terrainm



elevation a fixed distance ahead of the vshicle,
8. 3ensors of vertical acceleration and pitch which allow the
optical system and the cutput to be adjusted for these effects,

The terrain sensor also containg a consistoncy sensor which uses
spatial and spectra) analysis to automatically determine the nature of

obstacles; this is described in less detail,

The reguirements on the various optical elements are specified; all

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

It is observed that in the design of an automatic ranging system
bascd on image plane location, field chopping, which results in a
spurices sigaal independent of the location of the image plapme, must be
held te a minimuw, Also, the modulating frequencies must be chosen
outside the range of frequencies generated by motion of the tzrrain

througa tie field of view of the instrument.

Atpospileric conditions limit the operation of the terrain sensor.
Ammasphoric turbulence and its effzcts in producing scintillation, image
metior, ond imese blur are considered.  Because of the short ranges
funlved ard the mederate resoluticn requirements on the optical system,

03
%

o osiavificant degradation in performnnce is anticipated os a result of
;

cimalthorie twekalencs,  Atmesphoric climatic conditions, fog, haze, dust,

ot ond snow weduoe atmospherio transmission and thus degrade the



parformance of optical. instruments, Calculations made of the effects of

these conditions on the terrain seusor. iudica.te that adequate terrain

contour measurements can be mde wheﬂ the v:.sual mnge 13 only about 50 ‘

f(:ew "‘hu.s the ter-raiu seusor w:lll be effective umer most -climatic

,cond:.tions .

'rhe foss'lbility of extending the range of the terrain sensor is
considersd, If the ‘savme.actual field of view is maintained, the terrain
sensor"}ms a 2-inch ra.nge accuracy at 220 feet, However; using terrain
information obtained at.long rénges may require very accurate velocity
infomation, increases the effect of vehicle mancuvers, and accentuates
the shadow problem {the effect of high terrain points concealing lower

parts of the terrain hehind them),

Firally, independently conducted laboratory experiments on range-

finding by image nlave locotion are discussed, Thess experiments verify

Cthe ginral-to-noise cebtio calculations rade in aualyzing the ranging
cw_z;rvo. nm derenstrate the rate at whieh the delector ouuput falls
r»u o ,J 2 *}mppc:‘ movas out of the plane of hest focus. They also

» offzct of field chopping mentioned abdove,

o

5
7
ote




COR(.LU.‘:IONS AND RECOMMENDATIONS
. NA JOR mwmnqmm
. loAn effectnﬂ' contour sensor nak:mg use of automatic optical range-
‘ 'f_i'ﬁndmg and mei.ing tact:.cal and environumental requirements is
feasxble. ' '
'20 Uptzca} te'-hniques for consistency determinauon, uased ‘on spatml
| and spectral analysm of an optical’ hvage oi' the temm, are .
'oxtremely prcmxs:mgo‘ . '
3. Con‘cour'sensing; consistency sensing, and the required data h;'mdlihg

circuitry can be combined in a single, relatively small equipment,

RECWMENDATIONS
It is recormended that a measvrements program be ccnducted to acquire
data which will lead to the most effective optical technique for

consistency determination,

10
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Th{ 2 i Lhc final technical "eport under Contract No, VA~04-495-0RD-.3569

For a Feaujbility 5Ludy of Torrain Senaors end Terroin Sensing.

1Thc contfgdt §ai1s:for alsigqh§hth feasibility study of the tachniques
and brbéesses réquiréd,to ﬁ:ovidé‘a 9§stem for gathering and preseating
terrain intulligéﬁcb”data ih ncc6rddnco with the roquirements specified in
P.os;ea rch and Enmneering Purchaae Description No. 652-32, Work vnder the
contrart bapan in July, and was completed in Docember of 1362, %the work
was peviormed by pervonnel of Emerson Electric's Spectral Technelogy and
App).icd,Rosearch (STAR) Division, at Santa Rarbara, Califorunia, 'mder the
divection of Mr, M. L, Michselson of the Armj Tanlk Automotive Coumand, who

contributed much informetion and many helpful suggestions.

“The wliimata objactivé of thii p}ograﬁ is to allow militavy vehicles
4o wuintnin yroatly iucreascd spccds ora rough sevrodn, This obiootive
e e accenpl :nhod \hro gh‘thg ush.of an actlve suspeusioa gystow,  Such
‘£~'"p;uvinn ;yutom vaquires four separats components: a tarrain sengor, -
TEPrAil ﬂvapﬂnﬂinn nomnutcr, A suaporsion cometrolier, and an active
L aunprasion syntcmn Ché-prgsunt study is devoted to the torrain sanged
COMLANGNT ,
Yhe arppanach o ¢he toriain sensing problem invelwves the ust of un

pakonaiie ondisal sagelinder ancvating in the visidle spectral rogion.

crodinder contlansusly monsnees the distence frem tho wehisle o tiw
{ ot ndeed o the vohiele aleus o dapressod liune of sipht: knowlelge
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of this range, the deprassicn angle, and the distance of the sensor above
the terrain at the time of measurement allows a continuous profile of the
ground ahead of the vehicle to be produced as the vehicle moves, Additional
iaformation about the consistency of the terrain and obstacles iz obtained

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

The results of the study show 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 ohstacles to be traversed;
however, the detailed field data necessary to provide definitive results is

not curreantly available.

The following section of this report presents an analysis of the
tactical, climatic, and environmental requirements on the terrain sensor,
and sets forth the performance characteristics desired from tke scnsor in
terme of ¢he terrain information that is needed, imcluding resolution,
range accuracy, information rate, and security, This information provides

the esgential Dramework for the study.

Nexi, comsideration is given to the various types of optical range-

finding wethoda that might he usefid inm the terrain sensor system, and to

~ ooy of computaticnal procedures that could be used to derive terrain

morits Laformatvien.  COpilcal wethieds for terrain consistency determination

12



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

selected based on passive ranging (image-plane loqgtion) and a‘_eomﬁﬁ{t:lqn

_ pr'ooass that requires varying the depression a,ngle 'in'su'ch‘vafvay Atbo;t t'lu{}“ T

B horizontal distance to the point measured is always constant, This ’

) ‘_ ccmbmtion is recomended as providing the simplest and most relinble :.'
approach to a practloal 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 oij
the system adopted in the preliminary design, including the limitations on -
sensing distance from the vehicle, on obtaining accurate information on.
obstacle size and shape, on obtainivng accurate information on the
consi.stency of obatacles or terrain, and on operation under various climatic
conditions. The directions in which performance can be extended are

indicated, A brief discussion of human factors is also included.

“he appendixes include & number of detailed technical discassions
which it was felt would interfere with the continuity of the narrative if
'zirearznt'ed in the body of the report. Also included as an appendix ig a
rcps;-:f on the ﬁ:sults of a lavoratory study of certain aspects of passive ‘
Yanging cc’r;d{:cted kv FBmerson Blectric under its company-sponsorad reéearch’
PrOSRam. "i‘hi.sl Iaboiacery data i3 included he'ce because it provides strong
confirmntoly ".-“;-id'z‘,zcrz. that the ungmg methed adepted in the preliminary -

dusion can atiain thic predicted lewel of performance,

13



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

the following infomatmn on each technique inveatigated:

8‘,‘

b.

Co.

d,

I.mimtions on sensing distance fron the vehicle, _ ‘
Limitacions imposcd on sensora by climtic conditionso
Liuﬂ.tations of aensors on ebtaimng accurate information on
obstacle size and shape,

Liriitations"of sensors on obtaining accurate information on

consistency of obstacles or terrain,

this information cannot be adequately swmmmarized here, but will be

found in the following sections of this report entitled:

2.
b

Ceo

Limits on Sensor Operation -- Range Limitations,
Limits on Seasor Operation -- Effect of Climatic Conditions, -
Sensor Requirements,

Consigtency Measurements.

14



SENSOR REQUIREMENTS

CENFRAL REQUIREMENTS

In order to provide a framswork for the study, it is necessary
to analyze the tactical, climatic, and environmental requiresents
on the terrain sensor and to specify the desired performance
characteristics in terms of the terrain information which is aeeded,

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

As a first step in accomplishing this, a 1list of questions was
drawn up; the answers to these questions establish reasonable
requirements for 2 terrain sensor system meeting the aims expressed

i the REPD.

The quertiasns fall into four categeries: 1) those on shock,
vibration, heat, and otiier environmental requirements; 2) those
concerncd with climate and use times; 3) questions of vehicle
security; and 4) & number of questicns concorning the use of the

device which may be grouped under the heading of geometry.

Siace at thiy stage We are not concerned with actual design of
equipniant, the only specific question on environment which is
inportant at present is the smeunt of vibrational displacement of
he gensor frem o smocth path in space, since this displacement may

interfere with the requirod measurenent.

With respect to climatic requircments it is desired to know the range

15



of ambient light levels within which the equipment iz to operate, and
the effects of climatic conditions om atmospheric transmission and on the
optical characteristics of variows terrain features,

'!hctvoquostionsonucuﬂtyml)hwhmanapermro’mtho'
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 mmber of questions related to goometry may be asked. These are:

1. vhat is the vehicle type -- track laying or non-tuck‘hying?

2, Vhat 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 question on vibration given earlier.)

4, How mmch short-term vertical motion of the sensor with Nspeci:
to a fixed reference level may be oxpectaed? (This and the above
cucstion relate to the expected sffectivepess of the aci:ivo
suspension systent,)

3. How accurately is the elevation of the sensor above the terrain
lmowm? (It is expected that this knowledge is required for
terrain conmputation,)

6. VYow large an obstacle i3 important?

7. Fow accuretely wust the profile be determined?

&, Is it desirable to moasurc the obstacles in the two tracks of
the vehicle individunlly? (Thcse last three questions are

fondamental to determining the resolution of the system.)
16



9, What is the speed of the vehicle?
10; ‘Hﬁat'reaction tine is required?
11, WVhat maneuvers may be expected, can thay be anticipated, and
how importaat is maintdining information during maneuvexs?
12, 1Is the sensor to be used for choosing a route? (The answers
to the last three questions affect the areas of the terrain

to be covered.)

It should bde noted that the set of answers to these questions
ceastitutes a set of design requirements. However, the answers are to
a considerzable extent ardbitrary. Thus, these reduirements must be
understood as doing no more than describing perforuance belicved at
present to be satisfactory. Further tactical coansideration may suggest
changes ia the requirements; also, design analysis may show that they
coanot be met, but that differeat performance characteristics will

orovide satisfactory cquipment,

The following nasuers have beea adopted for these Questions, and
were veviewed in a meeting betweea br. Ho W, Courtney of Eserson
Dleatric cad Hr. M, Nichaelson of OTAG im July, 1962, The answers have

toen uscd as a2 set of ground rules for the conduct of the study.

i

o

will be assumed that the vibration environmeant experienced by the

nall is vepresented by the following informal data obtained from OTAC:

17



Vertical Longitudinal Transverse

Type of Operation  Vibration Vibration Vibration
~S. cps ~A. £D8 ~b. SR8

High Speed,

Hard Road 4 500 3.8 500 2,3 52

Medium Speed,

Off Road 2.3 540 2 520 0.6 430

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=t g 1.5 X107 sen,

f

where £ is the frequency and g tho acceleration in g's.

With respect to climatic conditions, it has been assumed that the
svstem 1s to be independent of ambicat iight levels, but that with low
anbient illurination the torcain ahead of the venicle may be illuminated
by visual headlamps. A&s a program objective, the sensor is to operate

under ail climatic conditicas.

With respect to security, it has becn assumed that no restrictions
cxist on the use of active systems using beams of visible or infrared
lichts. (This is reasonablc because of the rather narrow beamwidths
involved.) it has elso been assumed that not more than a b-inch aperture

in the vehicle is permitted.

18



The following answers to the questions on geametry have been

adopted for the study:

1. Vehicle type ~ not considered important at present stage.

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

3. Pitch and cant .- it has been supposed that a vertical axis ia the
vehicle will be held to within 5S¢ of vertical im pitch and 15° ia
cant by the active suspension system,

4. Short-tern vertical motion has been assumed to be anegligible.

5. The elevation of the sensor above the terrain is assumed to be
known to witkin 1 inch.

6. Sigze of obstacles - in order to have a model for design and
comparison purposes, it has been assumed initially that the
vchicle traverses & smooth level surface, Randomly positioned
cn this surface are fixed obstacles of irregular shapes haviag
minizum Qimensions of 2 inches or greater. These can be
sppraximately spherical, cubical, or long cylinders. In
addition, it has bzen suppscsed that the surface contains long
holes or depressions wiich may be ’s large as 10 feet across
and 3 feet deeps

7. ¥t has heen assumed that knowledge of the profile to within 2
inches is desirabic, This in effect leaves 2-iach bumps to be
nwndled by €ho possive suspension system.

8. It appesrs on the basis of this audel and the lest requirement
avova, trat obstaclor in the two tracks must be measurcd

ipdividenily,
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g.
10,

11.
12.

The maximun speed of the vehicle is taken as S0 wph.

A 1/2-pecond reaction time is assumed to be an attainable
goal for the post-sensor system, with l-gecond unquestionably
attainable,

The sensor is not initially %o be used for choosing a route.

For ¢he purposes of the atudy, 1t has been assused that
the vehicle travels a straight 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 approach weuld be successful,
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GEUMETRICAL NODEL

Based on the requirements cutlined above, 2 model of the sensor-
terrain geometry has been established to forn a framework for the study.
In thic model, a pair of sensors is assuued, each mounted at & position
5 feet above the ground directly over the contact points of the leading
wheels. The sensors look forward aleng the paths of their respective
wheels at a fixed depression angle oC , and with horizontal and vertical
beamwidths of ¢ and & respectively. The horizontal distance from the
sensors to the points at vhich their beam axes intersect level terrain is
44 feet, pernitting 1 second reaction time for the active suspension
system at 30 mph, and 0.6 second at the maximum velocity of 50 aph.

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

The values selected above represent an initial trade-oft among 1)
the requircment to maintain a reacsonable reaction time (ithich favors
grecter horizental distances), 2) maintenance of good signal-to-noise
ratios {(whish favors minimum slant range),; 3) maintenau.. of large values
of depressisn angle to minimize the shadow problem {which fawors large
clovotiony and shert horizontal distances), 4) reduction of the probability
that the vchicle will tuwva and so depart from the actual vheel tracks
{#idch favors shert horizoatal distouces), end 3) reduction of the accuracy
with which vehicle velocity must be known in order to make correct use of
tervain inforsation (which favors short horizontal distances.) The major
lietar oreveating sdoption of an even shorter horizontal viewlng distance
ia this modedl is the restrietion on wheeloreaction time by the active
suspension svsiome Flmure 2 shows the resulting resction~tims vs,

. . 2l
vehicle-speed curve Por this model.
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PERFORMANCE REQUIREMENTS

The terrain and sensor-geometry models described above place
performance requirencats on the seasor. The questions considered here
are the required vertical field of view of the imstrument, the aysteam

bandwidth, and the range accuracye

ln order to determine these, an obstacle on level terrain will be
considered; this will 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 & step
occuring at X = 0, vith the zero height refereace (y m 0) at the lower

of the two levels.

In considering that the system requirements are determined by the
response to this obstacle, severil factors are neglected. Among thesc
arce the cffect of steps down, and the effect of a narrow obatacle (onme
entending pcoross 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 sbstaclas, and thus to he of primary importance in the

seasor design.

Thae vovtical fiecld of vicw and the system bandwidth limitation are
beth avorsging processes having similar effects on the neasured ranges,
ang tharefove on the computed terrain profile, Thus, the first step is

o exumine the offccet of such averaring processes.
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In figure 3, suppose that thz range to the terrain, R(x) is msasured
along a line ¢f sight making an angle o< with respect to the horisontal.
let x be the horizontal distance from the vertical step to the point at
which this line of sight would intersect the lower level. It is convenient
to suppose that p(x), as shown in the figure, is actually determined by

this meéasurement, Then, for x>0,
p(x) = R, - R(x),

whero R, is the (fixed) range from the gensor to the extension of the
lower level. Similarly, if R{(x) is a function of tims we may write

p(t) = Ry ~ R{(z).

Any lluzar operation (such &5 averaging) performed on p(t) corresponds

¢irectly <o an ideatical operation performed on R(t).

If p(t}) is messured, the x and y coordinates of the surface inter

caetion of the Jine of sight are

x{t) = % {t; « pl{t) cos =

y{t) = plt} sine ,
hoave . da thr cotnddrate of the intarscction of the line of sight with

Len g i3 small, a9 it i3 for the nodel { o< = 0,114 radian or 6.5 deg),
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x(t) = vt - p(t)
y(t) = o< p(t)

Suppose now that the time varying signal is subjected to a linear
process L. Then the computed values of x and y will be

xo0) = ve - L { p(v)}
Yo = = L { p(t)} .
Suppose that L consists of averaging p over a period of time a.
This mzy be due to the beamwidth causing the ranges wvhich wouvld ideally

be measured over different times to be measured at the same time and

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

+ %,
L {pm} = ~§~ p(u)du,
r. .8
2

Corgider 1'e erfect of this on a step input. Values of p(t) can easily
Bz guen to he reprzasented by the curve of figure 4 {or deduced frem the

pereretyl o eonntions for x and ¥y gives carlier).

e

y=0forx< 0

y=hfor0<zx 2
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Then

p(t) =0 for t <O

p(t)-wroro<t<.;5—

p(‘)“%-fﬂl‘—;‘%y(t o

If this is averaged over time a < -;5;—, the result is

L {p(t)}ﬂo t(-ﬁ;—-
- L tr 2)° AR
3a 2 - e
- 2 h _ _.&,
ve 2 <t< (=4

2 ,
h v h a h 3 o
e [""‘-?"HT] Mvmv_(t(..v-&-nz.

h h a
= i P t
xvte <

Thig is sketehad in figors 5. Note that the vareforms arc symmstrical at

the top azd botiwd. end that the maximm orror in range occurs whem t = 0
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8ince
xo(8) = ve - L { p(t)}
e =L [ pe)}

for the step, the y errvor is ¥ (t) whenever x,(t) < 0, and yo(t) -~ b

when xc(t) > 0. %, is nsgative vhen vt ~ L { p(t)} < 03 inspection

of figure 5 or the corresponding squations shows that this is the case watil
t= u‘%a, During this time

2
7o = e+ )

increnses, and is largest at ¢ = -—g-o, vhen y, = n—’-‘-iﬁ = largest error

bafore the step.

Sipilarily, at the top of the step, corresponding to x, > 0, the

QITor is

Xy b L2 '.;)2
2 2a oKy 2

[ g e g?] g

Ihis expression is zero at t = ~hols -8... and is wmore and more negative
< v 2
Tay sualler ¢, Tius the Jargost error occurs &t t = h
X v
X wp

it las tre volue « e vy zs before, The effect of averaging time, &,

- --%», viare

on the corvuted profile is showr in figure 6. For the maximum velocity of
arlt wad the grosetvival medel zdopted previously, the averaging time, a,

aoav o Jedllen kaXiLiEn erdvor is
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am™e w 0,040 sec.
(0.114) (880)

The averaging time, &, must now be described in terms of the vertical
beamvidth of the opticel system and the charaqteristics of the amplifier,

7o determine the vertical beam, it is oaly required to determine the
relation betveen the beanm averaging time, a;, and the vertical beamidth,d.

It can be seen from figure 7 that when oX is small the distance
2long the ground lying within the beam 1s about 4 = -—2—<-«-o Since the averaging

| b
tine is o 8) T Here, for v o¢ = 8.3 foot/sec and a; = 0,040

second, b = .33 foot.

It may be pointed out that since the allowable error is

X ¥ W X Vv b

-

2 2 XV

b is just twico the allowable error, independent of ths product o v,

This value (4 inches) requires a beamvidth of 3—%;3 = 7,6 milliradians,

cssiming that weasurements are to be made at 44 feet,

In congidering en awplifier following optical elements it is
correnient for calculation to Gefine a quautity a, called the integration
tiie of the auplificr. This is defined as 1.25 times the 10-90% rise
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time of the amplifier. Integration times add in the root square, and the
integration time-bandwidth product is 0.44 for typical systems. The
averaging timse, a, oconsidered above represents the integiation time of
the aystem., For the specific syatem conaidered,

n-:s%-n ops.

It may be concluded that the vertical beam should be about 7.6
williradians wide and that the axplifier bandwidth should be 11 cps, if
eithar were the only source of error. Since both are involved, each

error must be somevhat emaller, Suppoese B = 25 cps, then a, = r-g%, and

a, = l (.040)2 - (&%)2 = ,036
end b = (,036) (8.3) = 0,30 fuot, which corresponds to 6.8 wmilliradians.

This choice is probably better than decreasing the originally
computed ] and a, by \,—2‘, since it is easier to increase the system

Landzidth than to parrov the ssnsing bean.

The wext question to be considered is allowable range errors, This
rocuires iess anelysis Then the foregoing. Xt can be scen from figure 8
hat a 1nage crrar of A R rosults in the corresponding computed
crordiratas belug shifted aleng the line of signt by the amount of the

VU0 QULoY.

whan the line of sight makes a small angle of with the horisontal,
k1
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range errors thus show up as horizontal shifts in the computed terrain.
The corresponding vertical error is thus a maximum when observing an
obstacle vhich 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 aszsumed that the sensor is to fungtion 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 2-inch allowance previously established,

And it caniot be expected that the sensor will ameasure range with ac

error. Hence an arbitrary choice must be made.

It is reasonsble to set the allcwable 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 suspension will not be critical, Incidentally, in order
to make use of knowledge of au obstacle to this degree of accuracy
requires knowledge of the velocity of the vehicle to the same accuracy
s the range, or to within 0,38%. A one perceat error in kaowledge of

veloelty ylelds a .44 foot cerror (5.3 inches).

Since we ave ccnsidering abrupt obstacles on a level surface as one
type of cavirorment in which the sensor is to function, Jome initial
congidervation may be given to the effect of such an obstacle on the motion
of the venicle hull whon the obstacle is encountered. Because of the

carvature of the wheel or track, the axle of the vehicle does not follow
33



the obstacle exactly, This effect will be conmidered here in the
idealiszed form of a rigid vheel having a two~foot radius rolling over
e hard obstacle having a sqare cross-section ons foot on & 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
vheel or track of a vehicle smooths sxall abrupt obstacles. Thus, for
the case considercd, the obstacle of figure 10 is effectively equivalent
to thet of figure 9.

Ia this particular cese, at least, the axle nevor moves directly
vertically unless the obatacle iz a hole having a depth greater than
the radius of the vwheel, and the vehicle is moving very slovly so that

the trajectory effects can be ignored.

This has soms effect on the shedow problem. As suggested by
figwe 11, a seasor looking at an angle o< cannot distinguizh bstween
the contour AXD ¢nd <he contour ARD, 4Any conlour lying betwoen these
lincs gives the saze cutput, The effect of this lack of information on
the vebicle depends oa the difference in axle paths that would result

fron the two oxiTeme contours responsible for this sensor indication.

%3 con be scen in figure 9, the axle motion resulting from the
sulere ebsiacle is thc same as would result from the rounded obstacle

F Ciees 30, Thus the possille terrein variations which would result

in different axle rosponscs aud yet give The same sensor responso are
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as shown by the dotted area in figure 12. itu.ahtbculmdthlz the
wmleontourmintemdi;ubom.nthuem,'uahmbyﬂumm
line in figure 12, This yields an axle error wvhich depends on the height
of the drop-off and the radius of the vheel. It can bs seen from figure
13 that the maximm difference in axle locatioms oscurs at a distance

J 2Wh~b? after the brink of the drop-off, where W represents the wheol
radius and b is the drop beight. If X is the maximum distanoe betwoen
the axle locetions for the two extrems contours, X = (h) -~ (Wiy). uhen
o is small, and vhen 2 is not too small, y is approximatsly

¥ ocy 2w - b3,
and hence

X=h x‘} 2wh - b% ,

The maximan axle error is (1/2)i, if the terrain is assumed to lie midway
betucen the extrem? possible paths, This has been plotted in figure 14
for valvss of the wheel radius W of one foot and two foet., It can be
sc2n that for obstacles of 6 inches or legs, tho error is within the 2~
iuch lizit required, OF cowrse, to this error will be added those

risulting frow errors in measurocment.
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OPTICAL RANGING METHODS

The type of sensor system under consideration derives terrain
contou> information from optical range measurements. These measurements
are made from a point on the vehicle a known lreight above the local
terrain, along a line of sight with known depressicn angle. In the
previous section, the allowable range error was chosen to be 2 inches,
and 2 nominal value of range-to~terrain on level ground of 44 feet was
adopted. The ranging device nust thus be accarate enough to provide
the required resolution at ranges of a few tens of feect, and aust respond
rapidly enough to changes in range to be compatible with the system

bandwith, somewhat greater than 1l cps,'calculated earlier,

Five diffcrent types of optical rangefinders, both active and passive,
have beca studied for the terrain sensor application. Of these, an active
system using c-¢ transmission, and a passive system using image-plane
location have shown the greatest promise and have been studied in most

detail. The rangefinding sethods considered are described below.

A note on the terainology used in this report is in order. ictive
systems are considered to be those in which modulated energy is transaitted
from the vehicle, reflected from the terrain, detected et the vehicle, and
processed to derive renge from travel-time effects on the modulation
vaveform. Pagsive systems are considered to be those that make use of
rediated or reflected energy and do not require a nodulated source; in
this sanse, a systom that operates in the daytime by detecting reflected
sunlight and at night by detecting reflected light from a simple

unmodulated beam is considered to be 'passive,” even though under some
39
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conditions of operation a simple source say be required to provide

adequate enorgy for operation.

ACTIVE C-W RANGEFINDER

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. Baergy reflected from the
terrain is collected, and the phase of the resulting modulation is
compaved 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
feasiblc 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,



Equations

The basic factor used to evaluate the range-finding capability of
the system is the noise-equivalent range increment, o R, This facter is
& measure of the change in range that is required to produce a change in
output equal tc system noise (including moise-in-signal) and is thus a
good indication of the limiting value of range resolution which can
reasonably be expected from a well-designed syatem. For this type of

active renger, the governing equation is

R = _2Rna PVZBR

VVAtAcP“)E
(1)

viere
Panw = maximm unambiguous range
P« mitinlier photoZube noise equivalent poser (NEF) 1 cps bandwidth
B = zutege. cron tandwidth
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As noted earlier, a value of 2.0 inches for AR at a range, R,

of 44 feet is considersd to be satisfactory.

The equations required to darive the factors Ryax and P of equation

(1) from the various systes parameters are as follows:

R = °/‘fmx

max (2)
vhere
c « Velocity of light
fmax =  maximum modulation frequency, aud
) /2
P = [35;5 (-—‘s—- + 0.625E¢ +Eb)] (3)
where
¢ = multiplier phototube gain
e .. charge on electron
i = multiplier photctube dark curreat
“b = power collected from target area from transauitted beanm
Ey =  baclground power collected from target area from incident
ambieat radiation
5 .= nultiplier phototube responsivity

The factors Et and F’b may be derived from
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and (4)

Eb Yf)Q)Ac ;

(s)
where ¥ = gnbient power reflected by target with unit reflectivity.

(The ambient euergy covsidered here is direct and scattered sunlight.)

VYalues For Parameters

Reasonable values for the parametcrs necessary for solution of the
equations givea above have been selected, based on the types of cowponents
and technigues presently available, As shown below, these given an

acceptable value of AR ewen under sdverse operating condi tions.

Iransmittor Radizcted Power, W, The transmitted radiated power, W,

erters into the denominator of eguation (1), and thus must be meximiged
to obtain minimun &R, The power of iuterest is that which lies within
tie range of spectral scnsitivity of the receiver, so that tne color
tonperature as well as the brightness of the source rust be taken into

arstdsvation in calcelating the effective value of W.

€
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The drightest source commercially available is an arc lamp provided

with peruanent electrodes sealed into an argon-filled glass bulb. This
device is several times brighter than a conventional tungsten-filament
lamp, and operates at a color temperature of 32009k, A typizal value of
brightness if 46 caudles per square millimeter, for a source diameter of
0,110 inch. To coavert these values to offective watts in the spectiral
bandwidth of the receiver, it is unecessary to use the following

relationships, given for multiplier phototubes with S-11 and S~20 responses.®

(5-20)5 ¥ = 4600 lumens 0.00147 R[$-20a,3200% ] wate
"‘?‘ - ster 1 [Kl ’ 3200°K ] lumen

——

= 4600 X (00147 X .065 X 04071 11,0 watt o2 geer~t

(5-11); W= 4600 X 00147 X ,036 ¥ .040°L = 6.1 watt en? geor =1

Yalwes for 97 are glven in fig e

& detailed description of the characteristics of these multiplier
phototubes is given in Appeadix B, together with derivations ¢f the
ceaversion factora from lumens to watts,



Bagkground Radiation, E . The factor F, is the power collected

from the ambient radiation incident oun the terrain, Figure indicates
thut the worst background coadition yields a terrsin illumination of
about 11,000 foot-candles. Thus, Y, the sun power reflected from the
terrain (for /9 = 1,0), is

3 2 lsa0a ., ssoooxlvates
(s-20); Y= 1L.0X10 X .00147

77 (30.48cm)? 7k , 9900 ] lumen

= _1_;;2 X .00247 X .316 X .137"} = 7 28 x 1072 watt a2 grer-l

-1

1.8 -1 . .
{(s-11); ¥= =777 1 .00147 X ,246 X 1377 = 1.00 X 10 2 Latt cu™® ster

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

1law. The above values of ’/? vere obtained from figure

¢ is thus possible to calculate E , the power on the detector

s

collected from the asbicnt radiation scattered from the terrain (eguation 5).
A value of 0,13 is assumed for f) . the average terrain reflectivity.

if the terrain were very smooth, little trangmitted eanergy would be

retutacd, fince the transwvitted beam would strike the ground near the
wrazing anglee Wowever, surface roughuess and the preseace of vegetation
comvine to insure a relatively large and constant return from such & beam,
It should also be noted that for very smooth terrain (e.g.; improved roads)
the active suspension system would not be required for maiatemance of high

veiicle speeds, 45



The solid angular field of view, ¢« , is a function of the vertical
and horizontal beamwidths. For an electrical bandwidth of 25 eps, a value
of 6,8 milliradians for the vertical beamwidth was calculated previously.
A valwe of 22,7 williradians for the horigontal beamwidth is equivalent
to a 1. foot-~wide beam at a range of 44 feat, to give a reasonably wide
pattern on the ground. Thus the solid angle w equals 0068 X .0227 =

1.54 X 107 gteradian.

A, is the clear aperture area of the collector optics. A value of
125 w2 for A, corresponds to an unobstructed circular aperture of
approximately 5-inch diameter. This aperture size will give good

performance in a relatively small-~sized systew.

From those valucs, we can compute Eb as follows:

($-20); By = 1.28 X 1072 X 0,18 X 1.54 X 10™% X 125 = 4,43 X 10" ate

(5-11); B = = 3.46 X 107° vatt



Target Radiation, E.. The remaining value necessary for the solution

of equation (3) is the value of Eg, the pover returned from the target as
a result of illumination by the transmitter., The remaining quantities
not yet chosen are At, the area of the transmitting aperturs, and £ ,
the optical efficiency, Again, a value of 125 on? is practical for Ay,
and a value of £ of 0.5 is reasomable, Thus,

11,0 X125 X125 X 0,18 X 1,54 X 10 ¥ 0.5 . 4 51 5 10~7
X (44 X 30.48)%

(s-20); Ey = watt

(s-11); E, = 2,33 £ 1077 yaee

Multiplier Phototube NEP. From the values derived above and the
lmoun device characteristics, it is thus possible to evaluate cquation 3
for the multiplier phototube NEP, P. In Appendix B, a simplified
relationship is shown to be valid for tubes with both S .20 and S-11

phosphors, This relationship is

ya.
P = [53210%8 g ] watts, (6)

with the simplification arising from the fact that the coutributions from
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the values of i/8 and E, (as computed above) are negligible conpared to
those arising from Ey, During nighttime* operation E, will predoainate
and P will have to be recomputed for th:lg situation, However, night
operation is not the limiting case, and the purpose of this section is
the calculation of A R under the most adverse conditions. Thus we can

evaluate the wultiplier phototube NEP as
(5-20); P = 1,53 X 10712 vate
(s-11); P~ 3,35 x 10711 watt

Maxinum Unambiguous Range, Rnax. Equation 2 yields the value of

Buaxs the maximum unaubiguous range. It is a function of f .., the
maximum chopping frequency which should be as high as practical to
minimize Ryy. and thus A R, A spoke type reticle of alternate opague
and transpareat lines of cqual width is the most practical for this
application, In order to obtain a value of fmax equal to 2 X 10° cps,
asstme that the reticle is formed on a disk of 10-inch circumference
and is rotated at 18,039 rpm. This rotational speed is achicvable.
(Actually, a second stationary disk of identical shape is neceszary to

pevfomm the chopping.) ‘The width of the lines on the disks become

jach X 300 I&¥ 2 X10% = ,00075 inch.
sec

- —

“DMuring nighttime operation, P v Et 1/ 2, and since the above calculated
ratios of E./E, #¢ 100, AR is a factor of 10 better than during
daytime operation.

48



Au iuvestigation of the present state—of-the~art ia the manufacture of
reticles indicates that the above value is achievable, Thus an fux of

2 X 10° cps and an Ruax of 3.75 X 103 ca (123 feet) are attainable values.

Calculation of & R. Bquations 1 and 4 combiae to give

polhax? V'

TE, (7)

A value of B, the amplifier bandwidth, of 25 cps was calculated previously.
Since AR is to be minimized, the S-20 photocathode provides improved

operation over the S-11, since

L
(5-20) ; E, 3.03 X 105

. S -5
(5~11); E, = 5,79 X 10
30 that the S~20 type is better than the S-11 by a factor of 1.6,
Before A R is caleculated, one more factor must be applied. Since

the source is chopped, only oune~half of the total emitted cnergzy, W, is

transuitted, so that E. should be reduced by one-half. Thus

5 X 103 -11
@ 2 %375 X 103 X 1,53 X 10 V228 m 1,23 em = 0,50 in.,
77X 4,21 X 10°7/2
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o~

when the S-20 smltiplier phototube is used in a system having the
characteristics selected above.

This calculated value of AR iz a factor-of-four better than the
assumed maxiom allowable error of 2 inches at a range of 44 feet. It is
felt that the assusptions 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 givas a good degree of confidence that this type of

active range finder will perform the necessary function,



Tradeoff Anulysis
Although preliminury design calculations can provide a reasonably

accurate estimata of systam performance, many of the critical parameters
can only be determiued exactly after the system is built, and it is often
ne-esgsary as the design progresses to mike various trade-offs as practical
difficulties are encountered or specific portions of the design are frosen.
Based on the equations preseated earlior, and with reascnable assumptions
as to the reliance that can be placed on variouc factors, a set of charts
has been constructed to permit rapid amalysis of the effects of changes in
several of the more important paramevers. The charts are based on the

following analytical approach,

Equation 1 may be rewritten in terms of all the hesic parameters as:

2cl2Ge waf‘?c/s)i V2B R*
# fse LW/2 1A A p0€

&}

AR

o cl[2Ge /ST I1ZB R L

’ VA ’/;:"_7/2
L WA, /27w &

1

/

(8)

Fou then wosnwrae that the trangmitter and receiver clear apercures

A 2,
‘o2 p = -t
4 o 7/1‘:& I 51



where 1, is the diameter of the apertuxcs, and that

w=8¢ = 84, /R,

vhere @ and @ are the vertical and horizoutal beamwidths, respectively,
and by is the linear width of the horizontal beam pattarn at range R, ve

may write cquaticn (8) as

ac(2GeV/SFVEBRY
£ W D2 f* GiAf €

A/ =

(9)

Ceviain of the above paraseters are more relicbly known than otners.

’y|~ v L omen
PRSI ANR S R

v 1 PP

! w 31,0007 foot candle
& ~ L LOES radian

B REEARE R

. - ; D 'D"') -
W A ATL0 went o ocw™e ater 1

£ 0,3

T ovhese veluas and the keow values of 6 and O for o multiplicr phototube

]

gith Sed0 phorsenihods are subgstitiead inte equation {9), we may write

52
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£.8.10° LR&¥E)] %
Fmax [ Da (‘”-)JJ [ f’] k[bu?ff)?‘

AR =
(19)

The value of A R is thus given in terms of the range, R; the maxiyum
chopping frequeacy, f,,.; the aperture diameters, D,; the terrain
reflectivity, /} ; and the linear horigontal beamwidth at range R, by

The maximum chopping frequency, 1'll ax® Day be written as

faax = 2602 Dy (in) (2 (rpadw (in) (11)

where D is the chopping disk diameter, (1. is the rotation rate of the
chopper disk, and w is the width of the opaque and transwmitting lines in

the chopper.

Based on these equations, figures 15, 16, 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 curreat best estimate for a practical systeu design aeeting program

objectives,
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IMAGE~PLANE RANGEFINDLING

In this section passive optical ranging by means of image plane
location is examined. The basic concept behind this ranging technique is

that of aiming an optical system at the object to which range is to de
measured and determining the position of the image plane of sharpest
focus, Knowledge of the location of this plane of sharpeét focus pemmits
the object distance to be calculated.

This process can be made autcmatic 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
vheel 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 preseat sufficient advantages to warrant their

adoption.

The preseat discussion of such systoms contains two parts. The first
is a bricf presentation of the sathematics required for a complete analysis
of such systemns. This presentation is included only for completeness,
since, as it will be seen, actual numerical calculations require dat:a
which is not svailable. However, this part does serve as a guide for the
second part of the discussion, which is an analysis of a particular system;

the rdnimum detectable change in range is calculated for this special case.

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

complete analysis of ranging by image plane location. 58



We describe the image space by an intensity distribution I(x, y, =)
vhere ¢ represeats distance along the optical axis. The field stop and
chopper together constitute a time-varying space filter W(x, y, t); when this
is located at (x, y, s) in image space the time-varying output, 0(x, y, s, t),
is

0(x,y,2,t) = W(xg;¥ost) I(xg + 3, 3o + ¥, 3, t) dx, dy,.

@

The mean square value of the resulting electrical output (meglecting a

constant factor for gmin) is
T R
P - Lim 1 0 t
(x,7,2) e I / { (x,y,z,t)} d
-r

Kow iZ x and y are allowed to vary, the average value of P{x,y,z) = P(z)
miy be teken as the expected electrieal output as a function of pesition
zlong the opticel azis. This quantity P(z) will have a maximm at the

pIsition of shavpest focus, zy, and the average minimum detectable change

in {oevs, Az, will de guch that
F(ze) - ?‘(zo 4+ ag) =¥, vhere N is the noise power in the system.

inere are two icathematical problems involved in actually carrying
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out the requirad calculations. The first is this: it must be suppomed
that the intensity distribution in the image plane rejults from the action
of the optical system on an intensity distribution in object spacs, and
that this intensity distribution is not given explicitly, but only its
statistical structure is available; this structurs may be expressed in
terms of two-dimensional Wiener spsctra, for example,

The second problem is that of calculating W(x,y,t) from the known

characteristics of the chopper and field stop.

Briefly, the firs: problem is hardled by considering thet the object
space is & plane located a fixed distance irom the optical system®, and
is described by a Yiener spectrm B(kl,kz)o Then the statistical

properties of the iwage space are given by the Viemer spectrum

. ) 2
Ikpokypz) ~ | A0 kp,2) ! Bk, ,k;)

whers EE{ch,?: 42} is the tzausfer fuuction of the optical system.

-
If tie oupression for P(z) is written out as

R

AR i T
DoerY = Ltm L
AR R(“--LC an /J L{XM‘/[ o T[{O<x33-‘z}t’)} dt]

-R R T

- - p—

anl oo 4,33 icatiope introduced by rox.mdg % “8 threc-dimensional
aye nov warrasnted ar this stage of t Yo
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then it may be shown that

p(2) = ]}dk.dkz{lﬁ(k,,kl,z)l Bk, kz) l;i'.rr; -};jdth(k,,k,,tlz}.

In this expression H(k;,kj,5) can be found by analyzing the optical system,
and, as will be shown below, W(k;,ky,t) can be calculated from the
characteristics of the field stop and chopper, and go if the nature of

the bhackground B(k,k,) is keown, P(s) can be calculated. Of course, the
limitation on this approach is the specification of B(kj,k;). The many
bacitground studies which have been comducted have been concerned with very
much lower resolution informotion than is required for this problem, and

so the neccessary data does not exist.

To complete the discussior, the relation of W(k,,k,,t) to the
1272

craraetiristics of the field stop and chopper will be indicated.

1f th: chopper bhas o weighting function C(x,y) and the field stop

bos a weighting function Fix,y), the resulting combined weighting function

<3

vhon the velative displacerent between the chopper and field stop is x;,y; is
V(xp}’u:"lsx‘l) ~ F(x,y) C(x + STRA Yl)

iy and yy are functions of time, then the time-varying weighting function

<

oo ur
’:."_}s-"

S o

*) is given by
61



w(x,y,t) = F(x,y) C(x + x3 (t), y + 1 (¢) ).

The transform of this product is the convolution of the transforms,

and so

Lk %) K 4]
Wik ho,t) = 7 // FUk', by k) CO-k', 4) € dkdk’

@

Thus, es stated above, W(k),k;,t) can be computed from the lmown

characteristics of the caopper and fi¢ld stop.

Irstcad of folloving the aboﬁe generalized approach, a specific case
vill be anzlysed, Comparison will show that each step described above
&7nears in the caleulations, but the results lack a generality that they
sight bave if mors data on the terrain background were available, On the

other hand, the calculations for this specific case are relatively simple.
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Optimization of S and No B lent 8 A

Suppose that a fine-grained optical chopper is rotated in the image
space of an optical system, and then the energy passing through the
chopper is allowed to fall on a detector. The detector output will
contain an a-c signal rssulting from the chopping of small detail in the
image, If the chopper is located in the image plane, this a-c signal will
be a maximum; 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 experimecntal results discussed in Appendix C.)

In order to determine the location of the plane of sharpast 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 compared. The mean position of the chopper is moved in the
dirzctim of the larger signal; vwhen the signals are balanced, the plane of
shorpest focus is located half-way between the two positions of the optical

chopner,

In order to design such a system, the process of determining best focus
may be described in slightly different terms which lead to & quantitative

treatment,

It my be considered that the rotational motiom of the chopper gives
a relatively constant frequency sigmal in the presence of detail in the
image; this signal is thought of as a carrier (in the radio-frequency sense)
which i2 onmplitude modwlated by the back-and--forth motion of the chopper,

63



This modulated carrier is rectified and filtered (demodulated) to get
the modulation envelope, and this envelope is synchronously rectified to
determine which direction to move the wmean position of the chopper., The
synchronous rectification results in a d-c 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.m.s. noise in the system,

Calculation shows that for such a system, if the input signal has the

form

S@)= S, (1+ € cos ampl)cos 27kl

where S, is the carrier amplitude,

€ is the fractional modulation,

P is the modulation fraquency, and

f, is the carrier frequency, and
+f the input carrier signal-to-noise ratio is high, then the minimum
detcctable wodulatien € .. (that is, the fractional modulation which

vesulis in 2 final d-c level equal to r.m.S, noise) is givem by

élmh

. 2F ve
S0 f)7

where ¢ is the r.m.s, noise power per unit bandwidth, and A f is the

handwidch of the system at the output.

Tais formula can be used to caleulate the accuracy with which the

Incntion of the planz of best focus can be determined, and this can be
64



related to the accuracy with which range can be measured with such a

system.

In order to do this the quantities € , §5,;, O , and s0 on must be

ralated to the various parameters of the optical system.

A noint ncar the focus of the optical system is sketched in Figure 19,
The double cone reprecents the volume of apace through which energy passes
from a point target. This cone of energy ie chopped at A and thern at Bj;
the detector output might be as shown, vhere the a-c sigpal generated at
position B is legss than that generated at A because the chopper is further

from the focal plane at B,

Suppogse that the amplitude of a narrow band a-c signal generated at
@ point O away fron the plane of best focus iz Q( & ). Then the
differeace between the carrier amplitudes at 4 = 77 + 4, and
AN ARV T3 G AP )~ @ 7+ b ). Here 24,
reprosents the fixed distonce between the two positions of the chopper,
ad 7 represents o small shift in the location of the plane of best

fesus eway faom the sidpoint of the chopper positions. For 7 small,

Qlp-n) - @ty o) £ 27 4001

Thip in the cxmpmression
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‘gL(A“

mm =

we can write for the left hand side

Q) _/
€min = +27 77min %A—Q any '’

because S, = Q( &, ). The factor 1,27 = -ﬁ‘__- is used becauge in the
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 «-7-}-; times the amplitude of the square wave, The
factor A7 is simply the system bandwidth measured at the output, and
G = P, the noise equivalont power of the system, if all of the
amplitudes in question are measured in terms of imput power to the

detector. This leads to the equation

/27 Ymin \ Qay = aca ]

or

= /57 ___________/D A;C)I/Z
T \4.@.@_1

Tooovuine of ’f(“ min 7ow ropresents the minimm detectable image shift,
hla ear b relatad to the pminimum datectable object shift ( Ax)min
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by differentiating the expression x x! = fz, vhere x is the object
distance (measured from the frout and back focal points of the optical
system) and £ ig ths focal length of the optical system. It is found that

-(Ax)m:zé- o

7 min

Hence the minimum detectable shift in object position is

z { “ k

It is now recessary to determine the function Q( A ). Then in order to
optimize the system A ; and the other parameters affecting Q( & ) must
be ad justed to maximize ! dq (A,)/JAI o Finally, substitution in the

above expression allows the ranging sccuracy to be determined.

To determine the function @{ A ), we begin Ly imaging au ideal optical

gystem which forms a perfect image of the field of view, and assume that
the optical chopper is located in the imsge plane of this optical system.
ict the totul ensrgy falling on the imege of the field of view be E, and
suppose that the chopper has these three characteristics: 1) On the
average it transmits half of the emergy. 2) The fundamental spatial
Trsgudtivy it vosponds ©o 15 K cycles per vadian. {1f the chopper moves
past the field of view with velocity v, and if the focal length of the
sysea o8 %, the prineipsd electrical freguency appearing in the oucput

of the detector is kv./f cycles per gecond; this is the carrier



frequency used above, and so £ ™ kv,/f.) 3) The fractional modulation

of the cnergy E produced by the chopper in the imoge plane of this ideal
optical system is m, The fractional modulation is defined as the r.m.s.
value of the a~c fluctuations in the power falling on the detector (at
frequency £} produced by the chopper, divided by the d: ¢ 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 undei consideration. This blur
is due to two things, the blur due to the optical system, and the blur due
to the chopper being out of the plane of sharpest focus. These two effects
are independent. and it is characteristic of optical systems that such

effects tend to add in the square:
(Tctal *:-lur)z =~ {Optical blur‘}z 4+ {Qut—of--focus blur)zo

How from the geometry of the systen, the out .of-focus blur diameter
is 4D/ waen A is the distanc: away from the plane of sharpest focus,
2nd D and € ore the dimmeter and focal length of the optical systen,
raspzctively, Houcs the angular diameter of the out~of--focus blur for

I BERTS ol ol .
Sl L VAUSs oY 4 38

Lk

(Mt-of-focus dlur) = =
2
b4

o

Theo 47 €ho angular dismoter of the optical bluv is &
69



e g e

2
(Total blur) = \Iﬁzv* —@-;%)- :

Now the affoct of this blur on the pattern on the chopper must be
considered. Assuming that the energy falling on a point in the image plane
of a perfecct optical system is spread uniformly over a circle having the
above diameter, the effect on the amplitude of spatial frequencies k is to

reduce them by a factor:

»

2
<213y ()
y ' 1

f 2
where 7 = 77K -\}62*' -f-%,—?) )

and Jy is the first order 3essel function.™

ficnce if the applitwlde of the fluctuatlons in radiation falling on the

Zetoctor wes Y2 @ Foin the case of the ideal optical system,id in the

.

COWOUEer GLoOMISAon,

Gises i wiithin the blur circle.
o foce vhat wB A8 The rewoS. value ei the fluctuations.
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’ 2
wherey'-?TA 8% -(ﬁ—dfo) .

This is the required function Q( & ).

We now wish to design a system; this requires picking parameters so
that ( O x)u, is as smll as possible.

In doing this it will be assumed for the time being that & , D, and
£ are fixed; they will then appear in the final equation for systea
performance, Assuming for the moment that these are fixed, k and 4 will
be chosen to maximize |dQ( & )/dA | ; the resulting value of A is
Ay s snd the resulting value of | dQ( A ,)/dA | is to be substituted
in the expression for ( & ‘)n:i.n" We have immediately

2

-2 A £2_.
agAuﬂ - ZﬁmE[Jo(_l/) y J{y)]m 1%

Now for any choice of the the other parameters, an optimum value of k can

be found: k must satisfy
aa
el 5
ok
But

AsH_ (g@%)_)@.ﬁ .

ok oY



Sinco ~%{-— is constant, the best k results when

358

3y =0,

or vhen y is such that
—%[Jo(g) - J @)= o.
Difrerentiation yields the expression
-fz“-:‘#—z——\f,(y) =4y
¥
tele Kas a solution Loy o~ 306, nud Yor this value of y,

2 = -
x};\ (j.’) - \7 l./:-. {Il/) = 0.486 .

Thus Tor chis best chodce of k&

2
LBM L = o 5 . o D
3A ‘ = 22 (U. 486) i L 6?‘* -‘—%ﬁ)j ,Cl-

e A, O A 1 e
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A value of A 1 can now be chosen to maximige this expression. It

will easily be seen that it is necessary that

..é;ho__-_g.

So finally

9Q(4a) | . 0eg7mED
35 £46

The design requirements that have resulted from this process are

2
g =k \/9% %07’- = 3.06

aind

Froim these we may deduce that
k& = 0,69,

The ranging accuracy of this optimized system can now be expressed

o«
%3

e
2
(@X)py = 229%° 9 Pm“_‘EQ

3
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The only remaining chore before numerical calculations can be made is to
evaluate P and E, The necessary information appears in Appendix B,
There it is shown that
E=115X10°1 P @ A wtts, ore
L is the radiation incident on the terrein in foot-candles
P is the average reflectivity of the terrain
w is the angular field of view of the optical system, and
Ae is the area of the entrance pupil of the cptical system,

It is also shown for practical purposes,

-18

2
P=(53X10 )1/

L
2
Using these axpressions, it is found that

P (A/‘)'/L

-6
(AX)”’"” = 3,48 /0 DM(A/ﬂwﬂe)"‘

Consider, for example, the following system:

x = 1340 cm (44 f%t.)

(=4
it

7.5 cm (3 in.)

33 cm?

P
[}
#

0 =10"* radians
@  =9,6X 105 steradians
A £ =16 cps

m = 0,01
4
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. A = 1000 foot candles
(-’ = 0,2

For this system,
(8 X)pyp=4193202 cm
= 0,016 inch .

This represents the theoretical accurecy of this ranging process, An
actusl system will not be designed to have this accurecy, since achieving
this performance would require wmnecessary refinement in dosign and
construction, This calculation does show that noise inhesremt ia the
ranging process does not limit system performence under the assumed
conditions, and that therefore the precise values chosen for various

parameters such as the percentage medulation are not eritical.
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Isage-Plane Rangefindor gt Night
Night operation vith the passive image-plane rengefinding system
presents no problem; however, it does require the use of a searchlight to

illuninate the terrain, Rather than performing a completely independent
calculation to find the performsnce for this situation, it is possible by
ingpection of the previous calculations on both the active and paseive systems,
during daytime operation, to show the night-passive-system feasibility.

Calculations on the use of the arc light in the active ¢-uw system
yielded a value of E¢(S-20) = 4,2 X 10™" watt; and Ep(S~20) = 4.4 X 107> watt,
calculated for a terrain illmmination of 11,000 foot candles. Thus, the
return from the arc light would be equivalent to a terrain illumination of

11,000 X 4.2 X 10'7/4.4 X 10™> = 105 foot candles.

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

passive oporation, I was asswmed to be 1000 foot candles, Since

{ a x)n ~ X% .
night operation, using the passive systew yields a value of

1/2
( a x)n = 0,016 inch X (;-iqg-pg) / = 0,05 inch o
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The Effect of a Constantly Changing Target
Area_on_the Detaxmination of Best Focus

The preceeding amlysis of ranging by location of the positiom of best
best foocus has assumed a fixed object field, Consideration must be givem to
the fact that normmlly the field is moving. The motiom of the field has
only a slight effect on the amplitude of the sigmal resulting from the
chopping action of the reticls. If points entsr or leave the field a phase
shift and amplitude change may result, but this effect is smll, since only
points near the edge of the field can cause such effecta., The rate at which
these changes can occur is of course 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, Thus motion of the field
has little effect on the chopping action.

Now consider the process of determining best focus, Yhis is done by
comparing the amplitudes of the interrupted signmals jroduced alternately at
two different points along the optical axis, Since the motion of the target
arca produces changes in these amplitudes, it is desirable to have the rete
of alternation high enough so that a given point remains in the field for
soveral complete cycles of this comparison, This constitutes a precaution
to be observed in equipment design.

An estimate of this rate can be made if it is supposed that the vehicls
is moving over level ground with a volocity V, that the verticel beazwidth

- of the sensor is Wy, and that the dopression angle js X, Then a point on
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the terrain remains in the field of view for about
-M seoonds,
b ey

If it is desired to produce nj altermations of the position of the
chopper in this time, the rate at vhich these must be produced is

ﬁx_v
0y %

per second, For
C = 0,114 radian
V = 88 feet/second (60 mph)
ny =5
Wy = 6,8 X 10™° radians
R = 44 feet,
the altermations of position should occur at a xrate of 168 per second,

76-B
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TRIANGULATION TRACKING

The next renging wmethod to be considered is a method of triangulation.
A narrow beam of light (which may be modulated for purposes of coding) is
projected directly forward and slightly dowmward from a source on ons side
of the vebicle. The spot on the terrain illuminated by this beam is
observed by a tracker swumted on the opposite side of the vehicls, This
tracker is designed to measure the angle between a reforence asimuth and
thenneotauhttothespof. When the ranges to the ground changes, this
angle also changes, réaulting 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 ummst the tracker have? 2) Is it possible to obtzin 2 signal-to~
noisc ratio great enough to achieve this accuracy? 3) What additional
practical consideratiors are involved? 4) What is the equipment complexity?

The tracking accuracy requirsd of such a system can be estimated from
Figure 20, where S represents the source, T the tracker, R the range to
the terrain, & the measured angloe to the illuminated spot, and W the

distance between the source and tracker, Then

o3 c:‘l uy.'-u
& = tan N

40 = wmrioiom R o
R+ 1

T e a Tak e nekv s e b e it S s
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( For W=5 feet, R = 44 feot, and dR = 2 inches (the required range

acouracy),
|26 | = .42 x 20™ redtan.

This constitutes the required tracking accuracy; it is within the state-
of-the-art of conventional optical trackers,

The signal-to-noise ratio required to achieve this acourecy depends
on the total field of view the tracker must possess. This can be estimated
by placing liwmits on the range to the terrain with which the system must
cope. For example, if R varies between 100 feet and 25 feet, the change
in 4 is

= v - ”l.i.- "1—5-
A8 = Oy~ Oy =tan™ gy -tan o5

=147 X 10~ redian.

Thvs, over the total field, the tracker must detect a change of one part

in 1%3 = 350 if the tracking head is fixed with respect to the vehicle,

P

{If the head is allowed to move, this may bo reduced at the cost of
incressed complexity,) This value represents the approximate sigual-to-
ucise ratio necossary for tracking over the required field to the required

dagrae of accuracy.

78




LRT e

The signal-to-noise ratio vhich may be attained by such a system can
be calculated directly from data given previously, let
E¢ = Power returned from the target area as a result of illumination
by the transmitter.
Ep, = Power collected as a result of embient illumination of the torrain.
P = Multiplier phototube nojse-equivalent power,

It is shovn in Appendix B that when Ey, is large (this represents the
vorst case for such a system), typical mmitiplier phototubes have a noise-
equivalent power given by

~18

P= {5.3x10 £,

] 1/2
ige, it is clear that the signal-to-noise ratio is simply E /P ¥ 28, where
B is the required system bandwidth, In the discussion of the active c-w
ranger, values of Ey and Ep were computed for the field of view required by
the sensor (22.7 milliradizns horizontal ﬁeamidth and 6.8 milliradians
vertical beamwidth) ond for a source and collector (tracker) aperture of

125 cn?, and a multiplier phototube with an §-20 cathode:

B = 1,49 X 1077 woees

5

B, = 4,43 X 107 watt

o~

% A factor of 2 7 2 has been introduced to convert peak-to-peak rediation
Sluctuations 10 o, sinco the trangmitted beam must he modulated for
Lackground discrimination,

4/



Fence P = 1.53 X 10”1 watt, For a system bendwidth B = 25 cps, the sigaal-
to-iwise x;at:lo is

S/ = —ot9 X 207
1.53x 107 750

=1,38 X 10°

This signal-to-noise ratio is adoquaﬁ for achieving the required tracking

accuracy.

It is now necessary to consider the nmature of the target which is to
be tracked. This target is a portion of the terrsin which lies about 44
feat ahead of the vehicle and is illuminated by a beam 22,7 mdlliradians
wide and 6.8 milliradian high. Figure 21 illustrates tihe geowstry vhen the
vehicle is located on a perfoctly level surface., In this fizure the
illuminating source is located on one side of the vehicle and projects a
beam directly ahead; the tracker is located on the other side and meagures
the engular location to the illuminated patch, In order to describé‘ﬁ'!xe
appearance of this patch of terrain as seen from the trﬁcker,l we may imagine
it ¢o bo projected on a plane located at the target and perpendicular to
the linc~of-gight from the tracker, It then appears to be approximately a
rarallelogram, as suggested in Figure 21, having a length of about 1 foot
ond o height of 0,3 foot, The short sides make angles of about 45° with
the base,

A 2-inch chiange in the range to the terrain ghifts this target laterally
by 0,02 foot., (This shift is calculated from the rangs to the target and

the angle of .42 X 103 radiaw previovsly shown to correspond to the
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2-inch range change.) This motion of the target is shown in dotted lines in
Figure 21, It is immediately obvious that in practice a great deal of

- difficulty will be experienced in detecting this shift, because variations

in the reflectivity of the torrain will cause much greater shifts in the
apparent center of the target patch than the range shift, Thus the system
does not appear attractive from this standpoint,

A final consideration is that of equimment complexity. It should be
observed that this technique requires four optical systems (two sources and
iwo trackers) to cov.er both tracks of the vehicle, and that the source and
corresponding tracker must be mownted in separate locations on the vehicle,
thus contributing to the installation probiem,

TRIANGULATION TRACKING USING CORRELATION

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 small
shift ian a large object (in this case the field of view of the system) vhen
the veceived inteasity distribution over the terget may not be wmiform. In
th: syatem to be considercd now, the range to the terrain is determined byl
oot triangulation wvhiclh is accomplished by looking at the terrain
akead of the vchiéle wvith two separated sensors. The system is passive
rather than active, i.c., no source of energy is required for normal
Coyiight oporation, One sensor is fixed with respect to the vehicle
{imwoving scabilization for the moment). The second functions as a tracker

ang dirccty itoelf wmtil its field of view coincides with that of the first.
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The angle between the two lines of sight then gives 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 tha field contained only one small bright point,
this would be rather easy, but the actual fields of view will be patches of
terrain filled with various amounts of smll detail.

A possible approach to this problem of recognising the coincidence of
the two fields of view is provided by some experiments recently performed
at Emerson Electric, iIn these experiments, an object plane having some
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
object plane was moved., It was found that che correlation between the
waveforms resulting from different positions of the object plane vas a
smooth function of displacement, i;eing largest for small dispiacmnts and
approaching zero for large displacements. This provides a way for compering
the field of view of the two sensors: identical synchronized choppers can
be used, and the waveforms produccd compared. When the correspondence bstween
the vaveforms is & moximum, the two sensors have nearly the same field of

viev,

The signal levels available in such a system are large compared to
those which were ohtained in the system discussed earlier, because the level
of natural illumination is greater than can be obtained with the source used

in the active system. To show this, we may use information developed in
: a3
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the study of the active c¢-w rangefinder. In the present case, the sigmle
to-noise ratio, S/N is given by

n Ey '

P VB

S/K =

vhere m is the fractional wmodulation of the field produced by the chopper.
For the values previously quoted (which correspond to the field of view of
the system and for an aperture of 125 cmz, and for a terrain illwmination
of 11,000 foot candles) we find that if m = 0,01, and B = 25 cps, the

gignal-to-noize ratio is about 4000,

Under lower levels of illumination, the signal-to-noise ratio falls
as the squarc root of the illwnination; for 100 foot candies, the signal-

to-noise ratio is approximately 380,

This system has the advantages of being passive and of having larse
siginl levels available., It has the disadvantages of requiring a baseline
to be establisbed, thus increasing the installation problem, and of possibly
needing four sensors (lwo for each track) although these might be combined
in pairs to reduce the nuwber. In additicn, the technique is new and untried,

and so might require a screwhat longer development time,

LAS & VATGTRERDIND
The fifth optier] method which has been considered for the terrain

serpoy applicsvicn io the use o a Jager,



In some reapects calling this a separate ranging technique is not
correct, since the laser may bde thought of as an ensrgy source which my be
used with any of the runging techniques which have been exawined during the
course of this atudy. However, the laser doss permit pulsed operstion, and
reprosents the only known source of optical-wavelength energy which is
effective in thias form of operation. Therefore, aside from its possible
nse to replace a conventiomal source, the laser has been considered for
use as a pulse~type of rangefinder.

Since a nummber of laser rangefinders have already been developed, the
study of the laser ranging technigue has been restricted tc an examination
of practical considerations involved in tlgeir use. Only the present state-
of-the-art has been considered, since it seems desirable to consider a
device which is feasible at the prosent time, Future improvements in the
laser may be expacted to remove most of the practical difficulties in their

use,

The following factors may be considered: reliability, available
bandwidth, beamwidth, accuracy, security, bulk, and power requirements,
Reliability -~ at the present tims, the laser bas not been tested under a
variety of environmental conditions, and so its durability under prolonged
ad rapid rulsing is not kmown. It may compare favorably with other
opiical components,
landwidth -~ as shevn previously, the terrain sensor requires a bandwidth
of at loast 11 cps if this is the only source of renge error. This band-
width requiiresz a minimwm pulse repetition rate of 22 pulses per second



from the laser, At the present time the highest rate we have found for a
commercially available laser is 10 pulses per second, It is likely that
this rate will be increased, of course,

Beamvidth ~ laser beamvidths are at present between 10~ and 5 x 2073
radian wide. Optical techniques would allow the required tracker beamwidth
to be obtained.

Accuracy ~ the accuracy of a pulses laser rangefinder depends on 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 0.33 X 109 second. This time resolution is rather difficult to achieve,
Security - pulsed laser systems, being active, are inherently less secure
than passive systems, but the narrov spectral bandwidth involved ﬁnkas them
more secure than other active systems,

Bulk ~ the commercial laser producing 10 pulses per second requires a desk-
type coasole. This volume can certainly be reduced; however, present laser
equipments are rather bulky.

Power reguirements - the power required for & laser rangefinder is somewhat
grecter than that roquired for more conventional devices, but does appear

to be within the capability of military vehicles.

It is concluded that the use of & pulsed lsser rangefinder for the
terrain sensor requires advancing the present state-of-the-art in geveral

diractions,
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STABLLLIZATION AND COMPUTATAON REQULREMENTS

ASSUMPTLONS

The stabilization and computation requirements for the terrain sensor
have been studied within the framework established by the following
assumptions:

1) Two optical terrain seasors 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 18 not important in establishing stabilization and
computation requiremecnts.

2) The desircd 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
-lus 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,

STABLLIZATLON PROBLEMS

Ervors _in Terrain Ceoordinates due to Erroc ip Depression Angle, Range
Measurement, and Sensor Elevation Above T

Figure 22 shows the various parameters used in the measurement of the
range to the terrain. As will be shown later ia this section, a more
complicated representation is necessary in order to describe continuous

terrain mecasurements, but the gecmetry of figure 22 is adequate to indicate

the depgree of stabilization required for the sensor,
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( The optical sensor is positioned at point A on the vehicle, at a
) distance a above the terrain. The range, R, to point B is seasured by the

sensor with an error of 2 R, resulting in a knovledge of the terrain at
B, with respect to the indicated reference level, to an accuracy of ay

and A x.

1t is important to determine to what accuracy the values of a and

(the depression aangle of the sensor) must be defined by the stabilization
system. From Figure 22, assuming that (< is less than about 10°,

Y=a+4b ~ RX ‘ (12)

X« R {13)

and it follows that
Ay= Aad4 Ab~Rax - & AR (14)

wiere the deltas refer to small changes or errors in the various parameters.
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Assuwuing the following values, based on the model adopted previoutly,

R =~ 44 ft ~ $28 inches

& =0,114 radian

AY » 2 jnches (maximum error)
Ax = 2 jpches (maximum error)

we have

Qa4 Ob - 828 o - 0.114 AR« 2 inches. (15)

Now from equation 13, AR w . 2 inches®*, as the error in x is equal

directly to the error ian R, and

da + A4b - 528 A = 1,77 inches, (16)

It is possible to arrive at some estimate of the three guantities Aa,
4 b, and axX , by assuming that the three coatribute equally to the

total error and that the errors have a Gaussian distribution such that

5
da .~  Abw 528C = 3 1.77 inches = 3,02 inches ras,

Thus O ~ 0019 radian = 0.11 degree, rus.

Ervors in Teriain Coordinatas due to Cgnt

Figure 23 indicates a terrain measurencnt when the optical sensor has
been santed through as aagle ﬁ from the vertical. If the line of sight is

srabilized in space, and if the terrain is level, the errors in the terrain

% {he minos sign i5 used, since these errors ars considered to be
iadependent and it is necessary to congider the worst posaible case.
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deternmination, A y and A x, are identical to the errors in the sensor
position. No error in x results from the presence of [3 degrees of cant:

Therefore
Ayfzaain <@/z) sin 3 ?)
As w3 a sin ((J/z) cosﬂ (19)
For P small, 2a equal to 120 inches, and 4 y equal to 2 iuches,

equation (17) becomes

2
&%

and @ = 0,182 rad = 10.4 deg.
Using the above result in equation 18 gives

Az = 120 X 0091 X -984 L 1007 iﬂche'

The above error in the 2 direction is somewhat large, coasidering the

width of the track., For a 2-inch errvor in g, F is approximately 2 degrees,

I7 the sensor is pitch-stabilized, rather than space stabilized, the
zllowable cant error can bz greater than this under same conditions. For
excrple, if the sensor is mcunted directly over the wheel or track, the
cant axks of each sencer toends to be at ground level, and ia this case on

relatively level terrain the error produced by cant is negligible.

Svmaney of Stabilizatica Problem

e ormer ke -

in suwmeary, the follewing is a list of the allowable stabilization
oreorat

9
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1) The r.a.8. error in the elevation of the optical sensor above
the terrain, A & = 1,0 iach,
2) The r.m,s. error in the vertical reference level, A b = 1,0 iach.

3) The r.m.s. error in the terraiu sensor depression angle,

AKX = 0,11 deg.
4) The maximum allowable angle of cant of the terrain seasor,

(3-269;.

COMPUTATION REQULREMENTS

The process of computing the terrain profile from range-to-the-terrain
measureaents made by the optical sensor is anot complicated, but it is not
completely straightforward, either. This computaticn process should be
distinguished from the cowputation required before the active suspenszion
system can make use of the terrain profile data. In practice, of course,

it may be desirable to combine the two processes.

The computation of terrain profile from x*auge-to-terrain measuremonts
depends to some exteut on the desired output, of course. Here it is
sunposed that the active suspension system has & certain short reaction
time, t., and that the output ¢f the sensing and computation process is to
L the difference between the elevation of the terrain where the vehicle
sresently is, and the elevation where the vehicle will be the short time
t, seconds laters This contimuously generated difference tells the active

svspension systeaz how much and in what direction to acte

Syataas for deriving othcr outputs are not considered in this section,
at, if necessary, other quentities can be obtained by modifications of

9



the technigue described. For example, a frequency analycis of the profile
generated can be used to measurs "roughness® acoording to a predetermined

standard, and the output can be used to adjust the vehicle speed or the
stiffness of the suspension system.

The computation process which is dascribed here proceeds as follows:
The range-to~the terrain is measured, and the vertical aad horizontal
coordinates of the terrain with respect to the vehicle are determined
from this measurement. As the vehicle travels over the terrain, it moves
up and down, and this motion must be subtracted from the measured vertical
terrain coordinates computed from range-to-terrain measurements. This is
accomplinhed 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 Parametera

The many symbols required in the discussion of the computation method
are listed in the following table, Many of these quantitics arae called
out in Fismure 24, Note that most of these quantities are functions of time,
a -~ The height above the terrain of the terrain seasor, along the
dirvection of pravity. The position of the sensor is assuned to be
above the front peint of contact of the vehicle track or wheals and
thie terrain,
b « Thoe differeace betvecn the actual terraln elevation® and the

clovation as measured by the accelerometer and attendant circuitry.

% Above somc absolute reference level. 93



The value of b i3 a2 slovly varying function of time, but msay become
large for large changes in terrain elevatica.

o ~ The depression angle of the optical sensor. It is messured in the
vertical plane and is the angle betwsen horizoutal and the direction
through which the sensor is pointing.

x ~ The coordinate of the terrain along the horiscatal measured from the
present position of the vehicle, positive in the direction of motion
of the vehicle.

L4 ~ The meesured vertical coordinate of the terrain, positive upward.
Values of y are primed when referring to those obtained from the
optical sensor measurement, They are unprimed vhen obtained from
the accelerometer.

R ~ The range to the terrain shead of the vehicle measured along the

direction that the optical sensor is pointing,

¢ * The time to contact. This is the time between the mecasurement of a

peiat on the terrain and the arrival of the vehicle at that point.
it is equael to the distance, x, to this point divided by the average
velocity, V¥, of the vehicle between the measurement and the time of
contact,

t, - Reaction tiue - the time required by the suspension system to react
to the terrain change being fed to it, This_, in general, is a
fixed period,

Y - The change in terrain elevation experienced during a time t.,

Seomputing Gouations

Fioure 24 shows the gecuotrical relationships for making coatinuous
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terrain measurementss This inforaation is stored and preseated to the
suspengion system at the proper time, In figure 24, the vehicle is

assused to be at a position on the terrain corresponding to the time t,,
At this time, the optical sensor is measuring the range R(t;), Other
quantities that are being measured at time t, are the values X (tz) and

a(ty). The velocity, v(t,), of the vehicle is also being monitored,

The remaining measured quantity is the value ¥ » the vertical

acceleration of the front part of the vehicle as 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 seasor, to sense the preseat

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, tye This time has been chosen in such a way that at
time t; the value of A yi is just being fed to the suspension systea,
This valve, A yj, is the difference between the terrain elevation
computed at time t; and designated as y'(tl + tcl) and the value of the

terrain which had been measured at a somewhat earlier time t o and vhich is

desigated as y'(t, + te,)r where (¢, 4- teo + tr) = (4 + toy)e

The equations necessary for the calculations are obtained as follows,
(referring to figure 24):
z(t) = R(t) cos OL(t) X R(t) (19)

-

Tor 2L less than about 10 degrees.



Now,

' (oht) + b(thty)  R(t) OC(t) w y(t) 4+ bt) 4 alt) . (20)

(1n figure 24, when t = t, the value of y(ty) is negative.)
If

b{tdt,) & bit), (a1)
the computing equation for y' becomes

Y (thte) = y(t) 4 a(t) - R(t) < (v). (22)

Note that the slowly changing function of time b(t) does not affect the
accuracy of the computation.

The factor 7(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 store 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
accelerometers This would be feasible if all the measurements and
computations were error-free. However, analysis shows that errors,
although small for any particizlar range measureaent and profile calculation,
would accumulate after a period of time and the system would not work,

Thuo, it i3 necessary to have an independent measurs of the past terrain
profile. A rate measuring device could also perform the required function.

It would yield the value y from which the value y{t) could be obtained.

¥inthod of Computation

Figure 25 shows schematically the mathod of computing continuously the

terrain profile which is fed to the suspension system, The computatiocn
N
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( that is represented corresponds to the time, t,, as shown in the geometry
of figure 24.

The output of the range sensor R(t;) is smoothed through a low-pass
filter to produce a smmoothed or average value, as designated by’nt'(tz),
The actual output of the optical range sensor will give such a smoothed
value because of the finite electrical bandwidth of the seasor electronics
as well as the optical beamwidth of the seaser,

The values of 0C and a are shown as outputs from transducers.

Stabilization will tend to hold these to constant values.

The output of the accelerameter, y (t2), is passed through two low-pass
filters, yielding the result y(tz). Passing the accelerometer cutput through
two integrators and two high-pase filters is equivalent to this use of two
low-pass filters. This can be showa very simply by using Laplace transform

notation, as follows:

iategrator x integrator x high-pass x high~pass =
filter Tilter

1 1 3 g 1

R X e g e T s

S whs  wis  @}s)?

an?d

low-pass X low-poss m de x wde = _._.L...z
filter filter wis s (w+s)
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Toe value of y(t,) obtained from the integrator followed by two

lowv-pass filters thus corresponds to the double integration of ¥ (t,)
and the use of two high-pass filters, so that the resultant, ¥(t3), follows
the rapid fluctuations of the terrain but not the slow fluctuations.

Solution of the computing equations, 19 and 22, results in the value
of y'(g2 4 tcz) for the measurement made at tims t;. This is read into &
storage clement, which may be digital or analog. It is shown in figure 25
&3 a rotating druw. The terrain elevations y'(t; + t. ) and y'(t, + ¢, )

¢} o co’?
where t; + ¢ =t + to, * b=ty + t“l (fros which 2 ¥3 is computed
for the suspension system), must at the same time be read from storage.
This is accomplished as follows:

Suppose that Yin(t) is the angular position of the iuput head,
Y out(t) is the angular position of the readout head which gives the
stored value of y'(t,) corresponding to the present position of the vehicle,
and  w(t) is the rotational speed of the drum, If y'(tz) was entered

2 pdma ~
3t time t o ty tco,

t2
W at = '
f (t) t Yout(tz) - )/in(to).

%

Also, if the vebicle itself 1s considered, t, and tz must be

related by
ts

v{t) dt x(to).
100
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( These two oquations cen be satiufied if
W(t) = w(v),

T our(t) = o
7m(t) = :(t)o

Now let () (t) be the angular position of & second resdout head
vidch gives the value of y*(t + t,) which correspoads to the vertical
coordinate of the terrain which will be encountered t, seconds from the
present time. (y'(t; + t,) was read in at time t).) It is necessary that

To® - O
A4 = ¢ "
W(e) *

since it wmst be assumed that the vehicle will move with constent velocity
during time t.. Thus %ut(‘t) - (S(t) = ¢, (J(t), or from the
previous expressions

§) = -t (2.

Thus thie storage drum which hes been used &8 a modcl to discuss the
storage requarements hos the following chavacteristics:
1. The drum turns vith angular velocity proportional to vehicle

valocity.

Ny

Tha readout head giving present terrain elevation is fixed.
3, The angular displocesont betireon this readont head and the
waadout hiesd giving terrain elevatioa ty, seconds in the futwre

( is propovticaal to the horizontal velocity of the vehicle,

101
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4, The angular displacesent between the first readout head and the
readin head at any inscaat in proportiocnsl to the computed

horisontal coordinste of the terrein being viewed at that instant,

Srates Simplificatiog

In the preceding discussion it has been assumed that the accelerameter
has been mounted on the atle to measure y(t), and that the distance between
this point and the sensor, a(t), is also measured conzinuocusly. laspeotion
of the computing equatioms, 19 and 22, shows that orly the sum y(t)< a(t)
is used, and that these quantities are not separately required, 7Thus the
systex can be somewhat simplified by mounting the accelerometer at the
sensor and integrating its output to obtain the sum y(t)+ a(t). This
has the following effects on the system., First, one measurement, a(t), is
aliminated. Second, the sensor-plus-accelerometer becomes a seli-contained
packsge, vhich simplifies installation. 'fbird, since the suspension systen
prevents some variations in the terrain from being transsd tted to the
vehicle hull, the accelerometer has smaller variztions to weasurs, and so
2 given percentage error yields a less'ex" total error. This systeu 1is
considered to be the simplest and most effective, and is recommuended.
Houever, for coupleteness the system includiag measurement of a(t) is

analyzed below,

Computing frrors and Circuit Parvemeters

For eauation 21 te hold, the dashed line in figure 24, which is the
sercuin profile az acasured by the system, must follow the actual terrain,
Gur this is only essential for rapid changes in the terrain. Thus the
following requiresments are placed on the valnes of y, as measured by the

acceleranetor: 102



1. It msust not respond to slow changss in the terrein. This is made
evident by referring to Iigure 24. At some initial tise, tyr the

vehicle wvas at a smuch lower elevation. If the value of 'y..
obtained from the accelerometer were truly integrated twice, the
value of y would be increased to & large magnitude resulting in
too great a dynamic range of y for the equipmeat to handle.

2. The measured value of y sust respoud to rapid chauges in the
terrain, to give the required acouracy for the calculation of y',

The above requirements may be adequately handled by passing the output
of the accelerometer through two low pass filters. This section discusses
the feasibility of the use of an accelorometer and attendant circuitry to
provide the necessary system inputs within the reguired accuracy of tie

terrain profile.

Ramp Function Terrain. Figure 24 shows the terrain increasiog up a

long slope from time ¢ Asgume that the terrain input to the accelerometer

o.
is a remp function, (y = mx), whose Laplace transform is —!5- . The output
s

v through the accelerometer and double~time-constant low-pass filter is

-l

. ~ ; 2 / ' -
- OBt mtw | - O

aad

- X (23)

Y= m=nco
Let y y {sco figure 24) be the maximum value of y for a respouse to alow
ol

chenges in the torrain., Differentating eguation 23, and solving for the

ravimom vajue violds 103
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Thus by proper choice of the time constant of the low-pass filter,
the value of Ypk can be controlled.

Singwave Terrain. Next assume that the terrain is ia the shape of a

sinewave, such that

¥~y sin F x where F- 27T, forx > O
X

y=0 forx { ©

so that x; is the wavelength and y; is the peak uplitude.' The output
through the accelerometer and double-time-~constant filter is

-1
- -44" 2 A /
y OC [F.‘A x4 x W, +R x g),+,a,]

= [ [elpee ]

L (/:.‘%'.)}(/4-?;)
and
IS S /.zm(pnfr—fﬂ)"(“‘/p L~ U e-“x
R 7w T ag
(
uhere “ 2 tan~d ( f / Wy) (28)
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Consider only the first temm of equation 25 which is the ateady-state

cazet*s The error in the value of y 1»
Ay = y sia ( Fx + 7T -y ) -y sin F:

L 8
ir q)oz/ [3 << / o (it will be seen later that this assumption
is valid,) Hence for %7 -~ ;1/ small,

8y - ( m- ) .
j; yl cosﬁx

The above error is a maxinuu at that point in the terrain where

cos (3x equals umity, and we have:

?jy - [77"~Ztan"1 F/coo:, . (26)
[

FError Tradcoif. Consider equations 24 and 26. The former specifies
the maximum allowable valuc 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
dependent on the value of (U ,. Too large a value of <& o will keep
Ypk swall, but will result in too large a value of Ay. If w
is decreased to ninindize A y, then Yok will increase. The two

cquations yield

% Tho second torm of equation 25 is the transient tern. Jlts value
is neglecced for the purposes of these calculations. it ia reported
here for cunpleteness, .

108
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B w T2 et (2T g (27)
n X &

This equation can be further simplified by using the series expansion

for tan™! x:

tan.l(x)' 77-‘ 1 1 Y XY}

&
2 x 3x3

Only the first two terms are important in this application as x 1

and equation 27 becomes

AL, = xm (28)

Assuming a maxioum ramp function slope egual to 45%, m is unity.

The above equation is plotted in figure 26 for various value of

%y and :rpk, For exemple, from the graph, if ypk is zet at 103 inches,

and the wavelength of the sinewave represcanting the terrain is 20 ft.,
a maiisom of 3% error results i the computation of y. If the
allowzble evrer is 2 inches, the value of yy (the height of the hills)
i 3.6 ft. = cortaiuly a large valuec. Actually a value of ypk equal to
193 inches may Le a little extresme. Consider the adder in figure 24.
it should compute & value of y {t 4 t_ ) to an accuracy of about 2
inchese Therzfore the error ia one of its isputs, y(t) must be less
thea ¥ irches, and & 2-iach error in a maximum of 103 inches requires
civewitry 2ccurate to 0.2% of ity mavimum value. Howvever, figure 26
iadicates that an adequate tradeoff can be nade and the computing

nethod presently visaalired can be instrumented. 106
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Alternate Conputaticn Technigyes

The preceding discussion has indicated that one of the basic problems
in profile computation is due to the fact that measureseats of the terrain
are not nade at a uniform distauce ahead of the venhicle, and therefore
profile inforsation is 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 bLrsed on the use of a digital storage which
contains terrain elevation data on a sequence of discrete polnts ahead of
the vehicle. If these points are closely spaced they coatain adequate
infornation for operation of the active suspension systes, If in
addition the points are uniforaly 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 information at a get of points spaced uniformly and
closel} along the path of the vehicles

As shown above, a particular range measurement R(t) ylelds a value

of terrain elevation y(t) given hy
et 1) = y(e) + alt) = RS &

tet %(t) rcpresent the horizontal coordinate of the terrain point being

mearurod, taken from an origin such that X{o) = x(¢). Then
t
%) = f v(t) dt = R(¢) coseC &
3
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(~ Here o< , the depression angle, is assused to be fixed, but the

horisontal velocity v(t) may be a function of time.

Consider the problem of detersining the value of y at a set of
points {Xi} such that xﬂ.]_ - xi + A4 X vhere AX is a sml)
fixed separation. Suppose that one value y, y;, bas just beea
detormined at time t;, At later timea the differsace between
Xand X; is

£ '
x(t) ~ x(ty) = jv(t) dt ¢ R(t) - j vit) dt - R(t,)

[\ (+)

t
= f[v(t) $+ R(t) } dt.
ty

Thus ti«}l , the time at which Yis is to be found by sampling y(t), can

be determined from the equation

Sip1
A x= 3 [Mo 4w ]

&
Thiz leads to the mechanization of the process shown in figure 27.
RE(t} and v{z) are ucded aud integrated. The integrated output is
cemparsd with & A X refereace; when it reaches A X the value of y(t)
is sanpled and entered iuto storage, and the iantegrator output is zeroed.
In this way values of 7 ara catered into storage correspeonding to values
( of X sepairated by fixed incremcats AXs

]
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As a second alteruative, consider the equations

t
X(t) = J v(t) dt 4 R(t) confec(e)]
[
y(t-l-tc) = y(t) 4 a(t) - R(t) ain[oc(t)] s

where OC , the depression angle, has been written as a function of time.
We may imagine a system so designed that as the vehicle moves over the

terrain OC is varied in such a way as to hold R(t) cos [cc(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

t
X(t) = J v(t) dt 4 X,

°
where X, “ R(t) cos [o((t)] is constant,
y(tpte) = y(t) + a(t) - X, tam [€(O)] .

The waveform y(t3t ) mow ropresents the terrain contour a fixed distance
ahead of the vehicle, and only cuirent velocity knowledge is needel to
gain acvess to stored information at the right time. In particular, in
the constant veloeity case a simple fived delay can be used to yseld

access te terrain information a given distance ahead of the vehicle.

11



CUNSLISTENCY DETERMINATLION

Optimum cperation of the terrain sensor system requires that means
be provided for determining the consistency of the terrain td be traversed
and of the obstacles to be encountered. It is clear, for example, that
the suspeusion system must react differently if the vehicle encounters,

say, a hard rock or a bush of approximately the same size and shape.

Although a number of possible approaches may be postulated to this
problew. including both sonic and electromagnetic methods, the one that
appears to hold the greatest promise of both successful operation and

equipment practicality is based on optical techaiques.

That this is a reasonable approach can be seen by a simple experimeat.
If various types of terrain and obstacles are viewed through a small bole
in a sheet of cardboard held at arm's length, objects are seen in a
restricted ©icld, are unrelated to their surroundings, aad causnot
necegsarily be distinguished by shape or outline., The human observer
is revertheless able to make 3 highly reliable estimate of their
cousistency, based on the colors of the objects and their textural patterns.
Frog the studies conducted to date, it is reasonable to believe that an

autumatic cousistency analyzer can be based on the same approach.

The Iight reflected from aa object does not give a direct indication
of the consistency of that object, because the reflection of light is a

surface phenomonon, while the consistency is, so to speak, 2 volumo phenomenon.

e a1 Lt e b AN s e
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Hence, in order to ceterrdns consisiency oy the use of reflected optical

radiation it is necessary to classify obje:ts which may be encountered
according to their consiscency, and then ettempt to discover properties
of the reflected optical energy which correlate with the assigned

censistencies,

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

cctegorizing obstacles by optical means can be discovered.

The first step in investigating this requires deciding onr a
consistency terrain model, and attempting to find criteria for distinguishing
between hard and soft model obstacles. fthe procedure will consist of
dascribing typical terrain objects and surfaces, and of using available

data to describe how energy received {ror different objects differs.

A second part of the consistency study is the deterwination of the
characteristics of terrain frow available reports. Among the information
that would Lo desirable is:

1o ‘fhe armount of cncrgy reccived from the terrain in the visible region,

2. ‘The spactral roflectivity of different types of terraiu,

3. The chaiges in these with changes in the aagle of view.

4o The nmcunt of energy frou: the sun falling on surfaces under

vaviors woather conditions and times of day.
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5. A comparison of the above with the energy available frow a

searchlight,

CUNSISTENCY MUDEL OF TERRAIN
For the study of consistency determination it is desirable to specify
a few types of terrain and terroin obstacles to serve as a model for

investigation.

For the initial investigation, the terrain surface has takea to de
level or undulating and composed of grass or clay., The obstacles

considered are:

Obstacle Copsistency
1, Isolated rock Hard

2. Isolated bush Sof t

3. Log on ground Hard

4, Hedge Soft

S. Stone wvall Hard

6. Ditch with dirt sides and bottom - -

7. Ditch partly filled with water -

Each obstacle has becan put into one of two consistency classes -
hard or soft. It will be assumed that the terrain and obstacles may be
either dry (except for the water ia the ditch) or wet as they would be
imnediately after a rain, In addition, it will be considered that the
terrain may be covered with snow,
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It has not been possible to consider several ixportaat types of

terrain within the limited scope of the study; asomg these are tall
vegetation such as high grass, corn, grain; cultivated fields in which
high vegetation may occur in regular rows; and badly broken paving. It
appears likely that some of these do not preseat unique problems and can
be handled if the first set of obstacles can be distinguished.

One other soft obstacle might be considered - a mound 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 mazturally occur very often.

CONSLSTENCY MEASURIMENTS

We now turn to the ways iu which the chosen obstacles differ. It
will be unoted 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 scaron, have leaves and branches {much small detail), and are green
to the eye, or orcnge-brown, The remaining obstacles are ditches or

simple depressions in the terrain which may be filled with water,

The differences hetween the listed hard and soft objects suggest that
two ways may be iavestigated for discriminating between them optically.
Da¢ of these is by texture, roughness, or the degree of detail in the
objecte The second is by the difference in spectral reflectivity which is

vovealed by the differences in color between earth and vegetationm. 115
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SPATIAL DETAIL ANALYSIS
In considering the use of detail as a means of discrimination it

is neceasary at the present time to discuss the subject without
experimental supporting date, A simple experiment which will yield
inforsation on the utility of detail for discrimination is described later
in this section.

Vegetation has many suall variations in shape and color, and 30 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 lesss Grassy surfaces have the

general character of vegetation, although the detail is very fine-grained.

Rocks vary; some such es limestone are rather uniform, while others
{eogos granite) may have very fine detail, In general, rocks appear to be

more uniform than trees and bushes when viewed at medium resolution.

Hedges have the geaneral character of vegetation, but brick and stone

walls may also be expected to contain much detail.

It appears frem these considerations that the amount of roughuess in
an object may be useful in identification, but will probably provide only
paitial consistcney determination. Measurements are necessary for further

cenclusions, and nd source for this data is known.
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SPECTRAL REFLECTANCE ANALYSIS

Spectral analysis of consisteacy depends on the accuracy with which
terrain types -~ rock, mud, grassland, eto. ~ can be identified by
exanination of their spectral reflectance in the visible and iafrared
regions. The spectral reflectance, r A » Of an object is ideally the
fraction of monochromatic incident esergy of wavelength ) that is
reflected by the object; im practice, of course, A refers ta a finite
narrov band, To be practical, & consistency senmsor will necessarily
divide the total spectrum into a few bands of finite width, both to reduce
equipment complexity and to insure that a workable energy level is

obtained with & sensor aperture of reasonable sisze.

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 approachk
circumvents the problem of making an absolute determination of spectral
reflectance and thus, if successful, can lead to simpler equipment. The
questions of necessary aperture siges, required dynamic range, etc., have
also been deferred so that atteation can be concentrated on the basic
prodlem: can terrain types, and thus consistency, be determined by

rolative speciral reflectance measurements in three spectral regions?

Spectral Reflectance Pats

The most complete collection of spectral reflectance data available

1

for this initial siudy is that of Krirov,™ as given in the Air Force

H2adbeok of Geophysicsnz KErinov's data provides values of spectral

1. Krinov, E. L., "Spektral'naia otrazhatel'naia sposobacst! prioroduykh

obrazovandi," (Spectral Reflectance Properties of Natural Foruntianl),
Iaboratoriia Aerometodov, Akad.Nauk SSSR, Moscow, 1947,

%, Handboole of Geophysics, Revised Edition,The Macmillen Co.,New York,1961,
11?7



( reflectance for eleven types of natural terrain, givea in 0.0l adcron
intervals over the spectral range from 0.400 to 0.840 micron, The data
fall into eleven types as follows:

Class A, Water Surfaces
Class B, Bare Areas and Soil
Curve 1la - Fresh fallen snow
Curve 1b ~ Saow covered with a thin film of ice
Curve 2 - Characteristic of limestoue, clay and ainilar
bright objects
Curve 5 ~ Characteristic of sands, bare areas in the desert,
and some mountain outcrops
Curve 7> -~ Typical of podzol, clay loam snd other soils, paved
roads, and some buildings
Curve 8c - Characteristic of black earth, sand loam, and earth roads
Class C, Vegetation
Curve la - Characteristic of coniferous forests in winter
Curve 1b - Typical exsmple are coniferous forests in sumer, dry
meadovs, and grass in geaeral, excluding lush grass
Curve lc - Typical examples are deciduous forests in summer and
all lush grass
Curve 1d - Typical examples are forests in the autumn and ripe

field crops

The speetral reflectance data for these terrain features are shown
plotted in figure 28, Although these do not represent all the varieties of
gorrain that wight be of interest (iacluding such important ones as marshland
and rud), they do provide a good representative sample for judging vhether

spectral msasurements will permit consistency determination. 18
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Spectral Calculations

‘ Exanination of figure 28, and particularly of the "Class C" datas,
leads to an initial selection of the three spectral regions of greatest
prouise as 0,40 - 0.52//u s 0.82 - O.Uﬁ//w s and 0,66 - 0.8{//% °
The intermediate values of o.sz/a and O.SS/A are the approximate
positions of natural break points in many of the curves, leading to a
good probabiiity that the three regione considered will 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%
transnigsion in the pass band, and no transmission elsewhere, and that
the detector has unifors response over the complete spectral region.

These conditions cannot be attained in practice, but they do represent
factors over which the equipmeat designer has some control. The calculations
have been carried out for two types of illumination: sea-level sunlight
with the sun 30 degrees above the horizon, and artificiel light with a
tungsten~filament source operating at 3000°K, These are taken to represent

doy and night conditions.

To determine the relative energy in each band, the product of
spectral irradiance and spectral reflectance for each terrain type was
saken far 0,02 micron intervals, and the resulting curves were integrated
avor the spoctral bands of interest. This data was then used to calculate

the Tractiocn of total energy in each spectral band.

120
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The results are showa plotted in Figure 29 for sunlight and Figure W
for artificial illumination. In these triangular-coordinate plots, A
represents the fraction of the total energy in the 0,40 ~ 0.52 /t region,
B represents the 0.52 ~ 0.66/4 region; and C represeats the U.66 -~ 0.84/

region.

The data for artificial illumination vas then "corrected” by applying
factors based on the relative energy between natural end artificial light

for the three spectral regions.

The data for natural sunlight and the corrected data for tungsten
are shown plotted in Figure 31l. The results show excecllent agreement,
indicating that the effects of variation in illusination over the spectral

regions can be compensated for in a straightforward way.

Discussion

The results of the calculations show that therc is definite promise
in using spectral analysis as a means for consistency detemmination.
Based on the available data, specﬁral measurenients can give reasonably
clean~cut discriminations batween various types of terrain features. No
inforration is available on the probable variability in the data, however,
s0 thase results can only be considored as suggestive rather than

conclusive,

Ia pacticular, additicnal information is needed on the spectral
vafleatance of vet soils, mud, marsh, and the like that form typical soft

torrains. It aight bs expected that the data points shown in the figures
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would move toward point A3 (water), but this can only be considered
conjectural in the absence of valid data. It is, in fact, not unlikely
that the neasurements from which the data for curve A3 were derived were
influenced by the mirroriung of blue skylight into the measuring instrumeat.
The extent to which this would be a problem in an actual instrument 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 discrimiration betweem
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 there 15 a much highar proportion of blue light im the shade

than in the open sun.

Infrared Spectral Analyses

Since ultimately it may be desirable to operate the terrain seasor
systen in such a way that little or no visible eaergy is required at
night, & brief study was made to investigate the possibility of using
only the pear infrarcd resicn for discrimination. The spectral range
from 0,70 to 0,84 micron was divided into two baads: 0,70 to 0,77 micron,
and 677 to 0.84 micron. The average reflectivities for each band, and

the ratios of reflectivities in the two bands were then cosmputed for the

2]

samo terrain types, and using the same basic data as for the three-color

L4
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The results of the calculations are givea in the following table:

FACTOR

TERRRIN TYPE

ﬁ”«&a‘ty n M

421848161 82|85 b1Ca 1Cl
o3 ).612|. 2%0).728 | 300 | .19/ Loet|. /8 |. 212 |.528]. ¢/p

ﬁ%&%&bbwlﬂL.ZﬁQ&?

.008|.662]. %0 ). 6325|245 | 060l /76| 28| . 543).539

Kot lectinty Blio

la order of decreasing ratio of reflectivity in the 0,70 - 0.7?n¢i.on

to that in the 0,77 - 0.34 /u region, the data show the following sequence:

A3 1.5

Bla, 1.06

Blb 1,00

B2 297G
B5 2926
BTt 277
C1d o772
88¢ ~748
Clb .738
Cla 074
Sle o 040D

Water

Fresh snow

Icy soow

Limestone, clay

Sand; bare desert, etc.

Clay loam, pavement, etc.

Aututn forests, ripe field crops

Black earth, sand loam, earth roads

Coniferous forests in summer, dry meadows, grass
Conjferous forests in wiater

Deciduous forests in suamer, lush grass

Cleariy, water is readily diatinguishable from other terrain features.

Eapoth bars materiais

such as limestone, clay, and saow-covered terrain fom

scother natnral grouping. The distinction between vegetation and other

tervain types is not ag prominent as when the visible region is used, but it

sar be secn that Insh vegetation gives the lowest reflectivity ratio, and it

s not unlikely thet very lush soft terrain, such as marshes, would be

caaily distinguished.
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Further detailed analysis must await the availability of additional

data. 1t is tentatively concluded that a three-color system including the
visible region would be more reliable in discrimination than the two-color
infrared systen, but that the infrared system need not be ruled out if
other factors (such as visual security) stroagly favor its use, In the
three-color analysis in particular, a strong distimction exists betwveen
the spectral characteristics of the hard and soft obstacles previously
described, but more detailed data is required than is preseatly available
in the literature.

WET OBJECTS

We may now consider the determination of the consistency of elements
of the model when they are wet as during and imiediately after a rain. The
principal effect of Lhis wetting to be considered will be the resulting
film of water on the surface of the objects. A second effect of wettiag,
of course, is to tura dirt or clay to mud, This appeara to be important
principally when the vehicle is traveling on & hard surfece (paviag) and
it is desired to run from the paving onto hard ground. The determination
of the muddinress of this bare ground appears to be & more difficult
prodlom than those discussed below, since the optical reflectivity will
be the sane for a thin layer of mud and for one deep eaovgh to form a

serions obstacle.

Turning te the effocts of a £film of soisture on the surface of objects,
it nay be noted first that spectral date for wet objects cowmparadble to
thot given above for dry objects has not been discovered. However, the

following cowments can be made,
127



e e bt e i o s e o PSS o ——————— -

First, visual‘obserVItion shows that a film of molisture ou objects
has little affect on the observable texture of vegetation compared with
rock and earth. Likewise, 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
1ight, it may give a different hxdiéati.on 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 fila 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

rmay all be tilted in the direction of the water curve (Figure 28, curve A.)

Another effect that should show promise in determining texture
{wrticularly in case of water) is the polarization of the reflected
rac¢iation. It is rcasonable to assume that the degree of polarigation is
relaiad to the wetness of the surface, Future study of this aspect could

be frediful.
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it may be concluded that although insufficient data has been
discovered, it appears that spectral and texture analysis can be used

against wet 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 examination,
We may consider the signals which may be expected to be returased from
such obstacles; for convenience the effect on passive systems will be
considered first, followed by active systems. Because differeat 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 pasaive ranging system the return from still water is due to
& large extent to specular return of light falling on the surface, and
hence the reflzctions of nearby objects or the sky are sensed. Because
of the uniformity of the sky, little energy will be available for passive
range measurement. JIf nearby objects arc reflected, long and erroneous
rauges will be calculated. The spectral characteristics of this
reflected energy will approximate the object reflected, but will probably
be mixad wvith a class A (typical of water) spectral distribution of
encrgy., The long measured range will indicate a steep terrain drop which

would act as an alarm,
129



Usually the surface of the water might be expected to be slightly
rough or covered with ripples. Here the range to the surface is sensed
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 determined to be water. No
information is obtained about the depth of the water.

The water may contain various amounts of suspended dirt, Muddy
water reflects the sky; 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 somevhere 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 measurcmeut, 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

deseribed.

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
system hunts. This lack of a positive return might be used to indicate
vater; care must be taken that very smooth road surfaces do not give the
szme indication. If reflections of other nearby objects can be seen by

an observer from the sensor location, and the reflectivity of the surface

130
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is sufficiently high, the range to theae reflected objects might be

measured. As with the passive system the large resylting raange indication

would suggost a steep drop and serve as an alam,

If the surface of the water is covered with ripples, it still may
not be posaible to nake a range measuresent unless the surface scatters
or reflects part of the tranamitted energy toward the receiver. If 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 will
be due to a large extent to reflection from the surfacc, but the energy
vould be colored to a2 considercble extent by the suspended material-
flence the above remarks apply to this case, but the spectral character~

istics sre somewhat more characteristic of earth.

S

Finally, the process of consistency determination when the ground
is govered with snow will be considered hriefly. Assume the vehicle is
traveling on or near the surface of the snow, The terrain appears to
ba @ surfece of high unifem reflectance with cbstacles such as posts,

bush tops, bedges, fences, and walls stawding out. Any obstacle which

i
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(‘ is covered with snow will yleld the same consistency detemuination: such
obstacles may be considered solid with fair accuracy, since they will
probably be rocks or frosen ground, Other obstacles differ in coler
fron the snow-covered terrain, and those which are not hard will, in
general, be "perforated®; they will have large amounts of high contrast
detail - for example, the branches of a bush., This latter is the
principal distinguishing charscteristic in vinter, and may provide a

useful consisteacy oriterion.
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MEASURIEMERTS PROGRAM

Although spatial aud apectral analysis hold distinot promige in
providing terrain consistency measurements, the available published
literature is insufficient to pemuit either a detailed theoretical
analysis or optimum equipment design. For completenmesa, therefore, &
program has been evolved for deriving the required measurements in a form
specifically appliub}n to terrain congiatency sensing. The basic features
of this progrem aré reported here for future referemoe. Conduct of such a
program is not within the acops of the preaemt camtraot.

The objectives of such a program would be as follows:

1. To make measurements of the optically obsorvable textures of
various terrain objocts in various spectral regions. These
measurenents would be made in such a way that they apply directly
to the design of a consistency measurement device for incorporation
into the terrain sensor,

2, To corrclate the results of the mcasurements with the consistencies

of various torrain objects.

The resulting data could then be incorporated into the desizn of a
comzigtoncy semsor, by guiding the choice or design of choppers or other
spatiel-spectral analysis devices, and the design of the necessary decision~

melving switching circuitry,

fie goueral approack that appesrs most practical is measurement of

13



the fractional modulaticnof energy in different electrical frequency
bands produced by chopping the images of various terrain features with
different spatial filters in various spsctral regions.

In order to do this as simply as possible and under controlled
conditions, it would be desireble to make the first measurements in the
laboratory:, These measurements would be‘ made using both photographic
techniques and samples of natural objects, as follows:

1. Color photographic transparencies of the terrain would be made,
incorporating a variety of natural and man-made objects, The
consistencies of these objects would be recordéd in the field at
the time the photographs were taken,

A simple projection system would be set up in the laboratory
wvhich would allow desired small portiomns of the color transparen-
cies to be imaged on a rotating choppor disk placaed in front of
a photommltiplier. Various chopper patterns and spectral filters
would be used, and for each combinatiom of target type, spatial
filter (chopper), and spectral filter, the fractiomal modulatien
of encrgy in various electrical frequency bands would be measured,

{Although the gpectral region vhich can be examined using
enlor tronsparencies is somewhat marrower than mey be used in the
ultiyats eqrijment, it is nevertheless wide enough to ba of
crncideradle velue, and the restrictions imposed by this technique,

which would be made wp for in the neasurements on samples and
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in the later field tests, are compsnsated for by the aimplicity

and flexdibility of the photographic technique.)

Samples of natural mteriils would be brought into the laboratory.
These samples would be illminated and imaged in the proper scale
on the rotating chopper disk, using the same projection lems and
additional folding mirrors to proparly direct the line of sight.
The measurement 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

reasurenents,

The results of these two sets of measurements would then be
correlated with the consistencies of the terrain objects, and a
preliminary determination would be made of the best combination

of spatial chopper patterns and spsctral regions,

‘fien in order to verify these preliminary conclmioﬁs under
mwore realis’;:i; conditions {such as the inclusion of a larger
vardety of waterials studied in the wider spectral region and
veder various lighting conditions) the combinations adjudged best

during the laboratory program world be incorporated into
138
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simple field test equipment having characteristics (such as
field-of-view) as required by the terrsin semsor, Field
mum;mnta wopld then be mde vith this equipment umder a
variety of conditions and the results compared with the results
of the hbontoq messurements, Any changes found desirable in
the filtering or decision techniques couid then be made and
performance rechecked in the field,

Laboratory Setup

A possible laboratory setup is shown in Figure 32. The necessary
optical equipment is shown mounted on an optical bench, which would give
comvenience and floxibility. The projection portion of this equipment
consists of the following: a projection bulb used as & 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 photommltiplier
which mcasures the interrupted cnsrgy passing through the field stop and
chopper. Not shown is a simple folding mirror system which would allow

tarrain sawples to be imaged om the field stop and chopper,

Except for the slide carrier, the projection portion of the equipment
is conventional; its purpose is to form an enlarged image of a portion of
the transtarency or the torrain sawple on the field stop. The slide
cirricr is unusual in that it has two degrees of froedom to allow any
selocted portion of ¢he slide to be imaged on the field stop. This field
stop sisuletes che field stop in an actual equipment;“in both cases it

13%
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serves to limit the field of viow of the detector. The experimsntal field
stop, chopper, and the degres of snlargement produced by imaging the
photomphic trausparency or terrain sample on the field stop, are selected
togothc:: to simuiate the proper field of view,

The chopper disk could be made conveniently from a double disk of
plastic or glass, with a piece of photographic fila placsd between the
two layers to form a sandwich, This £ilm would bur'the desired chopper
pattern, This technique makes it easy to change choppers, and also easy to
fabricate new omes, since it is only required that the desired pattern be
drawn up and photographed on high-contrast film,

The photormltiplier produces an electrical output proportionsl to the
energy which passes through the field stop and is interrupted by the
chopper. A photomultiplier with S-~20 response would cover the entire
visible spectrum. Filters could be placed in the optical peth to do two
things: {irst, to balance the light from the tungsten scurce to give a
spectral content cquivalent to that of sunlight at different times of day,

and, second, to select apecific spectral regions for inveatigation.

Thae olectrical output of the photomultiplier is amplified as necessary
and the naturc of the electrical output is examined using berdpass filters,

and moasured with an a-c voltmeter.

A typical experimeut would proceed as follows: A photographic

trangparsncy 6 an actual terrain sample is selectod and the desired
138
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( portion is imaged om the field stop with the proper degree of enlargement.
Then a chopper disk composed of opaque and trangparent sectors vhich are
large with respect to the field stop £{s rotated in the light path. The
asplitude of the low-fraquency dstector output measures the average ensrgy
level, to serve as & refereace level. Then wvarious choppers having fine
detail are substituted and the modulation produced in various spectral
regions with different choppers is amlyzed, Data from a saries of similar
sxperiments is used to determine the best choppsr configurations and
spectral regions for consistency determination, This process is diascussed
in more detail below,

Field Test Equipment
A field test equipment that could be designed on the basis of the

laboratory experimental findings is shown in gchematic form in Figurs 33,

In this equipment the terrain is imaged by the optical system on a fixed
field stop. A l«inch-diameter objoctive 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 neceded., These choppers combine the spectral and

spatial filters and so resemble as closely as possible the consistency
reasuring device that would Do used in an actual terrain semsor, The
detector ontput and rotational reference signals as necessary are recorded
and measvred a3 beforc, The aquipment is mouated on a tripod, and an optical
sight is used to aim the equipment at desired portions of the terrain, The
dazn gathered during this phase would verify the conclusions reached

during the laboratory program, and would allow final equipment design

i povamaters to be established, 139




i

PP——ENE L

OPTICAL SIGHT

(G

e _

- -~ T] RECORD
PO |
oPTICS 1 Rl S ;

1

- ]
| 1 e
' N—
pep AU N _ ;

i
™ e i
AOPPER reeaence |

-‘ MEANSURE

/}yare 33 Field 7esé fguc/'vmenz'

B

S oeirin ! e i AN S 1. LAV WM S0

yet 1.
R s

-
PATIE & a4

o A % LT R



PR RS Fvi 3

Degim of logic Civcuits

Now the quaation of the deaign of the logic cirouits for terrain
identification and conaistency determination will be comsidered, In a Wy,
c2lling this part of the equipment "logic circuits®” is somevhat xisleading
since the required f\mctions are performed by ninplo diode metworks rather
than complicated computer e:.rcnita. The doain of this part of the
consistency sensor would procoed as follows:

It is assumed that as a rosult of the measurement program, the electrical
detector outputs obtained when different types of terrain are imaged on a
particular chopping disk can be predicted, In the siwplest case the
detector output may then be thought of as indicating "rough," “smooth,"
or "mediwm" texture, and the spactral filters may imdicate "blue," "red,”

or "madium" color.

Now 2 teble may be drawn up. [Uach type of terrain or obstacle is
listed, and put into one of several consistency categories, Then the
texture and spectral characteristics of each terrain type are listed.

amination of the correspondences between texture-spectral categories

and consistency cétegorviés‘;‘“ indicates the necessary logic processes, For
exuiple, it may be fnﬁn& th'at “pedium" color and "smooth! texture always
correspond to objects of "hardY consistency. In this case, whensver the
causigteucy sensor detémines that the field of view is Yasmooth™ in texture
zad ‘mediwm® in color it indicates "hard" consistency. In this way various

corbinaticns of sprctral filtering and texture analysis (wsing different
choprsr raticles) are examined until the best patterns and filter choices

for raliable consistency determination are discovered. 141
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CORCLUSIONS

On the basis of the limivted data available itca.nnothumd that
this optiocal technique for consistency determimation will be infallibias.
However, it does appear réasomable to estimate that 80F to 90% of the
terrain obatacles encountered vill be correctly identified., 7The :lmnd
vehicle performance which will result frem this degres of terrein
identification is well worth the small additional terrain sensor complexity
involved,

Both texture and spectral analysis can be carried out during night
oporations, Night operation of the terrazin sensor imvolves illuminating
the terrain aki.ad of the vshicle with a light in the vehicle. For security
this may be a very narrow beam, or perhaps am infrared source. During the
course of the present study both the uge of a timgston and an infrared
source have been examinced for spectra;i“;ﬁaly's-is and found to bo
satisfactory, Since the detail seen im an object is affected only to a
strll extent by the spactral characteristics of the i;zcident radiaticn;

texture analysis can also be used under artificial i1lumination.
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PRELIMINARY DESIGN .
On the basis of the results presented in the preceding sections,

it is possible to proceed with a preliminary design for & terrain sensor, = -

This involves at the start the following steps: the choice of a ranging
techmique, the choice of a computation method, the choice of a
oonsistency -euurmm: technique, prelimivary opticul design and
prelixinary systea design, These are discussed in various paregrephs
of this section,

CHOICE OF RANGING TECHNIQUE

While the final choiee of a ranging technique for the terrain sensor
is batged on the facts and calculations available on the different methods,
1ho actual choice remains somewhat subjective, simce the weights given
to the various factors depend or judgement and intuition. Also, not all
of the possible techniques have been amlyzed completely, 8o the

discusyion must be based on data which is to some extent incamplete,

With this in mind, it appears that the best choice is passive
ranging by image-plane location, described previously, The reasons
for this choice are a3 follows:
1., The systom mects the basic requirements on range amd accuracy,
2. The system is paseive under usval operating conditions, leading
to aimplicity and security.
3.  Only one station is required for oach track (two per vehicle)

rather than two per track (four per vehicle) as reguired by

143



4,

5.

6.

7a

active systems and those based on triangulation., This leads
to simplicity of installation and aligment,

If 2 powrce of illmmination on the vehicle i3 required for
right operation, considerable freedom of choice is allowed;
the source may be either a very nmarrow beam boresighted with
the sensor, which leads to good security, or may cover a broad
area 83 do conventiomal headlamps.

This ranging method is based on welleknown optical principles
and does not require the development of a tschnique.

Certain of the parameoters have already been investigated
experimentally to verify calculations. (See Appendix C.)

The aquipment configuration is relatively simple - apparantly
as simple as the equipment for any other method. This leads
to low cost and high reliability,

For thege reacons we have recormended the use of optical rangefinding

by imge plano detcrmination, and have chosen this method as a basis for

a preliminary equdpuent designe.

P et
Wl

CF COHFUTATION HETHOD

Yiie next step 17 the preliminary design of the terrain sensor is

thz ckeice of the computaticn process from among the three technigues

discusesd in e wrevious section, The first and second comsist, in
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simplest terms, of looking out at the terrain with a fixed depression
angle¥*, and msasuring the range to the terrain., Values of the terrain
elevation are computed from this measured range, Data processing
continues by reading these values into a buffer storege wmit as they
are ocmmputed, and reading them out at & variable rate so that the
values of terrain elevation at t.he output correspond to the terrain

a fixed distance ahead of the vehicle, or a fixed tjme abead, by
taking velocity into account,

The third computation process requires varying the depression
angle in such a way that the horizontal distance to the point measured
is always constant, If this is done, values of y computed from the
measured depression angle represent immediately the terrain elevation
a fixed distance ahkead of the vehicle, without the nsed for an

arziliary buffer storage.

s i NS s

In either casa an iutagrating accelerometer is mounted in the sensor;

% The variaticn in this depression angle as the vehicle tilts is actually

takea into account Zn the computation 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 mowmentary position

of the vehicle.

As far as they bave been studied, any of these coaputation methods is

feasible, and therefore the choice is to some extent arbitrary, &s in the

choice of a ranging tachnique. We have chosen the third method, in which

the senscr is caused to look a fixed distance ahead of the wehicle, on the

basis of the following considerations:

1,

s

Buffer storage or extensive computation i3 not required. This
significantly simplifies the esquipment.

The selected method of ranging requires some physical motion of
ontical elements in order to locate the image plane at different
ranges. This motion can be replaced by the change in the
depression angle 1f a fixed range is uvsed, as in the selected
camputation method. Thwes, the need for one other major motion is
elizinated.

This methed oliminates the need for measuring ranges greatexr than
the nonmival horizentsl disvance, thus contributing to range
accuracey (wiick falls as the sgquare of range),

Sitce the gouscr operates at a nearly constant range, the

dotriniaation of consistoncy by texture analysis may be simplified.
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PRELIMINARY OPTICAL DESIGN

As has been geen, the system to be investigated during the prelimdvary
design stage consists of an optical rangefinder fumctioming by image plane
location, which keeps itself aimed at the terrain a fixed distance ahead
of the vehicle, A oumber of optical configurations have been considered
for this semsor; one vhich seems suitabls for analysis is described in
this sectian, o

The optical layout for this system is shown in Figure 34, This figme
is dvawn to approximately half scale, Radiation enters the systeam from
the right and etrikes the large flot pierced mdrror. This mirror is an
ellipse, about 3 inches by 4~1/2 inches, and can be rocked about an axis
perpendicular ¢o the plane of the draving to change the depression angle,
Energy is reflected via a fixed folding mirror to the 3-in, parabolic primery
mirror of 12-inch focal length which is fixsd with respeot to ths sensor
frame., The converging cone is again folded and then passes through the
elliptical hole 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 encrgy then falls on a multiplier
phototube, gencrating an a-c vaveform, Details such as the required light

haffles have heen omitted from this sketch,

The chopper is shown {not to scale) in Figure 35, A reticle on the
£lat surfree intarrupts the incident radiation to generate the a-c output,

e .

Phle is a noodnon when the field object is focused om the pattern.
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Because of the dual~thickness chopper, the optical path is longer for ome
half a revolution than it is for the other half, Thus the focal positiom
shifts back and forth wich respect to the reticle, This results iu
amplitude modulation of the a~c vavefornm out of the miltiplier phototube,
Fhase detection of this waveform permits the determinmation of whether the
object field is too far avay or too mear; this infornation 13 used to rock
the Jarge flat mirror in such & way as to reduce the amplitude aodulation

of the a-¢ 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, ore sliding and
one fixed. As the movable wedge slides, the pair has the same sffect on
radiation passing through them as would a plate of glass having a varying
thickness, Thus, sliding one of the wodges changes the optical path length

by an amount proportional to the motion,

This optical element serves two purposes., It adjusts the optical
aystea for pitch of the vohicle, making stabilization of the entire opticai
unit ummecessary, and it improves the accuracy of the values of terrain
clevation which appear as the output of the system, This will be shown

in tho discussica in the next section,

CONPTTATINN EQUATIONS FOR PRELIMINARY DISICGN
Figiwwa 36 i3 o simplified version of Figure 24, The following

Culiadtions of tho synbols are the same os those used in the section on

Gtabilization and Computation Regquirements,
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The height above the terrain of the texrain sonsor, along the
direction of gravity. The positicn of the sensoxr iz qssumed

to bz above the fromt point of coutact of the vcshicle track

or wheels and the terrain,

The difference batween the actual terrain elevation® and the
slevation 23 measured by the accslerometer aad attesdant
circuitry. The value of b is a slowly varying fumction of tine,
but may become large for large changes in terrain elevation,

The depression angle of the optical semnsor, It is measured in
the vertical plane, and is the aagle betwsen the herizental

ard the direction thvough which the sensor ig pointing.

The coordinate of the terraim along the horizontal, measured
from the present position of the vehicle, positive in the
direction of motion of the vehicle.

The measured vertical coordinate of the terrain, positive
upward .

The range to the terrain abead of the vehicle measured along the
direction that the optical sensor is pointing.

“he fixed horizontal distance aliead of thc veshicle &+ which

terrain measurements are to be made,

We will define a quantity A(t):

A(c) = a(t) + b(t)

VR AN W~ W~

#+ Above same absolute reference level,
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A{t) thus represents the terrain height ag obtained from the integrated
acceleramoter output, It acourately reprosents short-tern fluctuations
in the terrain,

It can be seen rrom Figure 36 that

y(t) = a(t) + b(t) ~ R(t) sin oC (t)

- A(t) - R(t) sin oC (t)o

This ranging process consists in adjumating the rocking mirror wntil

Xs = R(t) cos o (t).

Vhen this holds, we have

v(t) = Alt) ~ X, tan & (t)o

Now tue effects of vehicle pitch on X will be corsidered, The
allewabie stabilization ervors ium cant {motion about an axis parallel to
the motion of the vebicle) and pitch (motion about an axis perpendicular
to the cnnt axis and pavallel to the ground) ware discussed in a previous
gsection, The alluwable rms cyrsr im pitch (or the equivalent error in
terrain sopsur depression augle) wes found to be 0,11 degree, The allowable
arver in cart vas fouad to Jozend on the criterion used, but was at least
18 niocs geatIi than the allowedle piteh exror, and under certain conditions

18 nesdigibla.
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Becauso the offecta of pitch on the terrain semsor accuracy are so
mch greater than those of cant, they have bean taken into acoomt in the
preliminary design stage. This is done as follows: In Figure 37, let & be
the pitch angle between a nominally vertical reference axis in the vehicle%*
and truec vertical, and let & be the measured angle of the rocking mirror
vith respect to this axis, Then it can be seen from the ﬁm.tht

K=28 + ¢ - -”%’- .
and thet therefore (using the cotangent to eliminate —%—-)
y(t)=A(t) + X ot (26 + £ ).
This is the final computation equatiou.

This dots not conplete the analysis, however, In order to insure that
the deprescicn sngle arrived at a3 a result of rocking the flat mizror
actually ropreseats the dapression angle to a point on the terrain a fixed

distance X, ahead of the vehicle, the equation

X, = R(t) cos o (t)

must atwars be gsatisfiad. This roquires that ¢he range measured by the

-

anticnl ronging swatom rust b a fuaction of cC .

ol avmepie ¢he optical axis of the primary optical system.
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It will bs soen that vhat is roquired is that as the angle of the

mirror, & , and the vehicle pitch, @ , vary, the point in the focal
system where best focus is found must be varied,

Ietting & be the location of best foocus, measured frow the back
focu) point of the optical system, and measuring R from the front focal
position of the optical system, if the focal length of the system is £ we
have ths requirement that

Sefnfumao o

In the optical system described above, the optical path leagth i
varied to accemplish this, by sliding onc of the glass wedges with respect
to the othei ous, This mothod malces it umecessary to move cither the
chopper assembly or the primary mivror, and thus simplifies tho maintenance
of opticel alignmont,

FVRLUOTINARY STSTEN BIOCH DIACRAM

A Dumeticnsl block diagram of tko system described is presented ia
Jigare 38 In order to mole the diegram ecasler to follow, the system has
nesp brokan down dnts threo main subsystoms, the blockes corresponding to
2ach ons being rarked with & dSffercnt symbol. The blocks marxed with a
dzuble cirelo comstituts the xain optical loop of the system, Those having
A sowae canpiise the readout and terrain elevation computation subsystem,
Trase mnreed with 8 black disk pexform the necessary adjustment of optical

rach Loagth Jeseribed above, 153
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The main loop contains first the controlled rocking mirror, which
directs inocident rediation onto the main optics, consisting of the
perabolic primary and necessary folding wirrors, The energy passes through
the optical path length adjuster (the prisms previowsly described) and
then the dual-thicimess chopper. The chopped ensrgy falls om the multiplier
phototube, which produces an olectrical output. The chopper is driven by
a motor which also drives a refcrence generator, the output of which is
ugsed in the phase sonsitive detector to determine which way to drive the
rocking mizrror.

The readout and terrain computation subsystem can be followed through,
starting with the angle sensor, This sensor has an eutput 2 ¢ , twice the
anple of the mirrer with respect to a fixed axis in the vebicle, To this
quantity is added (@ , the pitch angle, obteined fyom the pitch semsor.
The cotangent of this angle is then introduced into the output awmmer.

The integrated acceleXomztar output provides the other input to the

gumrer; the ouatmut i3 ¥y, the desired terraim elevation.

The hlocks mavked with black disks comstitute a small loop for
edjusting the optical path lungih. The path length, vhich is & linear
funsticn of the position of the movable prism, is sonsed, and the arcsins
of this quuntity iz compared with the sum 2 & + ¢ computed in the
rrarisusly considored subsystom. This comparison generates an error signal

vhigh driven Che cptical path longth adjuster to reduce the error to zervo,
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CONSISTENCY SENSOR DESIGN

In this section a preliminary design for that portion of the terrain
sensor which determincs consistency is discussed. An outline of the
principles of operation and a bdlock diagram of the nscessary processing
electronics is givon., However, as pointed out earlier, it is not possible
to describe in detajl the spatial and spectral filtering and the data
processing circuits to be employed, bscawse of the lack of adequate terrain
data,

Principle of Qperation

The consistency sensor is designed to use differences in texturc and
spectral content for determinming the nature of terrain obstacles, It
contains an optical system smaller than the one required for the automatic
ranging portion of the terrein sensor, because the energy required 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 the automatic rangefindes; bacause of the small size
vequired (2 ons—inch diameter aperiure should be sufficient) it can be a
serarate system looking out through the same tilting mirror, The field of

view of the consigtancy seasor is identical with that of the rangefinder.

The inage of the terrein formed by the cousistency sensor is analyzed
forr temture and spectral content. 7The spectral analysis is accomplished
b ovotating o wheel containing various wide-band spectral filters in the

foovring radintion, (See Figure 39,) This modulates the
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received radiation and produces an clectrical waveform at the output of
the detector; the shape of this waveform is a function of the spectryal
content of the radiation. Simple amalysis of this waveform by syachronous
rectification allows the relative amounts of energy in the variocus spectral
ragions to be determined, The relative levels so generated can be used to
operate pwitching circuitry. This may be very simple (for example the
output may consist of any ome of three signals indicating *aed,” "blue,”
or "madium® color), or more complex (including the relative amounts of
enargy in various spectral regions) if more information is found to be

useful,

How a similar process is performed to determins the amount of detail
in the image; this correspom’s to the optically observyable texture or
surivce roughmess in the terrain being vicwed., Figure4D is a sketch of &
seoond choppay whwnsl, beavipg vavious trensmission patterns, which might

oe otnted in the aga plane of the consistency sensor optical syctem.

@ oportlons of the rezating reticle pags througn the lusge of
e niold of viow, ¢ ¢ weves of different amnlitude appear at the cutpui
wIouhn detecter. The velntive auplitudes of these wawes indicate the

Wt nne! mnture of dhe fate deteil in the image, just as the similar

e Ys veraned Ty Che patiting svectreld filter wheel indicate the
svsetiad eendonn of wio rodiatdon Frowothe field of viev. Again, simple

clipules oxlow tne oteggificstisu of the return iato Yrough," "smooth,"

A ReSdut o er dneo nove bighly differontiated categories.

Tuoaettenr ghe Uy operations of spectral and texture analysis are
160
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combined; as will be seen in the next paragreph, the reticls for texture
analysis may be laid down directly on the spsctral filter wheel.

Prelimj of i S

The consistency determination portion of the terrain sensor ia
sketched in Figure 41, It comsists of an objective lens which images
the field of view on a field stop; as described proviomsly this optical
system i3 boresighted with the automatic rangefinder portiom of the
terrain sensor. Behind this fisld stop is the rotating reticle or
chopper and a photomultiplier tube, The chopper is rotated by a small
motor which also drives a commtator from which reference signals for

synchronous detection are derived,

A hypothotical chopper disk is shown in Figure 42, This disk
contains five sections, each embodying differsnt combinations of spectral
and spatial filtere, As various portions of the disk pess by the field
stop, a-¢ signals of various amplitudes are generated,

The data processing system is showm in block diagram form in
Figure 43, As shown, the reference signnls from the gynchronous pick-
off are used to sort out the particular portions of the detector ocutput
which correspond to each sector of the chopper disk, so that at the
output of each of the five synchronous detectors a signal appears which

rojnesonts the result of chopping the image with one particular sector
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of the disk. These outpota are further dewodulated to yield amplitude
information, The resulting amplitudes are compared in a set of
comparators in accordance with the chosen logic for consistency
determination, The outputs of the comparators activate an output
switching metrix which ylelds an indication of comsisteancy properly
coded for use in the suspension systea,

OPTICAL CONSIDERATIONS

The general optical system for the passive rangefinder is
compogsed of ths flat pierced mirror which directs the energy to the
rimary mirror, the primary mirvor of parabolic shape, and two conatant-
thicimess eloments. These are 1) the path-length adjuster consisting
of two wedgos whose coabined thiciness adjusts the focal position,
and 2) the dual thickness chopper. Thus the aberrations in the image

will be & function of these three elements,

J, Parabolic Reflector

The parabolic reflector is ideal for this system because of its
Uperfoct! image quality on axis, where the angulor blur size is
theorctically limited only by diffraction. The effective angular

166




SRR, N

size of the ou-axie blur apot, at the diffraction limit, is

2,44 A /D, where A is the wavelength and D is the mirror diameter.

At a wavelength of 0.6 micron and & 3 imch diameter, the blur is 0,005
milliradians, In praotico, ths diffraction limit is not realized and

the actual image size required over the whole field will be a function
of the off-axis characteristics of the paraboloid.

There ave three gberrations inherent in the off axig image of a
paratoloid. They are come, astigmatism, and field curvature. The
sagittal comn patch, identified here as F ¢s is the width of the
triangular chape containing most of the energy. The total height of

the coma patch is three times this value. The sagittal coma blur is
Fz o ™ 0.0625 O (£/6)? radians

viiera & i the off-axis angle, and £/f is the focrl ratio,

{72 astiguatic angular bluw of the parabeloid is given by

D

. 2 eyl :
{/3a = (0.5 €7 (i/#)  radisns
The $£i21ld curvatwe of this type of aystem is not strictly an
ayrination, Lut AT ¢he chopping moticn occurs in a plane, the result
38 that whon the best an-axis image is choppad, the chopping will occur
in @ vurien progressiviy fwther frow tha best image as the field

"] 3 e ] -
sl INCroands,
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Assuming that the best image plans lies on 2 circle whose redins
is the focal length, then the off-axis chopping (at & ) will ocour a
distance x along the optical axis from the best on-axis image where,

to a good approximation,

x = £(1- \/ 1-8%* )

and ths angular blw® due to field curvaturs is
-1
(3f° = x{£/#) = radians

Another rector affecting these aberrations is the position of the
limiting or entrance apsrture. Coma ( (:) ¢) does not vary with stop
nosition, The above relationship for the astignatic blur holds for
the limiting apertwre at the reflector or primary objective, It is
zero when thils eperture is locatod one focal length in front of the
veflootor, and vascics as the square of this seporation, Thus for the
gtop positicmed a distance one-half the focal lengih in front of the
reflector, (;}a is ons fourth the value obtained from the above

cquation.

Aszuae the following design parameter:
B = 3 inches
£/F 4 {f » 12 inches)
£ = 0,01¢ 1adian {total hevizontal field equals 0.020 radian;
wotal vertical field equals 0.005 radian.)
lo8
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Therafore
Coma 3 Bo = (0.0625)(0.010)(4)% = 0,0 milliradtan
Jotigutions 0, = (0.5)(0.020)* (4)"} = 0,013 sA11irudian
Field x = 0,006 inoh
Curvature } Pfc = 0,015 milliredian

The contribution from coma is the largest and determines the
resultant resolution over the whole field. Since coma is not a
function of the position of the entranoce apsrture, 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 corresponda
to a resolution of 0.02 inch in the object plane,
Path~Length Adjugtar

The path--length adjuater is composed of one sliding and oue fixed
wedge mounted together to form a parallel plate ¢f variable thickness.
As the sliding wedge moves, the focal positior for a particular range
changes, This serves to adjust for vehicle pitch, and to keep the

opticnl system pointed a fixed horigontal distance ahead of the wehicle.

Tvo factors must boe considered in regard to the optical effects of
the parallel platz, These are 1) the relationship betwsen the
combination of the effects of the thickness of the plate, 7, the optical
indoex of refraction, n, and the focal position displacement, and 2)
the ameunt of aberration introduced by the plate. The image shift, S,

ean bz gtated %o & good approximation by i
oy
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S wT(L--2).
n

The above shift can also be related to the change in object distance

from the relatiocaship

2
[ {\ Ax
ox'=

wvhere Ax' is equal to 8, Ax is the equivalent object distance

shift, and £ is the focal length. Seo

2
aX = —%T(/-—-;f—-).

Thn maximum change in the object distance that may occur is on
the order of one foct. This value is determined by assuming that
the optical systom views first the level terrain a djstance of 44
fect abead of tho vehicle and then the terrain slopes downward an
cowivalent of 5 fect during the next 44 feet, Thus if £ =~ 12 inches,

and A =12 inches,
”n l L3
{1 - -E-m) =~ 0062 iach

AT is the waximmm change in thiclmess required. Xf n =~ 1.5,

=
=3
Py

AT = 018 inch

170




( If the wedge angle in 10°, the movable wedge must shift a total
of 0.11 inch to produce the above value of AT,

The other consideration is the amount of spherical aberration
caused by the path-length adjuster. The angular blur introduced
by the spherical aberration of a parallel plate of thickness T and

index n is%*

y2
= 7 204~ 1 o )
es T A wFf [ n‘4(4/;’#)2../) e} ] radians.

For & focal length of 12 inches, a focal ratio, (F/#), equal to 4

and n = 3.5, the above relationship reduces to

@s = 0,15 pilliradians (T in inches).
\
Tlan o thickness of ©.25 inch wonld give a blur size cqual to the

wrxdmm comotic blar \rg ¢ of 0,939 millirzadian, as computed above.

I the veiue of mexfesmn plur js assumed to be equal to 0.10

rilliradisn {a3 %akan in “he previcus section) an eguivalent

" e R . e A B T o e

i THT: rether cumborsene expyression can be readily obtained from
scme simcle geowetrical considerations using the paroxial amd
werghand vays end Snellls Law.

( n
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C spherical aberration blur (3 4 would be introduced by a parallel
8
plate thickmess of 0.67 inch. The wedg® may easily be kept to much
less than tiis vaiue and thus spherical aberration presents no

problem,

In case greater resolution is required, it would be possible to
manufacture the paraboloid to allow for the thickness, Since the
final polishing of a parabela is pevrformed using & method like the
"ife-edgo® test iv showld be easy to perform this operation to

allow for the parellel plats.

Dual-Thickness Chopper

[

The sawe considesrations apply ©o the ontical effects of the dual-
(hickness choprer as were discussed {or the pati-length adjuster.
The chopper asts as a parallel plate with either of two thicimcases

watch will iatroduce both lwage position shift and spherical abesrration.

in the provieus sestioun o derdvatisn is given for the value of

gunritivity {4 x)min vaing the crorovad systewm design parameters,
oot odfierenes, 200 A

1e berween the two image positicns as

: s ' . 2
b thes duedothickness choppec wes found to cqual 26F /0.
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Using the same sysicm parameters as before where & , the angular
diameter of the optical blur equals 1074 radians, D, the diameter of the
optics was 3 inches, and a focal length, £, of 12 inches, results ia

2 & ~0,0096 inch

In order to effect this shift in {ccal pesition, the changs in

thicknoss required (n ~ 1.5) is

T <0096 . 029 inch.
P et

Ll

How spherical abervation is a function of the actual thickness of
“hey chorenr. Thia eonld eaxity ha kept to srownd a value of 0.2 inch,
W@ totnl contriltuiticon to sphericel aberpation ig ogain not of

v

s ianee U/ . o= 0,018 ).
e
§

oF paaduging this lmege ahift besides a dual thickness
Oonnore Doothe e wd twe vapenved el Jisgs, cach of different indices

ST evion. The follaning ralatlionsalp.

2
- _ZL“.Z5‘
an + o
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represents the index change mecessary to producs a focal shift of
A8, For n, the value of index for one of the materials, equal
to 105’ T eqllal to 0.1 inch, and a8 qul to 0,0096 M’

Anee 0,22 o

Combination of the various optical glasses of crown snd flint may
be readily found to exhiibit this value of difference im index of

refraction,

Aunother aberration that must be considered in the use of the
chopper and the path-length adiuster, is longitudinal chrematic
aberration. It is proposed to use an S5-20 wavelength region which is
responsive between about 0,32 to 0.62 microns. The variation in
index of refroction over this wavelength region for the optical
material or materials used in the wadges and chopper will introduce

chromatic aberration.

Assunt that the tofzl thiclmess of the optical elements is 0.2
iach. A typical low disporsicn crowa glass exhibits a change in
index of about .035 over this wavelength region, at a nominal index

valuz of 1,82, The equivalent change in focus is

0.2 ) .
Aj = Enfl L0358 = | .
3 162 X 0,035 0023 inch
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This is only a factor of four leas than the required shift in
focus caused by the dual-thickmess chopper. Thus some achromatism
is required in the optical design. The wedges and chopper disc my
be color-corrscted by constructing thom of differont materials, This
is eantirely feasiblo, The detailed calculations demonstrating these
achromatic elemﬁta are not considered important at the preseont state

of design

Conclusion
The following table swmarizes the various optical design parameters

discursed. 1In general, there ares no ssrious optical design problems. The
optical elements ars well within the state of the art. The parcbolic
poimary mirror should only be of moderate cost. For production quantities,

replica mirrors can ke made at low cost.
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TABLE 7

OF CHARACTERISTICS

OF OPTICAL ELEMENTS

PRRRBOLIC |PATH LENGTN OO THICANESS
JTEMS LRINAR ¥ AO/USTER | cworoR
R (Double
03" Fsr2* \r=ar tp®{ 7=2as”
DIFFRACTION LT (aa/‘) 0.005 mv — -
conp (82 = /0 mr) 0.039 mr - -
ASTICHAT/SH O.0/3 mvr -—_ —
FIELD CURVATUEE 0.0/ v - -
SPHERLAL SBERRATICN - OO0/ mr } D.o0/85mr
CHROMETIE JLERRATION - REQUIRES  CHECMHATIE -
ArsoW
AT =097 BT~ 0.028"
CTHER AL AMETERS 7otal datemd Lor anx0.22
Mevemens .47 (n:1.5)
DESIGH cBILCTIVE
I E 5728 & /D .10 rovr OO rr2r
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MODULATION IN THE TERRAIN SENSOR

When a choppor is moved -in the image space of an optical system, the
resuliing modulation of the transmpitted radiation may be dus to either of
two separate effects. One of these effects may be called detail chopping.
It regults from the detail in the image: point-to-point variations in ths
intensity of the target result in fluctuations at the detsctor as the
chopper alternately transsits energy first from one suall portom of the
field of view aud then another., This is the effect which is oxploited in

image-plave location

The other of the effects may be called field chopping. The chopper
and ficld stop (which may be the detector area itseclf) together may cause
the cnergy falling on the detector to fluctuate even if the object field
is wmiformly illuminated, because vhen thn chopper is in certain positions
vith respect to the field stop more radiation is transmitted than when the

velative positions of chopper and field sten are slightly different.

It is irpoataat ¢o reduce or eliminate field chopping in a ranging
system, becruse ficld chopping generates a large signal which is indepeundent
a8 tha valative positious of the image plane end chopper; this dilutes the
siywil wiieh resulis from detail chopping and thus makes it more difficult

£ dotermine the lozation of the plane of best focus .

This can be seen from a rather geacral discussion. Suppose the signal

daz to datail chopping is
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S(t) = So(/+€coa 2mpl)caa 2714 T,

as before, where € can be approximated as & linear function of the
object displacement, Then the minimum detectable value of € can be
translated directly inte range accuracy, as was done befors, If mo field
chopping occurs, this minimm detectable fractional modulation € uin 18

<32 (h",

émin

wvhere (¢ is the input noise power ver unit bandwidth, and Af ic the
system bandwidth.

Now if field chopping is present, it results in adding to the above
signal another ummodulated signal of the same frequency but possibly
different phase, and the result, S,(t), is

S,(6) = So(1+ € caa 2mpl)cos 2mhE » Sy caa (27 Lex)

vhere che amplitude of the signel due to field chopping is Sp and &

reprezents an arbitrary phase angle.

This can be written as

178




R I

et

S (t) = [So(l" € coa 2mpl) + S;cuac]cu 2kt -

[.S,o atne| oin 2mé

and hence 3¢

t) = NYR L
B¢ tan” So (! + € coe 2mpl) + Sp coaq

S(t) = \j[S,(/ “ € coa 2MPL) » 5¢ ca,oac]z + [Sp .oinc:]? . cm{zn’ﬁt *F(t)]

: \/(5: v 25,8 coo + %) + 2(82 + S S¢ coax) € cas 27pL + (S, € caozl,ot}‘ X

« coo[ 2mht '(3(t)]

then € 1o small, this can be approximeted as

(L)~ \/S., + ZSaS;caao. vSv ( Sl%imsf € cod 277}71?) X

« coaf 27het + p(t)]

tpis mpreasion again represcnts o modwlated carrier, but mow the amplitude
vl the carricr is given by the radical, acd the fractional modulation is
tre coefdicient of cos 2 %7 pt, Hence the minjwuwa detectable modulationm,

. 1Y vatisties
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é: + §=§£QM¢ (6) = A;)Vz
SE 25,5 coom+SE M T ST 25,5 coo + S

Vz}lsl. t
(el)ms'n = 20(A‘F) :i&;,’;:?o‘;o‘s:

Thus in the presence of the disturbing sigual due to field chopping,
{ € 1)in 9epends on (C , which ropresents the phase difference hetween
the average signal due to detail chopping and the signal due to field

chopping.
When ¢ =0, { € 1)gn ™ € min

waere £ gin »8 the :minimm detectable modulation vith no field chopping.
If on the other hand, ¢C = 7/2 ,

20
TR TN CIC R

So

rad 37 in s onse Sf is large
S

(él)m{n * €min .‘Sf.
o

Tivg in the worst cass, the mindmm datectable modulation is increased by

et

-i», sad hence the range accuracy is deoreased by the same
° 180
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factor, This is especially bad, sincs, in any case range accuracy is lsast
when there is little detail in the image, making 3, small; and it is under
Jjust such conditions that the effect of a large constant Sy will cause the

maximm effect.

The effoct would be reduced, of course, if oC could bs chosen as
zeros however o depands on the nature of the object fleld and so camnot

be controlled.

Another factor which must be considered ia the design of the terrain
sensor is the choice of the wodulating froquencies. In ordér to achieve
the previously calculated range accuracy, it is necessary that no disturbance
appear in the system at the carrier modulating frequency p. Aay such
disturbing signal appears at the output as noise }n the output pass-band

of the system, and consequently reduced system accuracy.

In the employmnut of the terrain sensor a built-ir mechanism exists

for producing such undesirable disturbances. This machanism is the motion

of ths terrain thrc;ugh the field of view of the device as the vehicle moves
along. 4s various portions of the terrain having various degrees of
brighiness move through the field of viasw of the sensor, the carrier
generated by detail chopping is modulated by a2 wide-band a-c signal, Most
of the energy in thiz signel i3 concentrated at low frequencies, and so if
the modiulating froaquancy ig chosen to be high enough, the modulation
sraduesd by the terrelin motion will not interfere with the ranging process.

demvar, the waguiuds of che effoct requires further study.
18l
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LIMITS ON SENSOR OPFRATION

INTRODUCTION

In this section the effects of atmospheric conditions on the operetion
of the terrain sensor and the problems of increasing the operating range
of the gensor are described. The discussion of atmospheric effects is
separated into two parts, The first covers the effects of atmospheric
turbulence {"shimmuer,” "boil") on the performance of the sansor; the
second discusses the effects of climatic conditions, On the basis of the
effort reported here, it is concluded that neither turbulence nor climetic
conditions normally encountered will seriously rcduce the effectiveness
of the terrain sensor. Finally, it is ahoﬁ that the operating range of
the terrain sensor can be increased, but that many factors must be

considered in doing this.

EFFECT OF ATMOSPHERIC TURBULENCE

If the air batween the terrain ond the terrain sensor is still and
cicar, it has no cffect on the performance of the optical system, but
cormonly tha atmosphere is & turbulent medium of varying refractive index
ac a vesult of non-uniform heating by the earth and non-miform mixing by
the wind, This lack of homogeneity of the atmosphere may affect the

merforvenco of optical ingtruments,

Three affects ot the innge formed by optical instruments may be
distinguished. These arc intensity fluctuations, generally called
zeinvillation, image motion, and image blurring. These will be discussed

gapnrately helov, . 182




There is quite an extensive literature on these atmospheric effects.
One of the best bibliographies is given by Wimbush.* However, most of
this literature applies to the affecta of the atmosphore on stellar
observations and on long range terresatrial observations, and little
investigation has been directed to the effects of the turbwlent
atmosphere made at the range the terrain senmsor is to operats, (about
44 feet). One reason for this is that atmospheric effects increase vith
the length of the optical path, and therefore, the effects gencrally
constitute a problem only when precision observations (as with aa
astronomical telescope) ars to be made over long paths through the
atmosphere, Thus it can be said at the start that theeternain sensor
would be expected to be relatively umaffected by atmospheric effects,
because of the short path length. invelved.

In discussing atmcspheric effects, the effect of intensity fluctuaticas,
or scintillation, may be considered firgt, Scirtillation is commonly
observed ‘in tﬁa twinkl: of the stars at night. If the energy received
from the target area fluctuated ju the same way, it would produce
amplitude modwation of the detector output, and this would interfere with
the determiastion of best focus, since the latter is measured by reducing

the envelope modulation to zero {at one frequency).

# Yimbush, Marhk H. Optical Astronomical fezing: A Review, Hawaii
Tustitote of CGeophysics, University of Hawaii, Homolulu, Hawaii.
Controct AF19(€04)..2292, May 1861,
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Intensity fluctuations are generally measured by observing a point
source of energy. Under these conditions the percemtage modulation
increases linearly with range.* Under the worst conditions measured in
the program at the University of Michigan, the 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 as ths
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. Hencs
if the modulation produced by the relative shift of the chopper and optical
system i5 considerably above this, the effect of such intensity fluctuations
is still further reduced.

The sccond atmospheric effect to be considered is image motion, or
veriations in the lire of sight to a fixed targst. The principal data
available cn this subject comeg from astronomical measurements. Under
conditions of very poor seeing it ig observed that the motion of the
imags of 2 star is on the crder of 10 seconds of arc {about 0,05
rdllivedien). ¥his particular effect is dve primorily to the lower
layers of the avmosphere in which the telescope is immersed, and so
possibly gives a good indication of the amount of image motion

# foliaire, F. R &nd Rymnor, ©. Scintillation and Visual Resolution Over
che_Ground, Institute of Sciuiice and Technology, The University of

Micbigan, Contract DA-36.039 5C--78801, September 1961,
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( experienced when looking horisontally; with the reservation, however,
that the effects observed through a horisontal path mear the surface of
the tervain might be somswhat greater dus te greater turbulence at the

i 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 compared with those for

astronomdcal observationg; 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 resoclution of the
system, and very rmch smaller than the field of view (which is about 3
milliradians by 20 milliradians) so motion of the image is expected to

have no observable effect.,

The third effect is that of irags 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;
the latter does not aifect the performance of an image plane location

sysien,

; Leso opplicable informaticon is available on the amount of image blur
to be expected thap on image motion and scintillation, because most
seasurmonts and observations represent the time averaged effects of

atvogpherie tuwladence on point targets, rather thon the deterioration of

~
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extended images wvhen they are observed for a very short time,

The image blur might be taken to be due to the independent mction of
various neighboring points of the image. Since as reported above image
motion is expacted to be leas than 0.05 milliradian, blurr:lng_dmy_tg}hh
effect would not apperently reduce the observable detail in the image.

Image blurring may be a low frequency phenomenon which is not
observed when integration times are short. Atmospheric turbulence is
not generally conaidered to degrade the resolution of photographs made with
relatively short exposures. The terrain sensor has & resolution of abou_t
photographic quality and operates with chopping rates oz the order of
1/1000 second or less and hence would be similarily unaffected.

Image blurring is comsonly observed only with long optical paths.
To gain a qualitative feeling for its effects at short ranges, objects
were examined outdoors at vranges on the order of 50 feet with binoculars,
which permitted fine detail in the objects to be studicd. lines of sight
extendad sver asphalt, concrete and earth, At no time was any image
blurring observed, and in particular, detail on the order of 1/16 inch
(vhich corresponds to 0.1 milliradians at 50 feet) such as blades of
grase, leters on boxes und sc forth were clearly visible, Therefore it
is ¥alt that inhge blurring will not affect the performance of the terxﬂn

genser systea.

In swaary, it may be said that because of the short ramges involved
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and the resolution requirements on the optical system, no significant
degradation in performance is anticipated as a result of atmospheric

turbulence,

FFFECT OF CLIMATIC CONDITIONS

The effectiveness or accuracy of the terrain seansor will be reduced
by various climatic conditions such as fog, haze, dust, rein, and snow.
In goneral these factors have about as much effect on the terrain semsor
a8 thoy do on human vision, That i3, the terrain sensor makes use of
the visible gpectral region and is gquite socnsitive, and so it is not
unduly affected by climatic conditions; on the other hand, the sengor is
rot able to see into or through such phenomena to any greater extent than
can a human beipg. Incidentially, it may be assumed that the driver of
the vehicle must see the terrain in order to operate the vehicle, znd so
it may be oxpucted thac the speed of the vehicle will have to be reduced
anyway undsr conditions of reduced visibility, so the rcquirements on the

teirain sensor may then be less severe,

Fog, haze, and dust have similar effects on optical inatruments,
Fach of thnze counsist of swall paxticles of various sizes which scatter

some of the Ligut. Thus they reduce jomewhat the ancumt of illumination

[+]

£ailing on tha object being observed, and they iaterrupt some of the light
coming from the target to the observer. Such a scattering medium has no
npfdest on the sharpness or vesoiution with which such an object is

shanveved; it dors. lewever, reduca the obacrved contrast of the object.
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This effect increases with range, and at long ranges objects cannot be
detected not because they have become blurred, but because their contrast
with the background drops below the human (or instrumental) threshold.

The contrast of objects observed at rangs x is given by*
cx - co e“PX

where C, is the contrast at range x, c° is the contrast in the absence

of the scattering medium, and (3 s the scattering coefficiont, depends

on the nature of the medium,

For a given medium the visual range V, is defined as the value of x
which makes Cy/Cy = 0,02, since the contrast threshold for normal human

vision is about 2%, Hence

eyz[—f'/h]- 0.02,

(37 3.912/V,, and

Cx = Cq AP [-%;-33‘.‘]

This oxpression allows the contrast reduction to be calculated as a

function of range x, if the visual range V, is Jmown,

# Handbooi: of Ceophysics p 14-14




In the caloulation of the porformance of the terrain sensor in the
previous section, it was shown that the noise-squivalent range increment
at 44 feet was 0,016 inch for the system described. An actual system will
not be designed to have thia accuracy, since achieving this performance
would require wmmecossary refinement in design. This rangs accuracy
calculation chows that the inherent noise in the ranging process will
not normally affect the accuracy of the system. It will, however, become
a factor when the calculated range accuracy approeches the system require--
ments of 2 inches. This expression just calculated, permits the
determination of the visuel range which exists when the latter condition

occurg .

Inspection of the renge squation shows tbat the factors of interest

here can be summarised in the proportionality

/

aAXne ;n—TIa-*'

vhere Ax is the range accuracy, m is the fractional modulation produced
by the choppor, and 1 is the intensity of light falling on the object. It
i3 clear that n i8 a linear function of the contrast C, Hence

ax, & &
R

1}

AX

1]

x4 ep[ 4],

189




AP R BT et A A W b

where C ia the contrast in the object field im the absence of scattering,
Cy is the contrast in the presence of scattering, { & x), and Ax are
the noige equivalent renge incresmionts in the absence and presence of
scattering, and I and I, are the intensities of illumination of the object
field with and without the scattering mediwm; 172 » 3.912 X 44.

Suppose that A X ie to be 2 inches, If { Ax), = 0.016 inch, and
IO/‘I w 10 (corresponding to a 10-fold reduction in available energy due

to the presence of the scattering mediwm), then

Vn - 45,8 feet,

Thus Tor the assumed conditionrs terrain contonr measurements can be made

when the vizval range is only abhout 50 feet,

Lis suggests that wuder gsome conditions of bad visibility the terrain
sonser WAy perait opvration of a cross country vehicle at higher specd
than ouhuvdse vould be passible, since it would serve ag an obstacle
aralng devics which cowdd see ¢s far as the vehicls driver, but would have
a wnel shorder reaction tias, For simple obstecle woarning, less range
cocirecy would probably he swtisfactory; lowering the requirement for
ey aceuraey incressss the effectiveness of such an obstacle warning

srutum il furtier.

She disouvsic so Tar applics to fog; haze, and duwst, The analysis
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of the effects of rain and snow is more difficult because the particle

sive is much larper and simple attenuation relntions may not apply

exactly. However, it is believad that the above calculations give a
fairly good representaticn of operation in rain and snow, and so it appears
that the terrain sensor will be effsctive under most conditions.

Other problems remin, of cowse. For example, the window through
whichthe terrain sensor looks rust be kept fairly free of rain, anow, 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 on the determination of counsistency. However, the
following observations may be¢ made. First, because scattering media
cause only loss of contrast, the amount of detail in ar image is unaffected
by scatter, ond so texture analysis is relstively unaffected by fog, haze,
and dust. Alss, fog and dust oconsist of particles of various sizes, but
the largest prarticles are most cffective in causing scattering, and the
larger rarticles are typically greater than ).0 micron in diameter., For
prriicies of this sire, scattering in the visible region is independent
of spectral wave length, and So spectrzl analysis is expected to be
retatively waffected by fog aud dust. Haze, on the other hand, consists
oy ennll oparticles and scatiering is a function of spectral wave
agen. {This is observed in the biuish cast haze gives to distant

sowitedan. ) Hewever, the effect of haze at ranges of 40 or 50 feot is

windly mot too pramounced, and so this may not interfere with spectral

antivgis, either,
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DAY OR NICGHT OPFRATION

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 eithsr an ordinary headlamp or a speclal narrow beam
lamia is provided for night use, the sensor will operate both day and

" night. The passive sensor maekes 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
transmitted light to match the spectral characteristics of sunlight,
elthough this solution introduces several problems. It reduces the
energy availabin; this effect is not too serious, since much of the
energy removed by filtering lies outside the spectral region in which
the photomultiplicr responds. Filtering e light source constitutes a
wioblei because the filter must absorb rather large amounts of energy.
finally, if ordinary hcadlamps rather than special sources are used, this

solution is not satisfactory, hecause special lamps would be required.

the altoraatives to filtering the transmitted radiation are to filter
tiz roceived cnergy ard adjust the amount of filtering, or to make the

responss of the coisistency sensor relatively independent of the nature
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of the light source. The extent to which either of these can be done
cannot be determined without further analysis of the technique of

conristency determination.

RANGE LIMITATIONS

The terrain sensor design has been based on the concept of
determining the contour of the terrain with a vertical accuracy of +
2 inches, and a distance of 44 feet ahead of the vehicle, as noted im

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 thoe
actual field of view of the sensor is held constant, range accuracy is
proportional to xs, and the percent accuracy is proportional to xzo Thus
the system previoucly considered has a theoretical 2-inch range accuracy

at a range of (2/0.,015)1/ 3

(44) = 220 feet, and the original percentage
renge accwracy (0.28%) at 490 feet. If these range accuracies are not

2quired, as for obstacle warning, or if the somsor is made larger, thess

»

ronges van be extended even further.

Howsver, in extending tite range of the terrain sensor certain
problors avise.
1. ia order o ueka use of an accurate detervination of contour, it
i3 nocessary to knmow at wvhat iustant the vehicle will reach a
cartain point on the wrrain, This requires very accurate
velocity informmtion: for exempls, to wse information about
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the location of an obstacle to an acouracy of 2 inches at 44
feot, the average velocity over the distance must be known to
0.38 percent. This accuracy requirement incresses as the range

to the obstacle increases.

2.

3.

4

[243

If information 1s'collacted about the terrain a longer distance
in front of the vehicle, the vehicle travels a greater distance
after maneuvers before complete information is again available,
Hence greater ranges increase information drop-out due to
naneuvers .

Measuring the tercain contowr accurately at greater ranges
requires equipment of greater precision; it is thus more costly
and perhaps less relaible.

Measwring the terrain contour at greater ranges with a device
restricted to an optical linemo’fwsight increases the “shadow
problem" - the facr that portions of this terrain such as
Jopreusiens are concealzd by obsteclaos in front of them
Assvmdng that the elevacvien of the sensor above the torvain is

9,

paad copaiong, increasing the seasing range makes the line of

signt mure aud more parailel o the surface, and more and wors of
the terinin will be douwnd to be shadowed.

iaereiging the renge of the terrain sensor requires that under
nosinad conditions the 2quipment is operating cJ.osep to the
tweoretical Wait, avnd hence climatic aud sjmlar‘énvi’ronmental

effzcts would produce grrater degradation in performance,

i the other bend, if ouly general informstion such as avorage

( ranghness, i3 veguired about the terrain ahead of the vehicle a larger
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actual fisld of view can be used, and range acouracy requirements
relaxed, For example, if only one percent reage accuracy is adequate,
the system studied previously has a maximum range of 14,520 feet,
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HOMAR FACTORS ENOINEERING

Because of the theoretical nature of the study performed under
this contract and because of the preliminary nature of the design,
which includes only an optical layout and a functional block diagrem,
human factors engineering i3 not applicable to this research and
develomment work.
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APPENDIX A
DERIVATION OF EQUATIONS
FOR ACTIVE C.W RANGER

Details of the active c-w ranging system described in the body of

this report are revealed in the following equations,
A-1 Synchromous Detection

Suppose the input to the synchronous detector is:
I=Dsin(lt- XK)Ksin (2 + 0 )¢,

wvhere D is the amplitude of the signal, and N represents a spurious
sigoal (noise) at a slightly different frequenmcy. If this is

/3 ) where /;’is

rmltiplied by the signal reference sin ( {1 t - i

2 controllable phase shift, the output is:
o = —g— [005 (oc-p) - cos (20t —o(—p)] +
+ N L -
7| os(et+p) ~cos{(z2+0)5 -}
After low-paas filtering, the output is:

0= ZL[D cos («-3) + Neos(ol +/8)]

ae-p) = (Lohul)

Z o (Leal- Yo -{at Sipnal
il ( s Noise ),',,/mz'
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then from the first and last expressions ebove it can be seen that for

the special case described above,

Q(avﬁ) -4 2 caa.(o(-—ﬁ)

and that if ¢he noise is a random signal,

Qx - =§‘75 £ coa (oc~(3)

if Q@ and Z are measured in the same bandwidth, (The extra factor
of 1/¥Z appears because noise on both sides of the carrier frequency

appears in the output,)

Since a signal-to-noise ratio change of i results from a signal
change equal to noige, the noise equivalent cuange in X | Ao is

given Ly

vl due ef AW fag & mbiiram at { R o~ p )=~ 12: s at this
AY
prinv Al o= 272/5 | and the DU output level is zero. This is
rragity sysoon in the Zollowing way: let the
goivind cfgral be sin {42 tloand the received signal from a

R N I T L T
R VIV R N R

2 bogin !l Ny« X}, 17 can be seon that

~
V\
]

om0 I Gee © Sa vas velority of light, The received sigmal
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A3

is multiplied by sin ( (2 t - f3 ),mdfisinmmdtm??‘/z
until the measured DC ountput is zero, This value of flullws &«
and therefore R to be determined, For an unambiguous indication,
0<«x <ﬁ’,beuuoumoutputmmoboobuiudforaf-[3=*%:
Hence, Ry, = zzc'_n.‘ Alsokt%;nmx,so AR = %,‘-R,“,vhero
AR is the noise equivalent range change.

Therefore,
AR = 2 lz R’MX .

mE

This is the basic equation for calculating performance.

Haximum Possible Chopping Frequency
Since R, = mC/20.  where ¢ is the velocity of light and (2 is the radian
chopping frequency, the maximum frequency (cyclea/ucond)h

c
 Tmax =g o

Puergy Returacd From Target Arvea

Here and generally throughout these calculationa, all measurements of

pover are rade in the spectral region in which the multiplier phototube responds
{ebouz 0,35 to 0,55 microns for an S-11 response), These limits are
apyrerizate and in practice vary from tube to tube, If W vatts/cu® - ster

are radiated, WAL watts strike the target within the field of view of

the raceiver. Then ()0.)-4:: W/~ watts/steradian are reflected (assuming

that the target is normal to the line of sight and radiates according to

the cosine lavw), and so

B o= W'?t ﬁl’_pwtf 3
t 57 RO 199



APPENDIX B
THE MULTIPLIER PHOTOTUBE

INTRODUCTION

The most sensitive detector that is available for use in measuring
rediation in or near the visible region is the smltiplier phototube., Its
high sensitivity and fast response time malee it ideal for the measurement of
vefiected sunlight in a passive ranging deterwination. For an active system
using a lamp with a color tewperature at about 3000°K, the mmltiplies phototube
is an ideal detector., This discussion of the multiplier phototube for use in
the range measwing dovice does not preclude the use of other detactors such
as the silicon photovoltaic detector, which is sensitive out to about 1.0
micron, or the lead sulfide detector, semsitive out to about 2,5 microns. The
examiration. of the measurement of consistency by spectral analysis discusses
the use of the spactral regior from about 0.4 to 0,8 microns, A multiplier
phototube with 5-20 spectral response is especially suitable for such a
wide region.

NULTIPLIER PHOTOTUBE SERSITIVITY

The ordinary method of defining sensitivity of a radiation detector is
the use of the spectral noise eguivalent power, The noise equivalent power, P,
ig the powey in watts required on the detector to pmduce a signal equivalent
to the neise produced at the output of the detector. Since the signal from
the multiplior phototube is also a function of the wavelength of the incldent
vadintion, for exactuess the value of F should be spacified at each wavelength,
Actinily, P is wsually deterained at the peak wavelength response of the
pririticrdar Jetsctor; thia value in watis is assumed to apply over the
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equivalent gpectral bandwidth of the detector, For example, a bariwidth
betweon 0,35 and 0.55 micron for the S-11 multiplisr phototube is accepted.

Two difficulties arise in the specification of the value of P
{or P ) for a particular sultiplier phototube, Ome is that the noise
level at the output of the multiplier phototube is not constant, and is a
function of the illumination striking the detecter. Also, the multiplier
rhototube has an inherent "dark™ noise; this contribution to the noise
is negligible &t high levels of fllwmination., The other difficulty is
that most multiplier phototubes are specified in terms of their respouse
to energy expressed in lumens., The energy specified in lumens refers only
to that energy present in the visible region. (The visible portion of the
spectruy iz usually defined specifically in terms of the "Standard
Observer! response, which peaks at 0,556 micron and extends from about 0,40
to 0.70 micvons.) For a nultiplier phototube wiicse spectral response
differs from that of the Standard Observer and whose response to a certain
nurber of Jumens is given, it iz also necessary to specify the color

temperature of the radiation source used in defining this response,

Fluctvations in the outpui current of the muitiplier phototube ocour
because the output current is due to the independent randonm ejection of
alectrons from the catihede, These events result from the input signal and
froa the spmatnneous Jsdssion which existe even with no incident signal
foark curprsnt). If the total average incident energy is E, the resulting
wyarage amde current is 3 4 SK, where i is the multiplier phototube

Cols sryrent {ompores) and 8 49 the mudtinlier phototube reaponsitivity
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(amp/watt). The above expression, divided by the mmltiplier phototubs gain,
G, is the cathode cwrrent in coulombs per sec. Dividing by the charge on
the electron, e, in coulombs yields the number of events occuring per second
at the cathode, which is |

i+ 8E
e

The rms variation in this number is

[ ) e

assuming that these cvents are randomly produced and independent.
1f the fluctuations are measured in a onme-cycle bandwidth, the nuwber

of watts jncidant on the cathede required to produce the above equivalent

veriation is

(B—l)

1/2

The quontity 72 is the bandwidth in see™ © required for a measurement

ovar o period of one-dalfwcycle - the minimum measurement necessary to
202
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determine the electrical waveform. C/S is the reciprocal of the
responsitivity or the number of watts necessary at the cathode to preduce
one ampere at the anode,

The quontity E, the total average incident emergy, depends upon what
is being measured and the enviromment. In an active system, Z is equal to
0.625 Ey + Eyo Here, B, i3 the target energy, and the fagtor of 0,628
rosults because E, is modulated. Ey is the power collected from the ambient
ummodulated enxargy ingident on the target, and may be appreciable in un
active system during certain daytims conditions of illumination, but is
rogligible at night, In a passive system, E is equal to Ep.

This relationship is expressed in the above form since the quantities
i, G, and S, (or S/C) are most usually given in specifications for multiplier

rhototubes,

Hultiplier phototubes differ in their spectral respomse, and in their
valuss of sensitivity and dark current. Two types are comsidered here for
tze purpose of calculation, These are the types using a photocathode
material of cosium-antimony, which is usualiy designated as type S-11, and
wpich covers the spectral region from 0.35 to 0,85 microns; the other type
iz the 8-20, vith a tri-alkali cathode such as SbX-Na-Cs, and includes the
crectrald reglon from about 0,32 to 0,62 microns; the response extends at a_
lowzy Javel s 0.8 microns, Either type would be aimst ideal for measuring
sune-reflectod energy, In an active system, with the effective target source
e abowt 3000°K, cither of these two types would de quite suitable,
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Values of i, the dark cuirent, mav vary frem 0,1 to 00,0002 nicraanunre
deperding upon the application, A valve caual to 0,001 S is enneddered
here as being easily achievable for both the 8.11 and 820 typce, Thiz
value corressonds to & cathode dismever betwusr oue and tuwo inches, (it
should be romembered that in the final design of a systen, there is vot
complete fycedom in chonsing the size of the cathede, The focal leagth and
field stop may have to be tailored scmewhat to fit the stenderd photocathede

supplied by the manufacturer, This will preseat no problem; however,)

The multiplier phototube gain, G, is a function of the anoda-supnly
voltage, and may assume values hetween about 105 o 107 For most tubes. £

value of 106 may be considered typical for both the S-11 and S~20 types.

The remaining quantity necessary to solve for the equivalent noise
input in watts in the scasitivity S in amperes per watt, Host manufacturcrs
quote data in terms of the quantity S/C, the photocathode sensitivity in
units of amperes per lumen. Values of S/C for the S-20 type are approximately
twice those of the S-11 type. A walue of 70 /z.a per lumen is considered
typical for the S-11, and 140 /ua per lumen for the S-20. Thege values

ars referenced to a source with & color temperature of 2870°K.

In order to find the number of effective watts in the spectral region
of either the S.-11 or $-20, corresponding to the measured nmumber of lumens
from the 2870 K source, the following considerations are csaential,

At the peak of the Standard Observer curve (0,556 /L ), 0.00147 watt
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corrvesponds to one lumen, Thiz is the mechanical equivalent of light¥*.

The total effectiva watts in the visible region from 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 mmltiplier
phototube is .00147 multiplied by the ratio of the fractional energy in
the spectral region of the phototube divided by the fractional cnhergy in
the visible or Standard Obgerver region, both from a blackbody at

temperature T. This relationship is expressed as

’ w o "1
{ sz [11S,d2 /WA[T]K,dA
100147 4% = ’
/PW;I{TJC‘A fn/)[ﬂdz

where 5, and ¥, are the relative responses of the phototube and
Standard Ohserver, sespectively, ncermalized to undty at the peak, W 2 (1)
iz the ordinste of the Planck blackbody function at wavelength A

correspending to vhe tamperatura, T.

e values of

,_1
P
A
5
<
‘s

)
@
(2]

X

. [ 4171 R, da
7?}?\))‘]‘ b =0

/f W, T]dA

vy Mirsiend tasizs, Winth Revised Edition, Smithsonian
Wi, AO0E, Pags 4. Table 73.
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versus the blackbody temperature, T, in degrees Kelvin, where R, represents
the relative response. These curves were obtained using mmerical
integration and xepresent the multiplier phototubes with S-11 and S§-20
responses, and the Standaid Observer. Figurs 43 shows their relative

responses.

From figure44, when T is 2870°K, the conversion factor from lumens to

watts becomes
00147 (00400).(.0249)‘1 = 00236 watts/lumens
for the §-20; and
.00147 £,0193) (,0240J% = .00113 watts/lumens
for the S-11.
Using the abov. cenversion factors end the values for i, G, and S
given before for the $5-20 and 8§13, ‘the following table results:

0 e v arndD
{e = 1,6 X 10 19 oqulenba)

Tepe i{ pu) ) S/ M af1) 5/C6{z/w) P(watts)(Eqn.B-1)

coog L001 108 140 ,059
(5. 3%10-18 (1. 6x20-24+%) 3
e LOUL, 10 70 062

12 i values of 870 b wips per vatt are ossentially equivaleat,
iy ehove volee of P is taken for both types $.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 nov be made as a function of E, the
overage incident enorgy in this spectral band.

AN EXAMPLE

The following is an example of the usefulness of the equations and
relationship depicted in figure44. Consider a passive system recoiving
energy from the terrain illuminated by the sun and scettered sunlight
from tho sky., Figure4s(l) is a plot of the total illumination on the
horizontal plane of the earth due to bLoth direct sunlight and sky light

versus solar altitude,

At a solar altitwde of 45 degrees, the illumination is 7300 foot
candles. This corresponds to 7300/30.48% = 7,86 lumens/ar?. If fﬂ(
represents the pover in the reflecied aunlight, and /J is the reflectivity,
the power on an S-20 detector using a collector of area, A,, and an opuical

systen with a s0lid angular field of view, (J is
-/
£ = pluh(00067) [7(5-20;,5900%)][ 7Ky, 5900°K] .

The lagt Cwo terms above are used to convert the reflected power from units

of lumcns to offective watts in the $-20 spectral bandwidth. These are

1. Handbook of Oecophysics,pp.l4-13, Revized Edition, The MacMillan Co.
( Hew York, 1981,
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found using figure 44, where T equals 5900°K. The above relationship

becomes
7086 [ X ‘“1 “3
E = f o= e Ac(0.00147)(0.316)(0.137) ™ = 8.4 X 10 /oamc watts

where the use of 777 assumes that the reflected ener,y is scattered
according to the cosine law. Making the following further assumptions:

(7=002

© = 1.6 X 10~ steradian
Ag = 200 ca?

B=8.4X103%0.2X21.6X10 X200 = 5.3 X 107 vatt

The quantity P, the noise equivalent power of the $-20 mmltiplier phototube;

is {from the table given earlier)

1/2
] = 3.7 X 1012 vatt

-6
= [563 x 1018 (1.6 x 20M + §~.§.?£z:l£,m)

E in the zbove equation must be divided by 2 if the emergy is chopped.
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APPENDIX O
EXPERIMENTAL DATA OM RANOEFINDYNG
BY IMAGE-PIANE IOCATION
INTRODUCTION
A general description of the passive rangefinding technique adopted
in the preliminary design was given in the section on Optioal Ranging
Methods. The discussion includes a theoretical davelopuent of the equations
wvhich relate the expscted sigmi-~to-noise ratio and the signal amplitude-
focal position curve to the noise-equivalent range incremont for systenms
of this type.

To verify these thooretical calculations, experiments have been
rerformod in the laboratory using currently available equipment. This
section yrovides a description of the experimental procedure, and an
analysis of the data obtained, Ths results are in good agreement vwith
theory, giving a further dogree of confidence that tho suggested epmroach

can be applied to an effgctive terrain sensor for crogs~country vshicles,

EXPIRMENTAL PROCEDUREFIRST SERIES
The basic clements in the experimental setup are as follows:
1. & patterned tavrget simulating the terrain to be sensed
entablished at o koowm, fixed range,
2. An optical system to form an image of the target.

3. A chopper to modulate the radiant emorgy collected by the
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optical system,

4, A detector (mltiplier phototubs) to form an electrical
sigml from this modulated radiant energy.

S. Electronics to process the elsctricel signals obtained from
the detector,

The experimental procédure conhisted of fimMag the varfatious in
electrical output that resulted from changing the focus of the optical
system, These variations are caused by the fact that the efficiency of
chopping is a function of how well the target is fimaged on the chopper.
Further details on the experimental setup are given below,

Target
For simplicity, a high coutrast target consisting of a 3-inch-aride

black sitripe on a white background was used, 1% was placed 18,3 feet
from the objective lens of the optical syntem, and was illuminated by an
ordinary household fluorescent lauwp, The lamp was close to the target,
but outside of the field of view of the optical system, The experiment
vag conducted in a darkroom laboratory, with no source of illumination

other than the fluoreacent lamp,

Outieal Srmtea

Tha optical system consisted of an objective lens, a field stop,



TN

and & relay lens. The objective wus a good-quality photographic lens with
2 4inch aperture, 90 wm focal length, and a minimm focal ratie of £/1.8.

A circular field stop, 0.128 inch in diametor, was placed at the focus of
tﬁe objective. The relay lens, a l5~-mm~diametor triplet with l-inch focal
length, was placed 2 inches behind the fisld stop and 2 inchss ahsad of
the chopper., The target image and field stop were thus made coincident
on the chopper disk at walty magaification.

Chopper

The chopper was a disk of clear plastic approximately § inches in
diameter, with 180 equally spaced radial spokes of coustant width (1/64
i.nch); The portion of the disk centered 2 incles from the axis of
rotation was used for chopping; in this regioa, the clear spaces arc
approxizately 3-1/2 timea the width of the opeque spokes. The disk was
driven at 36U0 e, to yield a chopping frequency of 10.8 ke,

The dotector wes an RCA Iype 9334 multiplier phototube operated at
750 valts. It vas positicnad bmmediately behind the chopper disk to
recrive the wodulated radiation.

The outpue of tie multiplier phototube was comected to a Spencer-
famedy Laboratories teldsl 358-A Variable Electronic Filter. This is a
Twe- 2ictleon Tiltor, and wes operated as a bandpass filter with each high
ané 1o jess sucticn oot at 10 keps. The cutoff characteristics of the
fiteenn Tolley a %4 &L wer octeve slupe. The equivalent square bandpass

B AR

shg fIloar eglinavion io about 4.5 kope.
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The output of the filter was connected to a Bullantine Laboratories,
Inc, Model 300 Electronic Voltmeter, vhich was used to read the output

voltage of the systom,

MFASUREMENY PROCEDURE

As the first step in the experimental procedure, the system noise
wag determined. Since the experimental zetup was not completely shielded
from extrancous illumimation, it was necesesry to mcasure the system noise
indirectly. (The only source of illmsinatiom in the roow was the lamp
used to illwminate the target, but a portion of its output was reflocted
into the multiplier phbototube by stray paths which bypassed the primary
optics.) The chopper wvas tumed off, aixd the rms noise was measured. The
antrance apsrture of the objective lens was thon shielded and the aoise
was measured, The rms system noise was then assumed to be the square root

of the difference betwsen the squares of these two measured noiscs.

Following the noise measurcrent, the chopper was turned on ard the
148 oulrut sisnal was recoxded., The objective lens was then moved slong
tha eptleald axds in 2millimeter stepz and the resunltant rms signal
voltiges wore messwred, resulting in the cwrve of Figure4?. A signal-to-

noise vatis of 33 wes obtained at the position of best focus.

T aracteristics of the curve are worth noting. Ome is the large

1

SR oat Sie pesition of Lest Tocus, and the other is the shape of the

3

fa 00y To opigeald as the image tiat is chopped bzcomes degiaded.
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THEORETICAL CALCULATION OF S/N |

Using the equations given im the sectien om the amalysis of ranging
by image plane looation and Appendix B, the signal-to-ucise ratio for &
system of this type can be shown to be

5/” ‘”Z( pl‘u)ﬂc

TrBAL

The factors invelved in this equatiom are as followss

n -~ the r o s fractioml wodulation of the field, In the expsrimental
setup, the totzl field is (1/8)( 7 )(1/8 inch)? and the approximate
area of & spoke on the chopper within the field is 1/64 inch X 1/8
inch. Hence the fractional ares modulated is //27, Ths estimated
values of the reflectivit:  of the black and white portions of the
target are 0.1 and 0.9, respectively, The average refloctivity of
the portion of tha‘urgetinthe field of view is 0.5, and so the
T.m,8. fivctional modulation is

1 1 0.8

m-;—-ﬁ_— . ;—;—7—_ azgeo.os .
Ao« the ares of the collecting optica. The emtrance aperture is
actwally 20 e (5 cm diameter); however, th§ diameter of the
15 wm relay lens is the aperturc stop of the complete system,
This 15 wnm lens diemcter, reflected back to the entrance apsrture,
corresponds to am aperture diametor of 26.6 wm, giving & value of

A of 3.5 o,

¢w = the 80lid angular fiold of view as determined by the 1/8-inch
31
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dianster fie)d stop and S-cum focal lengths

w = x (133X 2:54)% _ 10 x 167 srerdien.
4 9

the radiance reflscted from the targes, in watts/ad-ater, in the
spectral region of the deteotor. I is the illumination on the
target, The value of OL/IT was foud to be 10 Limens/te?-ster for
tho white pmmofﬁewpt,uunrﬁbynmrddnﬁt
moter, It is difficult to determine the exact conversion factor
between lumens and watts in this case, sinos specific jata was not
available on the spectral smission of the fluorescent lamp used,
The generslised data available* indicates that the total effective
vatts from the lamp in the visible region is approximately equivalent
to the amount in the region within which an S-4 photocathode is
gensitive, Thus for the white portions of the target, which occupied
about half the total field, /ar/n is approximately

10 X 32.2%31 = 1.6 X 10™5 vatt/ca’~ster.

(The factor 00147 used above is the conversion factor from lumens
to watts for the visible region -- as discusezed in Appendix B, The
foctor 920 is the conversion factor from ttz to uz.) Hence the

avorage value over the field is given by

¥ abic 96, page 107, cmitbsorian Physical Tabls, Ninth Edition,
Fublished by the Smithgouian Instituts, 1959.
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£~ + 2l 1,6 x 10 = 8.9 x 10 vatta/on’ster

~ the electrioal bandwidth (4.5 kops).

~ The coefficiont that specifies the sensitivity of the multiplier

phototube as expressed in ths relaticnship for the noise equivalent
pover, P = (KE)'/2, where E is the power on the detecter from the
target. This equation assumes that the dark noise comtribution is
negligible, This esprecsion, as well as values of K for ths 8-11
and S-20 types of photocathodes, is diveloped fully in Appendix B,
For the 9314 mmltiplier phototube, at a supply voltage of 7350 volts,
the following manufacturer's quoted valuss were used:
Cathode Radiant Seansitivity (8/0) = 30 /a suxp/Iumen.
Current Amplification (G) = 1,1 X 10°,
The folloving values arzs also required:

7(s-4 5 , 2870°) = L0170
Derived by the methed of Appendix B,
N(K 5 » 2870°) = 0249

Thus

8/6 =30 X 10"6/(.00147) X (.,0170) X (.,om:)"1 = ,030 amp/watt,
Howr

' ~1.9
K = WBefs = 2X 38 X110 10,7 X 10718 vatt,
«030 218



t ~ the average transmission of the chopper; in this case it is
about
t'l“z‘—l‘"-OQM

The calculated r.m.s, signal-to~-noise ratio for the ¢onditions of
the axperinment is thersfore

ssxw3xeoxwd a8

99
4.5 X 10% X 10,7 x 1018 x 0,84

8/% = 0,09(

This is a facta of 2.8 greatsr than the measured value of 350

THE SIGRAL AMFLITUDE CURVE

Another factor which doteiwines the accuracy with which the image
plane can be located is the rate at which the detector ocutput falls off
ag the chopper moves out of the plane of best focus, The expected shape
of this curve can be calculated froam the formula givem previously. The
ghape of the curve, Q( 4 ) is given by

Qra) = 212 ?”5{7(#
N W, 20)*
j‘ 77'/4’ §2+Lf—1

and moand I arce constant,

vhors
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is the optical blur,

is the spatial chopping frequency,

is the displaceweut along the axis,

is the diameter of the opticel system,
is the focal length of the optical system,

Haubﬂ(b

For the laboratory system, 5 oan be neglected, and

K = 50 cycles ~ radian™d

D e 26.5mm

f = 30 m,
The resulting norwalized curve is shown in Figure 48, The calculated
width at the 3 db points is about 6.3 mn.

Since the experimental width is somewhat wider than this, additiomal
experimants were performed to study the affect of various optical parameters
on the shape of the curve.

EXPERIMEHTAL PROCEDUHE-SECOND SERIES
Esscntially the same experimental equipment wes used as before, The
folloving additional equipment was used.

[

forget
In additicn to the high~contrast target of a 3-inch-wide black

stripe on a white background, a nsw tearget was used baving a checkerboard
pattewn, fhis consisted of 1,5-inch-wide horigontal and vertical stripes
of black tape on & white background with spacing between the stripes of

1.5 inches., This resulted in a pattern of white aquares and black
, 220
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squares in a ratio of 1 to 2, Essentially, this pattern represented a
mors detalled target than the ome used previously.

Chopper
In addition to a spoke chopper, another chopper with a pattern

composed of randenly spaced black dots of approximately 1/40 imch in
diameter, was used., The averege spacing betwoen dots was betwoeen one and
two dot diameters.
Measurement Procedure

The rms output signal was recorded as the objective lens was moved
along the optical axis in ono~millimeter steps for various target and
chopper combinations, Also, other data was obtained by chopping the image
both with and without a field stop. These data are plotted in the form
of curves norueliged to their peak valuec,

RESULTS OF SECOND SERIES OF EXPERIMENTS

Figure 49 gives the results of three moasurements, Curve I shows
the shape of the signal using the new chopper with random dots against
the line target., Gurve 1I represents the results using the random
chopper and checkerboard-patterued target, Curve III represents the
results using the spoke chopper and line target., Mesasurements for all

three cmwvas were wade using a circular field stop, 1/8 inch in diameter,

figure 50 shows two cmrves obtained with no field stop. These
experiments vere performsd jn a dark rcom with e fluorescent lamp as the
ouly sewrce of £1lumination., Here no actual field stop with sharp edges

was used, The edges of the field of view are determined by the falling~off
223
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of illumination provided by the fluorescent lamp against the bagkground.
The lamp vas enclosed in a shield which tanded to direct the light in
one direction,

DISCUSSION OF RESULYS OF BOTH SERIES

The valuas of measured and calculated signal-to-maise ratio are
considersd to compare favorably, and indicate that mo significant
considerations were neglectad in the theorstical perforwance caloulatfons
on the passive ranging system, Closer agreement would have been
desirable, bdut is unrealistic to expect for the following reasons:

1, The actual sensitivity of the off.-the-ghelf multiplier photo-
tube (Type 931-4) used was not determined. Median values from
the manufacturert!s handbook were assumed, A different mmltiplier
phototube of the same type could easily have had sufficiently
differing charscteristics to have affected the results by a
factor of 2.

2. The measurement of the target radiancs by aa uncalibrated
1ight meter yiclded a value that could be questioned, certainly,
to an accuracy of $0%,

3o The chopper used had slightly irregular line spacing., This
chopuor was hand-made for tho oxperiment, and extrewe precieion
in its fabrication was not warranted by the acouracy goals
adnpted in the experimental design,

4, ‘Toere may heve beon other contributing factors, also, such as
inaccuraciss in the assurkd values of the reflectivities of the

black and vhite portions of the targst, and imperfect optical
‘ 225



aligmsent,

In discussing the shaps of the signal curve, it is comvenieat to
denote the width of each ocurve by the distamoe between the 3 db points
(the places where the curves are down ,707 from their peak valmes).
These "“widths™ are called out in Figwres 49 amd 50.

Curve X of Figure 49 shows a vide peak of 15,8 mm, This may be
compared with the width of the curve in Figure 47, of 8,7 nm., This latter
mmohmudﬁthtbsmnmumemdifanchﬁ.eultopm
the spole chopper was nsed, In either caso, the fall off from the peak
is nore graduval than expectsd, and it can be oomcluded that chopping of
the field stop, which always remains in focus as tie objective lens is
roved along the optical axis, is contributing to the total sigmal.

Curvos IT ard ITY show much svaller widths of about 5.0 mm, alightly
narrower than the theoretical curve, Apparently the checkerboard target
resulted in significantly more image chopping than did the single line
torget, Thus wbile field chopping still exists, it is at a much lower
lavz) than the image chopping and the shape of the curve around the peak
reprasents a better picture of the fall off of immnge choppdug. Note the
“yinge” au cvrve II1 which suggest ¢tho lower amplitude wings on the

Theoratical Cuiva,

Corecs I ond XX of Figure 50 show this effect even better, There was
ro definritive ficld stop end the taprget vus the shade of a lamp seom

aguinst a kigo contrast circle of light produced on a white background,
226
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( Again, a width of about s.;:.m obtained. Agrinst a checikerboard
chopper pattern a width of about 3.0 nm resulted, It is diffiomlt to
determine how this additiomal sharmmess came abont, It would seem that
the use of the checkerboard pattern provided a higher imags chopping
sigml, thus effectively lowering some field chopping which is still
present, Another reason for the disovepancy is the possitdlity that the
width of the curve, if there is negligibls fimld chopping, does depend to
soma degres on the detail in the image.

dGIICHISIONS

Thesc experiments indicate close agreemsnt between the theoretical
sigopl~townoise ratio and output amplitude curve and values obtained in
prectice, Thoy also demonstrate that in the design of a passive runger
based on the location of best focus, field chopping should be minimized.
This can be effocted succeasfully by various msans. A aimple approach
should be tho use of a field stop that is defined by shaded edges.
Another cffective means is the use of 2 field stop and a spoke-type
chopper of just the right sise so that thy edge of one line on the
chopper rctiole entera the ficld oflvicw‘ as another leavas. For example,
the ficld stop could he a portion of 3 soctor of the circular chopper,
bounded by two arcs conéentric with the chopper circle and of smaller
radius than the chopper and by two radii of the circie spaced to enclose

the same nueber of black and wbite portions of the chopper.

Laothar important considaration in the roduction or elimination of
( £21¢ chopping is tho nature of the optical biur, The lens uped in the
227
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experiments described gave & good quality imsge over a wide field
angle, such that the field stop ws alvays in good foous. The use of an
optical system with good resolmtion near the axis and poor resolution
near the edge of the field would reduce field chopping materially, A
parabolic mirror should de ideal for this application.



