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ABSTRACT | o

In the latter part 'of this decade, this country intends.
to send an un-manned roving vehicle to explore the surface of the
pianet Mars. In order to complete its mission, this vehicle must
be capable of 1ong-hange autonomous navigation on the surface. The

—

purpose of this report is to develop and discuss the instrumentation
. I : : i :

i

of such a primary navigatioh‘system.
’ The instruments themse1ves are found to require several
unique applications of exiSting‘sensors and in some instances the
desired system requires sensors not presently in existence. Featdres
of.the,desired system include a-determination of an inertiaT frame
with origin at the pIanet center, establishment of a reference p]at-

form on the vehicle without use of conventional gyroscopic stabiliz-

ation, a computation scheme for enabling a satellite to provide the

vehicle with location data for targets beyond the vehicle's horizon,
a surface dead- recPon1ng scheme for cont1nuous tracking of veh1c1e
p051t1on and a proposed flow d1agram to combine all of these systems
to provide the best poss1b1e position 1nformat1on.

Instrumentat1on cons1derat1ons are shown to influence orb1t

se1ect1on,,areas and time of exp1orat1on, and to some extent basic

“vehicle configuration. New 1nstruments are proposed to fill the

<1nformat1on gaps identified and a d1scuss1on of the overall accuracy’

of the final configuration is included..
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1. BAC&GROUND. As part of the basic schedule -for exploration of

B . ‘ the planet Mars, an unmanned roving vehicle is to

1.

be landed on the surface in the late 1970's. This mission is to

follow the two stationary surface probes of Project Viking and the

keynote of the mission is to be vehicle movement to several select-

' ed areds on the surface for exploration. Spec1f1ca11y, the m1551on
. / .
b . requires an autonomous system capable of both planning ‘and execut1ng
b , . i . ‘ ; ,

' excursions of many miles over the surface toward a given target.
0f course the system will have backup modes involving various de-

o grees of control from earth, but the basic system must be capable |

of performing the following basic functions if it is to meet the

éi | ‘missién_goals: ;

. .a. Find, {dentify, and locate the desired target in

{i some useahie refehence frame, | .

5% ? - b. Locate the veh1c1e in the same reference frame,

K thereby estab11sh1ng a des1red d1rect1on of travel -
Ei; j a basic uav1gat1on vector,s 7

. €. Sense the 10ca1 terrain and determ1ne the opt1mum
| path to actual]y follow while negot1at1ng the dis-
tance to the target |

d. Actually "drive" the vehicle a]ong the 1ntended path.

The major components of the system 1nc1ude the vehicle 1tse1f, an

bR
i

orb1t1ng sate111te and earth-based computat1on, contro], and mon1tor
,fac111t1es ’ ' ‘ :.
| | ' Proaect organ1zat1on on campus has divided the overa11

: ;system so that parts (a) and (b) are treated as the pr1mary long-

o range naV1gat1oh funct1ons while parts (c)-and (d) compr1se,the
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sécondaLy or guidance system. This paper is concerned with the
implementation of the primary system - determination of the navi-
gation vector. The basic sySteh for utilizing the orbiting sat-

ellite to assist the vehicle in computing this navigation vector was

- - originated by Dr. C. N. Shen. This system was then designed and is

e e

2 e

2 3

noﬁ beﬂng refined by Mr. R. E. Janosko ©, assisted by Mr. Chen
" This b?sic design combines various measurements made by the satellite
and the vehicle in a fitting aﬁd filtering process to independently

determine the position of the vehicle and target in an inertial frame.

’2.' OédECTIVES. With this as batkground then, it may be-statea'that
, f ~ the topics of fhis baper'are the instrumentaﬁion of
" the bﬁsic satellite updafe system and the integration of this scheme
" into an overall navigation system. Thespecific objgctives are as
listed below:
| (a) :Determine‘if the system réquired ﬁeasurements could
betobtafhed w{th currently available or predictab]ev
sensors. ., R
Yb) If sensors are aQailéb]e, study the fmplications for
the physical assembly. of the system, éffects on mission
proﬁiié, ahd'generé] 1imftatjons fﬁposed.
"'(c) -If sensors'are not aQailable,‘either aesign new ones or
provide fgea;ﬁéck to thg other mé@bersfof the desigh
team to‘ajiow pbssib]e modificatibn of the basic'systém
design.'_' \ | v :
(d) For a ffnal sampfe choife‘pf.in§t§uménts,;415cuss com-

. ponent and system accuracy.
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During the course of this work,;oonsiderable effort was a1so direct-
ed toward establishing useable reference frames for the system since
it was discovered that this prob1em was closely coupled to tne instru-
mentation problem in general. With these basic objectives in mind,
the first effort of the work-mas to survey the nature of the mfssion
and estab1isn the general requirements which all the jnstruments'must

safisfy in order to qualify for consideration on the mission.

3. GENERAL INSTRUMENT REQUIREMENTS. For a trip to Mars, the instru-
- ments and assoc1ated computat1on-
al hardward must of course be as light, s1mp1e, and dependab]e as

- possible because the entire system is to be automatic. They should
be adaptable to the environment of outer spece and the bleak surface
of Mars: There will in genera1 be no manual ass1stance ava11ab1e to
resolve s1ngu1ar1t1es, establish 1n1t1a1 course or1entat1ons and make
dec15jons. The vehicle Fqu1pment must establish the reference frame
from an initially partly dis-oriented posjtion and must.bevoapeb1e

of relocating reference points such-as the target or the safe111te
rapidly if the system breaks track. System components on board the
vehicle must be able to survive and function in the presence”Of ran-
dom vehicle acce1erations and shocks, as ifvtraverses rough terruin.
This cond1t1on 1ead to efforts to do W1thout the convent1ona1 gyro-
stab111zed p]atform w1th acce]erometers for estab11sh1ng reference
.frames and sens1ng veh1cle movement Effort was 1nstead channeled
toward systems tracking exterlor obJects and local vert1ra1 for,tne
reference frame, using a surface veloc1ty sensor p1us sate1!1te and
solar observations for‘pos1tlon data - Under limited eond1t1ons this
J:system showed some promise, but has serious fa111ngs in genera]

app11cat1ons As previously ment1oned the eny1ronment of the system
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“on the planet's surface will be distinctly hoscile to automated
- _ navigation. Detailed information about the atmosphere through*which

the sensors must operate is very scarce, but it is genera11y known
1 l

that the surface has a th1n (3 to 18 m1111bars), turbulent atmos-

phere with winds of several hundred miles per hour not uncommon 4.

|
Such winds may produce violent dust storms and highly errat1c con-

ditions of optical and radio propagation. While h1ghra1t1tude;observ-

|
L

ations should be generally reliable, any measurement near the'hori~
B 2 zon is likely to be very suspect because of atmospher1c effects.
Those 1ow a1t1tude observations are also hampered by the rugged

Martian terrain, as any track which takes the,yeh1c1e near large

L“Tﬁ“l 7

obstacles would 1ikely block a large portion of the nearehorizon

~uiew, (see section 7B for a discussion of the implications of this

%: f limited field of view). The problem is even funther complicated by

i: ! the fact that theAdesire‘co use local vertical as one major compon-

E% 3 ent of the system makes %heuhigh—altitude‘observation of other bodies
| or reference points difficult because of the singuTarities involved.

Hence the observations uhich are‘best from an instrumentation'pofnf
:é ~ of view are the worst from a geometrica] point of view, and vice

versa. This conflict affects~otherAdecisions such as the choice of

landing sites, time of year for the exp]onation, types of orbit used,

and certa1n1y the overa11 system accuracy 'The ekterna1 components .
: of the system must also be made 1mperv1ous to the sand dust and

wind on the surface. Th1s Is a trouble spot for optics ~Time is

also a cons1derat1on in 1nstrumentat1on Although the mlssion u111

be on the p]anet for severa] weeks or months, the 1nstruments in-

volved in the satellite- ass1sted computations must react qu1ck1y

enough.to get good nead1ngs dur1ng each pass .of the~sate111te.
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This is especially important for such items as the meridian transit
ohservation of the sun discussed in section 9, which happens only

once each day, and for the sate111te update of pos1t1on, which

-happens only once every 2 to ]2 hours, and has a durat1on of from

1 to 8 m1nutes The target- f1nd1ng system in the sate111te can
on1y Operate during the hours when the target is in day11ght and
in v1ew of the satellite, which may be only once or twice a day.
Of course, once located a targetsi”position may he recorded and
s1nce the target does not move geograph1ca11y, it need not be con-
tinuaily tracked to have the system function. "Note that this day—
light reqn1rement applled on]y-to a.natural, non-radiating land-
nark!on the surfece such as a crater, mountain.or other feature.

If recognition and tracking of such features proves impossible,

- or would cause a disproportionate amount‘of development effort, an

alternative technique would be to drop radiating beacons in the

general vicinity of desired features, which could then be tracked
and located at 1ong range by the sate111te and at short range by
the veh1c1e 1tse1f -

It shou]d be noted here that a]though the system sensors

‘are the instruments wh1ch f1nd most of the new and un1que prob1ems
in this system, the basic commun1cat1ons equipment and compnter

S designs are by no means tr‘iv‘i'aTT The eommunications equipment

’wou1d likely cons1sts of a short range rad1o W1th omni-direction-

al antenna for the vehlc1e s use in send1ng a11 1ts data d1rect1y

- to the sate]11te for re1ay, a maJor transm1tter w1th high data and -

"cons1derab1e storage\capab111ty 1n the sate111te, and’ the usual
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large array of receivers and transmitters on earth for controliand

monitor functions; (the Deep Space‘Nptwork)5 A second transm1tter

on the veh1c1e for d1rect transm1ss1on to earth is omitted here to

| t

.provide more we1ght, space and power for veh1c1e propu]s1on eq%1p-

ment, but could be added if h1gher data rates, more re11ab111ty, or

a backup mode were desired. The basic computer ‘scheme of reference(G)
\ T : .

is used as a format here. The most significant aspect of this\techl
nique is the use of a master sequencing center to optimize use of

|

Timited computer facilities for a wide variety of functions. It is

this area which is affected perhaps more than any other by the re-

'Quirement for the system to be autonomous. On all previous space

missions the equipment has consisted basically of either one very

-specialized subsystem or a group of subsystems which were then coordin-

ated by our most‘advanced sequencing system, a pilot. This mission
will be the first time man has sent a major_]ogjc unit beyond the
range of effective’real-ﬁime‘contro1vfrom earth so it is especially
1mportent that all sensors be as reliab1e‘as possible. A failure of
the system's autonomous_movement capébility cannot be effectiye1y~
counteracted by control from earth because of the lengthy time de]ay‘
for rad1o communications and the m1ss1on wou]d be reduced to 11tt1e
more than a repeat of the V1k1ng probes Re11ab111ty then is a must
for a]] parts of the nav1gat1on systems,lboth pr1mary and gu1dance
Although it is true that 1n this case a man's 11fe does not depend

on these sensors, a lot of taxpayers' money does, as m1ght the future

of any intended major excursion to other planets.

4. ORGANIZATION OF THE ANALYSIS. Navigation is all ﬁeiative In

thls;rase, the nav1gat1on prob]ems

are even more d1ff1cu1t because the. system not on1y has to function
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{n relative terms, it has to decide what it is goino to be re]ative
to. S1nce there are may cho1cea available, one of the primary, tasks
of an!1nstrumentat1on analysis must be to sepa ate the . references
which can be sensed and measured with some degree of fac111ty from
those which can't. Once this is done, an orderly process for us1ng
these references to form frames for calculation must be establrshed
In~th1s instance, Dr. Shen and Mr. Janosko had estab11shed a proposed
procedure when the study wae begun ? SO the obgect1ve was to fﬁnd a
way to instrument it. This approach revealed several difficulties
in the basic system of reference frames, so in ciassic'engineering
fashion the original proposed so]utioo was revised 2 and the instru-

mentation study repeated. The final combined system will be used

"as the basic format for this paper, beginning now with a discussion

and definition of fhe various frames which are established and util-

ized by the system and then proceeding to the specific instrumentation

of this system on overe11 missionvprofi1e.

of each frame. Following this will be a'discussion of the imp]ioations

T

.5. ESTABLISHMENT OF REFERENCE FRAMES. The first and oost basdc refer-

_ ence frame used by’ the mission
is the inertial frame used by the sate111te':tse1f during the trens1t

to Mars. This would most likely be the conventional system current-

1y in use in which the satellite itself is instrumented with star

trackers to check the alignment of the entire package inertie11y.

The satellite itself is considered the stable platform and is orienﬁ~

- ed as¥requirediby gas‘jets or some similar device. It is this basic

= inertial frame which'§s used during a1fgnment for trajectory correct-

ions, orbit insertion, and recursive unknown landmark navigation
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schemes to accurately determine the satellite orbit in space;

Note that the unknown landmark navigation would mequire stored,

1nf0rmat.on about the movement of Mars in space if the de51redx
| |
i

‘traJeetory is to be computed with respect to the stars (1nert1a1

space). The actual alignment of the orthogona] axes used by th1s
system is unimportant to the pr1mary nav1gat1on system because the '
maJor computational frames to be uysed are centered at the geoce ter :
of Mars, as will be shown later. This basic sate111te frame, ce]]ed
the S-frame, does not enter into the ca]cu]ations directly but its

accuracy does affect the system because the S-frame is used to deter-

" mine the satellite orbit and also its position in that orbit as a

function of time 2. several other frames are then established with

"respect to that orbit, and the position in orbit is used directly

in the Janosko computatibns for target and vehicle positions.

To proceed with the details, the objective is to establish

an inertia] frame centered at the geocenter of Mars with one axis

a]1gned W1th the spin axis of Mars and the other two axes in the

p1ane of Mars' .equator. This is done in the following fashion (see
figure (1): | B |
A. The orbit‘of'the satellite is deterr’ined in inertial
space. This implies that the vector;Ic,(a1igned with
fhe orbit momentum vectok'F), and Ia, (the direction
of the sem1 major ax1s), are know W1th Ib be1ng the
cross- product
B. The oriehtation*bf the axis of Mars and its eqqatom
are_knewn ineptia11y’as a functionkef time. It is
’knownsjhat the center‘of'Mérs is oneefocus;of'the
ombit, so,that the Iabc frame is centered at Mars

~geocenter. .

\

ey IRy
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T satellite orbit

- ,

Y
equator y4y T
=
/o

/ path of sabellite
~over surface

pericente;\:;?\‘~ ;
line. of intersection of | o

orbitaliand equatorial pleres,

figure (1) Martian Reference Frames h - ;54“
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C.| From this the line of intersection of the plane

of the orbit and the Martian equatoriaiiplane may

s be determined, which amounts to determining apg]e§‘>
fi ’ _‘ o and §. Again using the spin axis as 6hé'axis,

?9 the I,,5; frame is generated. This is qui'te anala-
gg : ; : gous to the proceedure used in establishing the

tt~ | o ! convention he]iocentric ihertiaf.frame 9; Mars

»F | ( equatorial plane cprtésponds to the plane of the
ngg e;]iptic, the ;ate1lite orbital pjané correspondsA

to earth's orbitql plane, and the line of inter-

zi section, I, correspbnds to’thé line of the vernal
1 f equ?nox.; | | |

%é;. , D. From this position in the classié Euler angle des-
:gi | - - cription, ohe describes the motion pf a body in,the ’

Ii123 frame by three angular rotations which give

;E} o ~ the inclination of the orbit to the reference plane,
gii” o - (s), the disp]écement, (A), of the line of inter-
o ‘ section of the orbit with the reference plane

;? | ‘ | ,'(ca11ed'11ne4of nodes) from the I, axis, and then
;:, | . the angle from thé line oF"nodes't€ the'semi-maj0r
ij axis of»the orbit, (d);‘the that the satellite

;ia ' - . orbit»if$e1f may néw be defjned in tefms of the

‘l% _ frame it he]ped generate. Simply, o=a, 8=8 and
féék’ c | - A=0. Thatfi§, the "line of nodes" 6f the orbit

.{; ~ and;thewliné of infer§ectionlUSed to form I,

géf o S 'just,happén}tb coincide, But this is‘nqt reai]y

‘essential. The 1mp6rtant part is that by compar-
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ison of two accurately established p]anes'and one

known spin axis an inertial frame may be derived

which is centered at Mars geocenter and therefore
3 | ~translates through sﬁace with the planet.

v

.E. The final step in this particular derivation is to

establish a Martian geographic’fréme. Fortdﬁéte]y

this is qufte easy since fhé I,,3 frame is related

to a conventional 1ati£ude-1ongitude frame by only

a single rotation. F1gure (2) shows three possible

measures of a veh1c1e S “1ong1tude" on the sﬁffacé.

- There is a geograph1q reference grid which has been

| | defined for Mars by simply setting thetéptica1 center
as viewed from earth at some time zero as the "prime

g;_ - meridian", and then kéeping track of its position by

integrating the known rate of rotation of the p]anet ]0

e

This is both too inaccurate and too awkward for the

X

vehicle or satellite to use. Instead, the initial

FART I .
R

landing position of tﬁe véhic]e may be designated
gé o  zero 1ongitude‘and then movements measured from that
meridian. Of course the vehicle may be referenced
i | " to familiar']and markébfn fhe old-system by compar-}
ing the vehic]e;s poSition and that of the prime

meridian in the I-frame at the -same t1me, not1ng

that from that time on the sum of the angle between
| ~ the Martian prime meridian and 1,,(Q(t)), and the
= i‘,'- ' ,'angle between the veh1c1e and Il,(e(t)), W111 be a

constant,(Q +6 ). This’ 15 assum1ng the vehicle

S . S
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e B {’O(Jc’) a 0
(initial poen)

o

Noter The apparent. contyadiction in notation caused by using the subscript
‘gero and the (%) to indicate a time function is Lo indicate that although
the valuesmsay indeed assure "initial velues'" in the usual fashion, the

. process mey be repeated frequently as improved position data is obtained..

.» figure (2) Longitude Conventions
¢ - Lo pa.




doeSn'tjmoye. If it does the new longitude in the old prime meri-

dian system will be jusi (Q0+eo) +o(t), where_@(t) is the vehicle

longitude in ithe M-frame. In the inertial I-frame this becomes

6 _+

ot %mars t reflects -the planet rotation

t + ¢(t), where the term Woaps

in inertial space. Latitude measurements are not so arbitrary, as

‘the spin axis of Mars is well defined in space and in fac. may be

observeﬂ by comparisons with starél- much as for the North Star on

earth.{ There is a second magni-tude star Within 2 degrees of the

Martian south pole 1

s and a star pattern cbu]d be used for similar
tracking of the north pole if required. Latitude is therefore measur-

ed in the conventional sense with the equator being zero degrees and

‘the poles ninety.

6. _VEHICLE FRAMES. The vehicle basically operates in a body-bound

. or B-frame mode. That is, when it wants to move

it does so by directing its own physical structure in some given

" direction with respect to its present position - left, right, forward,

backward, etc. Unfortunately, it is hot easy to, directly relate this

B-frame to a geographic or inertial frame so that calculations can

.be made for navigation and guidance. Accordingly, the vehicle needs

some intermediate reference frame which it can carry with it. This
frame,'ca11ed the x-frame; must be relatable to the space in which

the satellite makes its.calcu1ations‘and observations - inertial,

and it must be able to also relate to the directioh over the ground

along which the vehicle must travel - geographic. .Of course, the

fﬁame is sti11 of litt1é use if it can't‘a1so_re1ate all this inform- ‘

ation back to the original body frame. These requireménts‘are‘not‘

|

S

unique to this mission, and baVe{gijen rise to the entire technology

*
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of stable platforms. For purposes of this paper, however, 'a

deciSion was made to attempt to avoid the conventional method of

, i
stabilizing and instrumenting this platform with gyros and acceler~

|
ometers. This was primarily because accelerometers are ineffective

for slow speeds and high vibrations, while gyros tend to drift,

Instead of the accelerometers, a direct surface velocity sensor is

used, and a]though a platform is still intended, it uses sensors

"continually aligned with stars, the sun, or local vertical for

its reference. WhiTe this platform does not have the advantage of
extensive technological development aﬁd.doés have certain geogkaphic
limitations, it has "the advantage of beinggcohtinuousiy se]f—éorrect-
ing; i.e., no drift. This elminates the need for realignment, which
becomes more importani as time and the number of méneuvers increase.'
For a mission.of several months this could aétua11y‘rebfesent a
considerable decrease in complexity of opera%ion, éﬁpecia]]y in

mechanical functions. The major weakness of fhe,system is that

. ' € . '.
no one combination of reference vectors, (star, sun, local vertical),

~1 is applicable to all parts of the planet for all times'of the year.

‘This deficiency must be bvercdme by logic circuits designed to

§e1ect the optimal combination for the conditions. Some examples

f@ilow;

L. :Pole Star-Local Vertical Frame.
Once the vehicle has'1anded and basically righted itself,

it must make two observations to establish this reference frame -

local vertical, and the southern pole star of Mars. Local verticaT

(direction only) is established by use of the instrument described

in Appendixvl;,which is basically an instrumented damped pendulum.
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This de iee establishes one primary axis of the frame which is

- then related to the terrain model and stored. Observation of
the southern pole star is mone'festrictive. The first obvious
problem is that it can't be seen at all from above 25 degrees

- north latitude and on1y during certain parts.of the year'from 25
degrees‘nortn to 25 degrees south. Because of the very thin'atmos-
_phere,lthe star could probably pe followed in the daytime on clear

' days, but any 1ow~]eve1 turbulence or dust sterms could cause troubie.
The star would 1n1t1a11y be recogn1zed by photograph1ng the ent1re

| sky and transm1tt1ng the p1ctures to earth for 1nterpretat1on Once
acqu1qed, the star can be followed continuously as Mars rotates be-
cause of its alignment with fne rotational axis, and would only need
to be re-acquired if lost because of atmospheric interfenence,4 The
star is a second magnitude star within twe degrees of the pole and
is in an‘easily recodnized cluster ]].' There is no north pole star
for Mars, the nearest being'Deneb, which is 10° from the axis. A

- first eorrection for the two—degree'ambiguity could be‘made by know-
ing the vehicle's approx{mate longitude and the time. The tracking
device would be a standard star- tracker. current]y in use for space
navigation, and shou]d be accurate to W1th1n less than +0.2 degrees ]2.
The frame 1s generated by tak1ng the cross product of the two observ-
ed unit veccors and then cross1ng the star axis with the result of
the first opewat1on~ This system is geometr1ca11y good for exp1or-
'at1on of the areas between about 10 degrees north and 60 degrees
south (because of the large ang]e between 1oca1 vert1ca1 and the

'.star axis in these areas) and is computatwona]]y nearly 1dea1

The fact that one axis is parallel to the axis of rotation of Mars
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and that the other two axes form a plane parallel to the equator-

ial plane make the system very eaey to relate fo the Mart{an geeraph:
Eg ' ic frame. If the vehicle does not move, the frames remain german~ |
g, ently aligned, the vehicle reference frame roteting with thelp]anet,‘
and any vehicle motion can produce'on1y one deéree of hotatien of

gE' | the vehicle frame with respect to the Martian frame, and tha£ is

ﬁ about the Martian axis of rotation; that is, a change of latitude

will produce nc rotation.between the frames, and a change of longi-

tude produces only a single component rotation. The transformation

* - matrix is composed of terms which are on]y funct1ons of one var1ab1e,

N

'Iong1tude. Hence, if the se?ected area of exploration is in the mid-

i Tatftudes or tropics of the southern hemisphere, on relatively flat
1: land, with a minimum of local dust storms this. system cou]d‘be_easily '

{7 - instrumented, and would be computationally excellent. For the dead-

i » . )14

- reckoning scheme of section(8 the same vectors are used but a

lTocal horizontal plane #s formed instead of one parallel to the

[NESEIDR)

equator, which makes the computations even simpler.

B. Sun-Local Vertical Frame.

The restricfions on the vehicle frame mentioned above may

be changed by using the sun instead of'the pole stak'as'a second

5  reference vecter. The sen has ‘the disadvantage'ef passing out'of

'ii - sight each‘day‘and passing near1y;overhead;~(and_therefore in line
with local verticaT) for 311 opeﬁations in'middle and iowek 1ati-

i? tudes. This a]so implies that such a system would be geometr1ca11y
1dea1 for use in summer exp10rat10n of the po?ar areas, where the

s sun never sets, and is almost always close to 90 degrees away from

i;; locel vertical. ’The,problems in the 10wer‘1at1tudes,may not be as




bad as they seem either,because although the sun sets each eceﬁf
ing, it is easily re-acguired in the morning by its extreme br1ght-
ness. A simple array of photocells wou]d do for a coarse sens?r,

. and a‘f1]tered telescope could track the sun accurate]y through
almost any.kind of dust storm. 15 fhe,poésibilities of singu1%;ities
could also be reduced by careful selectiohmcfthMe and place o%
exp]oration S1nce the rough calcu]at1ons of Append1x Il 1nd1cate
that the frame ma1nta1ns reasonable accuracy until the two ref r-‘
ence vectors - the sun and local vertica] - come within 25 to 30
kdegrees of each other, the area just south of the equator could be
exp1ored using this frame during the northern hemisphere's mid- .
summer, and v1ce versa. At these times the sun is passann mer1d1an

- transit at an ang1e from the zenith equa] to 25 degrees p1us the

16

obSe?vers latitude Even with the proper choice of time and

location, however, the sun frame has one definite disadvantage

when compared to the po]e star frame and that is the fact that the
motion of the sun frame with respect to the Martian geograph1c frame
is not a s1mp1e one. The fact that Mars both rotates on its ax1§
and travels around -the sun makes the p]anc of the local vertical-
sun lines move at a differeﬁce rate each day and over each intér-.'
val of time in a given day. Since this moticn is also a function

of vehicle ]atitude and longitude, the problem is very complex, |
~and would require a data ‘bank simi]ér to an almanac. Even ff such

a bank Were aSSembled it would only be as good as. the accuracy of
Nthe vehicle's 1at1tude, 1ong1tude, and clock. If this mot1on could
.cbe reduced to a useab]e equat1on, perhaps 11near12ed, it m1ght be

possible to have the veh1c1e do its own solution instead of carvylhg

,ﬁ
s
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a large memory. If the problems of relating the sun.framefﬁo the

Martian geographic frame can be so]ved, the sun frame would repre-

H

sent ? significant 1mprovement in ease of instrumentation over the

“pole star system, o | 3 | - ﬁ

~

7. THE SATELLITE-UPDATE SYSTEM. It was ment1oned in the 1ntru&uct~
- | ory d1scuss1on phat,one of fLe |
primary capabilities of the system is to be recognition and ]o‘atioﬁ
of various surface térgets for the vehicle's expToration. Tﬁi§ is L
to be accomplished solely through the use of the orbiting sate]]%te.
The "system involves having the satellite méasure two vectors and

then solve for their vector sum. - Specfficglly, the satellite must

measure its position in the I-frame and the vector from the satell-

ite to the target, again in the I-frame. It then uses these to

compute the geographic positidn vector of thg target itself, (r,x,d).
The same pfincipTes are involved in the second phase of the process
which involves the determination of a similar set of coordinates .for

the vehicle - r,A, and ¢. In this instance however, the vehicle is

much too small to be found optically by the satellite, so the sat-

ellite simply transmits its-poéftion in orbit (I-frame), to the

'thicle, which then observes the'sate]lite and‘so1ves the triangle

for its own position. A disucssion of the errors involved in this

sysﬁemﬁwi11 be deferred until later. Insteéd, a few of the;specia]

‘probleﬁclof instrumentation will now be covered foTToWed by a dis-

,cuss1on of the 1mp11cat1ons of the natural restr1ct1ons of the

‘vert1ca1 look angle capabilities of the veh1c1e on sate111te orbxt

~ cho1ce

v W
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A. Instrumentation.

The satellite's portion of the observations presenﬁ some

problems which are quite different from those of the vehic]e.} The
satellite has an easi]y'maintained inertial frame because theisat¥
~ellite body itself is nearly inertial, and can have its aspect main-
tained by normal star checks. 'Establishing the reference frame is
therefore the easy part. The hqrd part is first locating and then
tracking local Qertica1 and the landmark. Because of the orbital

velocity of the satellite and the resulting centrifugal force, the

LRICHR

' a¢tda1 force of gravity is not available to allow use of a simple

| S 1

pendplum sensor, only the gradient. 'This is a problem because the
énoma]ies in Mars' shape and mass distribution produce variatiéné

in the gradient which can set up oscillations in any gravity—grddient
oriented body, as indicated by the irrecgularities in the bfbits and
rotat1ons of Mars natura] satellites. 17 The possibility of optical
blsect1on of the planet is somewhat promising because at the altitudes

13. lnvolved (400-800 miles) as the satellite passes over head the hor1-

~zons subtend an angle of only about 90°. The actual scheme used

A *‘_ determines the ofbit of the satellite accurately by celestial observ-,
ations and then computes‘loca1 vertical:as a function of time for
eath pass, local vertical being the direction of the focus of the

“e11ipse which is at Mars' geocenter. Iffposjtion'of the satellite

in the orbit is known, the dfkectiohjof;the‘yector'can be comparéd

‘) ? with optiéé] bisection data. Unfoftunaté1y;'there is no”apparent |
, computat1ona1 way around the next problem wh1ch is track1ng the
'.landmark A poss1b1e so1ut1on is to utilize earth based fac111t1es

to provide the sate111te with dlrect1ons on what the target 1ooks_
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Tike and where to find it each time a new target is desired. Since -
the landmark image is going to be a function of both lighting, (time
of day, time of year, atmospheric conditions) and safel]ite éosition,
the control facility on earth would have to model thg situatﬁon as

closely as possible for each first encounter and send the satellite

a prediction on what sort of pattern to look for, and where in the

satellite's reference frame to find it. Both of these are made diffi-
cult primarily because of the limited knowledge of the Martian terrain
details. The camera in the saté]lite doing the tracking is likelyf

to see a lot of things which can't be predicted from earth and poés;
ib]& the other way around because of the camera's limited field 6f
yiew. It may well be that guch a systém would have to use a fairly
wide~angle, low resolution camera to simu]ate the earthbound.vfew

of things, and then tréck the optical center of some fairly large
target. Although transmission delay time of several minutes pre-
cludes having earth actug]]y verify target acquisition each t1me,

a few practice runs m1ght be made either on preceed1ng missions or

on the first few passes of the actua1 mission, or both, The details

- on thisvsystem are still not satisfactorially resolved.

- For purposes of calculations, planet parameters w111 be

as fo]]ows ]8 «
equator1a1 radius = ”‘3388 km '+ 50 km
polar radius = '3334_km‘i“68 km
= 3361 kn + 60 kn

average radius

| 2090 miles + .37 miles (1.8%)
- gmars = .38 g.eérth = 12.2 ft/se‘é2
T mars"  s = 24 hr. 37 min = 24.5 hr.
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for a circular orbit for any altitude (a) as follows:
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The period of orbit (T) of the satellite may be computed

| 1
g mars = w?(a+R mars) 1
1
I mars B
OOEJd GGRY &

T = .21 /a ¥ 2090 | o
2.2 | - :

Now in figure (2) 1t may be seen that for any given period of time T
a point on the equator moves a distance y = 2ﬁ(2090 T, which is an

angular displacement of ~§z§%~§l T = w(degrees).

. The equator is chosen because the surface there moves the largest acte

ua1‘disiance in a given period of time. In figure (2) the vehicle (V)

is shown on the edge of a swath of width Y such that if the vehicle

has a look angle o it will just see .the satellite on this pass; any -

smaller o and the vehicle could miss the satellite a]together,‘but

a slight increase could allow sightfngs on two consecutive passes

if the satellite passes gxact1y Y/2 miles from V on the first pass.
If the actual planet rot;tion during the pgribd of circﬁ]ar orbits
at variods a]titudeé is calculated, the réquihed 1ook—ang1e o for

a vehicle on the edge of the swath may be fouhd by the 1aw'of sinesg
or graphically as shown in figure (2). For a ; 800 miles, T = 1.95 hr.
p]anet movement = 28»7° (1005 miles at the equator), W/2 = 14.3°,
and the necessary lTook- angle o 1s found to be 45°. B

Other situations are as fol]ows

ST T ) R W2 . -_a
200 mi.  1.74 hr. ,12,3é?; 23
00 v | 1.80 ¢ '3..13;49"}~ . s0°
500 " 1.84 " . 13.6° A".Evfs4?'
i\ 700 " i1;92’#' * f ;‘14;1q_' - 470
\ s Fe =
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éﬁ - | a=800 mi, 2600

2400

L’\_ vehicle

I , local vertiesl
i swrface of 2200
- _Hars , 4

"R = 2090 mi.

ES

Ir ICS!, !CV', and %
are. knowm,. the look
angles ¢~ end ©< are:

found from law of sines,.

‘scale: I inch = 400 miles

—

* (vohicle and satellite -
-are not to scale)
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800 mi. 1.95 hr. 14.35°  45°
, . . .
900 " 1.98 " 14.75° 43° '
This all implies that to insure coverage of all points on the equa-

tor at least once per day in a polar orbit, (twice per day if cir-

e

- cular or at least neakly enough so that satellite never passes

g- out of sight because of excessive altitude). Such orbit of“qourse,
; covers é11 other points on Mars at least twice a day, and cerrs

é; all points within W/2 degreés of the poles on gvefy orbit. This is
g; also assuming no vehicle movemént between orbits. This assumption
w is hot réaIly bad because a movement of‘2~3 mph for 2 hrs; is only -
ig 5 mi]es; which can op]y be a prop1em jé thexvehicle is exactly at
. boundary of passes and no overlap is built in. This orbit can be
EE; inclined W°/2 from pela -~d still cover everything, p]us.provide an
gf | extra 4 miles width niy pass at equator (Ynew = Ypolarcosg)“ 0f

- course, if the poles are not to be covered, (a) can be lowered and
gg points near the'equator coyered éasi1y several times a day with

. an orbit a few &égrees off the equator.

§§ o . The main resu1t Of'this sfudy is that for full global

£;1 -jcaverage (a) must be 400-800 miles as a goes from 60° down to 45°.
&%‘ ‘Ihis increased altitude Wi11 mean more tihe overhead, slower track-
%; - iﬁg rates, better general viewing ang1e$ of térgets and possible

% hoﬁizon—to-horizon angle measurementsvfbr navigational uée, Tocal
Eéf , 'vert}§a1 checks, eté. (Horiion—to»hdrizon is about 97° at 800 mi.)
gﬁi‘ Note that 400-800 miles is also an eaSjer; safer orbit, being well
&l - -

out of tropopause. Bad points are loss of resolution of landmarks

and increased communications power requirements.
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C. Time Overhead

For a=45°, a“800 mi., the satellite W111 be in view a

max1mum of W degrees of its orb1t as shown (th1s is best case- |
]

4

satellite passes overhead)., W=28.7 = 5 rad, so distance SISZ-V

R+a 2890

5 = T mi. Now time overhead = toh - 315, . 2890/2 I (60 m1n)

V- T w2890 T 4w T hr.
9.3 minutes maximum, (0.0+min.) For o=60°, a=400 mi., W=26. 7°'

|

.466 rad, t_, = 8.05 minutes (max)

Note that there would have to be some overlapping of coverage to

insure at least 1-2 minutes in the useable field of view.

8. DEAD RECKONING. It should be noted that the satellite update

system derives much of its value from the abil-

ity to take several readings on the target or satellite and then im-

'preve the data by stochastic fitting. This of course requires a good

prediction for the next set of data points. For a fixed target this
is not too difficu1t because each solution can use the previous one

as an estimate and eventually converge on a true solution. For the

'vehic1e, however, a better system-is'ﬁeeded. Accordingly, the develop-

ment of a system to measure vehicle movement on the surface with re- -

spect to some arbitrary_starting point has be=n considered. Previous

13 3

Work by Mr. Hedge and Mr. Chen ° established a basic scheme for
1ntegrat1ng surface ve10c1ty, but the scheme was dependent on the

ab111ty to measure surface velocity d1rect1y 1n the veh1c1e V-frame.

 Since no sensor was found which could do this, a new version of

19 was devised by the author'to aceoms
p11sh thls task by sens1ng veh1c1e velocity over the surface in both
the vehicle lateral and 1ong1tud1na1 d1rect1ons and then translating

to the X- frame

A e
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A. .Surfaég Velocity Sensor. In order to measure surface velocity
of the vehicle in the body frame. the
f01ﬁowing modifications to the basic castored wheel and arm Qsed to
balance the R.?.I. vehicle in the tilt-back mode are proposeé. 20
Note that the objectives of the device are to measure two vectors--
vehicle Ye]ocity in the fore-and-aft direction, (VBl)’ and ve%icie
velocity in the athwartships or side-to-side direction, (VBZ)‘ The'.
first is the desired or ordered‘velocity, and the second is caused
by the veﬁic!e sliding sideways, as on the éide Qf a sand dune. The
1atéra1 &ovement sideways is not to be c;nfused with s]ippage of the

tirés individually, as in a turn, (release). It will be shown that

under reasonable assumptions concerning the.steering ability of the.

g vehic1e; it is possible to separéte these two by using information

from the vehicle reference frame (V frame) and the position of the
steering wheels. Since these calculations her c]arjfy the function
of the new.version_of the trailing arm; they will be given before
tﬁe details of tﬁe ﬁodifications to the arm are explained.

(1) Interpretation of Arm Position Data.(see figures 4,5,and.6).

The basic data ava11ab1e from this arm are the wheel rpm,
(9 ), arm horizontal deflection, (¢), and arm vert1ca1 deflection, (E)
The wheel rpm can be converted d1rect]y to a ve]oc1ty by multiplying

by the’ whee] radius, giving a velocity reading from the wheel (V ),

kwh1ch must be. converted into. the two components, w(B;) andlvw(Bz)’

The_equations,for conversion are as follows:
Yu(sy) = Yu o8 ¢
Vu(p,) T Yy STN ¢




CASTOR CAGING
PIN RELEASE
SYSTEM =




i - I; ¥ J R ) R - ey i . T TR, 4 A Al 4
i J da LR X ‘s e el [m.mo..a" .’ o | Ve LRI Tl f‘,,. T il
’
|
< . ;
i
i 1
! ’ ‘*
I
!
. + a
. N ' L} t
X '
——— o !
*' ' v S~ i
- s ‘ ’
‘ J 6 "‘1
—t T~ :
- ¢ |
PATH ~ i — |
. —— ¥
an—— . ‘0 i
‘ c—— ,

i : P L t !
O - VO, oy KABER, IS IR £ . i
e

Le

1
3

it x (@ Yy ' ' .

o (A+R) |

o w—— - ——————

figure 2(5)' Arm Deflection in 2 Taurm

R T, o R : - i e
. P N

-







axal & i

e i b A o 1

- 29 -

ot ~ - e — B e ad

/

’ Bi
\

and Vsz into the actual vehicle forward and transverse velocities

The conversion of the two perpendicular components VQ

s easy if the vehicle is not turning; that is, the vehic]e gs

keep%ng its bow pecinted in a constant direction with respect ﬁb the

. . ) .‘ ° ' l{ Y
surface but is perhaps translating laterally (by sliding). In this
. 8 _
case, assuming the sensor wheel doesn't slide (because of a very

AY

rough tread and tight weight), the readings give }

S VW(Bl) ) VBI
_ \ VW(Bz) VBz
In other words Vg )
: V*g* = TAN ¢
B
1

It should also be obrerved, however, that a ﬁorma1vturn~
ing motion of the vehicle will also produce an ang1e ¢T at the
trailing arm as the sensor wheel "follows" the vehicle around the
turn. This ahg1e may be predicted for any given steering angle of
the front wheels 6 as follows: - |

Under assumptions of neg]jgib1e;front’whee1.steering
skid, (because of large size and s]ow:speedg), the Akerman angle 6
is proportional to wheel bage, (A+B),vand»inverse1y proportipnal

" to the radius of the turn (R),Z]

o = 57.3(A+B)
R .
so R = [57.2(!\‘4‘8)]’ (A+va=—' 10 ft.)
R = %) |

where it should be noted that for this vehicle, the wheel base 1is
‘a variable. For a given computed R, thg ang]e ¢ may be found as

“folldws: o f*. 0
| P(o)

"

Center of turn

i/

Turning point of vehicle
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A = Arm Attachment Point

W = Sensor Wheel , .
' ‘
x(6)= Distance from R(€) to A 1
y(&£)= Horizontal projection of Arm on the
~ground (5.6 cos &ft.)=y(&) !
z = Vertex of Triangle used in calculations
¢T = Horizontal Deflection of Arm caused‘by
\ turn s

Note that P(8) varies from the midpoint of the wheelbase to directly
over the rear wheels as the turn angle 6 varies from 0 to 90 degrees

and would need to be determined empirically.

No‘w; 4 E—Lg—l = TAN «
'Xi%l = TAN g
in triangle OPZ,
(a+B) = 90° - v

in triangle AWZ

bt b= 90? - Y

O e = Ry T e

Now the final conversion can be made, giving

VBl = Vw cos (- ¢T) C ' .(]) |

,. Vg, T Vu sinlemep) A

where o1 is defined as above ; '
- Some examp]es follow: For small e, say 10°, x(6) = %(A+B) ~ 5 ft.,
>’ande1th cosg = .707 (level ground), . |
B - _ 573 _ SRR

| R =55 = 57.3 ft. = ' :
| ~ -, 5 _..=7,3.9
and . or = TAN (g5—3) + TAN (55=%)

= 5° ¢ 3.9°
by = 8.9°

s e g g g Y et 1 12 e
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For 6=30°, taking x(6)= .3(A+B) = 3 ft. and again on level -

ground : R =19.1 ft. |
- L -1, 3 can=173.9 ' -
and by = TAN" ' (33—7) + TANT (3577), | .\
= 8.9° + 11.6° !
¢ = 20.5° -
) |

If the vehicle Were to transverse a steep side slope and sTjde
1ateha11y down at say one half foot per second whi}e‘moving ahead'
at two miles per hour, (2.9 fps.) |

‘ ¢ = TANT(523)= 9.8°

Of ‘course, if the vehicle s1id with no forward motion'¢+90°, just

}as,¢T+90° as 6-90° when turning.

0f course, this model of the computations would need more
elaboration to handle the case of a vehicle which didn't slide side-

ways uniformly; that is, when the rear releases first, causing a

‘rotation of the vehicle as it slides down the hill. . This roigtion.

would be sehsed by the,vehicle reference frame which would then
check the guidance systems to see if the turn was intentional or
a slide. If a slide, the wheels would be iturned in an “"over-

steer" to keep the vehicle's head in the right direction until the

" slide stopped, since this would 1fke1y prbdﬁée.a smaller total

position error than a]1owihg a.1arge unintentional swing of the

"vehicle's head. This would also produce a more accurate measurement

| ‘:of the error, which is what really counts except in very tight sit- -

uations. A.more sophisticated propulsion system might also be able
to steer a giVen'course in the presenée of slide much as an air-

craft holds its course by weathercocking into a cross-wind.
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B (i) Construction Details. (see figures 4 and 7)

T The sensor éonsists of a castoféd wheel about ]8“yin
diameter é£ the end of»a’rigid tubular arm-about.S.G feet long.
The wheel is to be about 4"-6" wide with a rough tread to pfovide
S a good footprint fof.support.df the vehicle in the tilt back mode

A and minimize slippage in the sensor mode. The wheel would have to
L : i |

be nea?]y rigid and strong enbugh to support the vghic]e but Tight
j gnougﬁ t0'mihimize side-s1ip on cross-path slopes. A spoked con-
4 Strgction with ; wide tread—patterned'metaT fim WOuld probgb]y do.
2. The wheel is free to castor when the vehicle is tilted back, but

is pin-locked in line with the arm when acting as a sensor, (details -

r Tatef). The arm,is’connected‘tj the vehicle by a two-degree-of-

freedom hinge as shown in the detail sketch. This hinge is instru-

, _ o

mented to read the angles £ and ¢ of the preceeding derivations.
Needs.forispfing or viscous damping of the hinge may‘be determined
by analysis of resonant frequenéiesiof the design once materials

~are chosen and more details of the terfain model become available.

~The system also uses a locking bracket which cages the arm in

£  the fore-and-aft alignment when the vehicle tilts back. Thi;

v."“;; - : E ’ . ) ‘ ' o

i bracket also depresses a pin which, by means of a cable, releases
%, the cagihg pin invthe whee1 castor bearing,-a]iowing the wheel to

function as a castored support for the vehicle as it moves or ro-

i
e

tatés,in'the»tj]ted pdsition. Once the vehicle tilts forward, the
%5 - grm moves’free»of th§ locking bracket. As the vehicle movés’forwabd,
the wheel castors to a trailing position in lTine with the arm and
iR 1is ldckéd tﬁere by the spring—Toaded casior pearing caging pin.

On Tevel ground the wheé1 will be a nominal dépreséion éngle & of
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iﬁ‘; with a maximum of 90° should the veh1c1e pass over a ho]e‘

more tian 1.8 feet deeper be]ow the arm then be]ow the rear wheels

. and a minimum of -20° when the arm is caged in the 1ock1ng bracket.

Full swing left and r1ght is plus or m1nus 90°Aup to & =.0°, which
is when the caging arms of the locking bracket beg1n to engage.

. The main effects of this modification on the rest of the
vehicle are-a slight‘lowering of CG because of the arm traiTinQ

on thalground instead of being. suspended; a slight weight increase

‘because of the lengthened arm, (+2.6 ft.), and hinge/bracket/instru-

igat1on is the t1me and a1t1tude of ‘the meridian trans1t of the sun, )

ment addition; improved stab111ty in the t11ted mode because of the

lengthened arm, prov1d1ng a wider base and less rock1ng as the cas-

tored whee] moves over obstacles. - -0

9. MERIDIAN TRANSIT. On earth one of the'oldest and most widely -

used celest1a1 observat1ons for surface navi-

that is, the po1nt each~day when the sun passes due south or north

- . of the observer and reaches ‘its max1mum a1t1tude | This is now used

pr1mar11y because- of the s1mp11c1ty of the ca]culat1ons requ1red to

obtain a d1rect, accurate line of 1at1tude It is proposed to use

a similar observat1on from the veh1c1e on .the surface of Mars to.

obtain both 1at1tude and 1ong1tude The actual measurements requir-

ed are the ang]e between the 1oca1 vert1ca1 vector and the sun and

the time at which the sun reaches 1ts max1mum a1t1tude - which is'

~when the measured angle a reaches 1ts m1n1mum If the sun-]ocal

I vert1ca1 system is be1ng used as a reference frame for navigation,

this measurement w111 a]ready be 1nstrumented, and requ1re on1y the

. add1t1on of a tr1gger1ng dev1ce to sense when the measured ang]e
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reaches its minimum and starts to increase. - The device simply

records the angle and the time and sends this data to earth for

!

With the time known, the angle of inclination of Mars'

~axis to the pTane of its'orbit can be calculated and with some |

l

possible est1mates for refract1on, semi-diameter of the sun, and

other standard sighting corrections the latitude can be computed

‘by combin\ng the observed angle and computed axis 1nc11nat1on as

in.figure (8). Since the observed angle can in general be read
from two different 1at1tudes, this s1ngu1ar1ty would have to be
resolved by outside sources.. For a sun-local vertical frame how-

ever, this angIe must be kept fairly large from the frame to re-

main accurdte, so the resolution of the singularity Shqu]d be quite

easy. The longitude is computed by noting the time of the observ-

~ation and then computing what meridian of longitude on Mars should

have been facing the sun at that time. This requires a:knowledge

.of Mars' and Earths' positions in orbit and the Martian meridian

_facing Earth at the time of observation. As shown in figure (9),

the lTongitude of the vehicle equals the longitude of the meridian

facing Earth plus the angle 1, (as caicu]ated'from the position’

'of the two p1anets in orb1t)

An observat1on of mer1d1an trans1t on earth g1ves 1at1tude~

within about one m11e,22 but thws is. 1n a spat1st1ca11y known atmos-~-

,’phere with comp]ete tab]es and many years experlence and ref1ne—

ment The Mart1an measurement»error from atmospheric‘uncertainty

and 1nstrument error should probab]y be no more than five t1me as

large, and s1nce the error is- angu]ar, convert1ng a one m11e error




et i = inclination
R a = observed angle
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- on earth to an angular error,. multip1ying by five and reconverting
" to distance using the reduced Martian radius gives a position error

f.of a%out 4 kilometers. Since the pos1t1on of the Martlan prime meri-
; 5

23 the sighting

|

dian.is only established within about'60 kilometers,

- accuracy is we]l within the accuracy of the grid system presently

avallable. The value of 4 k1lometers could also probably be reduced
hY

Tas data on the atmosphere becomes avallable and as, or if, the vehicle

spends more than one day in the same spot so it can repeat the measure-

ment. A]so note that time is a factor here An error of four full
sehonds produces a one kilometer error. If ‘the vehicle clock ‘were
corrected from earth once each day before the observation, however,

this error could become negligible and significant]y improve the

- accuracy.

'10. BLOCK DIAGRAM. To summarize the relationship between %he basic

| | tefhniqqes of sections 7 thru 9 a block diagram
of the proposed arrangement of the'primary navigation system'iSjshown

fin figure (10), The inputs are shown oh the.left, where the sensors

and other sources are considered to be a part of the system. " The
- outputs on the r1ght are sent to the gu1dance section for use by

'.'the algor1thm 1n guiding the vehlcle along the optimum path. Note

that the output may be 1n‘one "of two basic forms - e1ther a state-

‘ment of the vehicle present pesition (R best), or the navigation

‘vector itself in any of three frames, depenging on-which the algor-

ithm finds most convenient. The otherf"outbuts“ on the right are'A

not sthict]y outputs because'theyaare trahSmitted from the vehicTe

~ to earth for processing and return, where earth'js considered a

bart of the overell.navigation system for certain operatiohs, Note

also 'that the numbered circular junction symbols used in the diagram
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aré not the cbnventiona1‘summipg junctioﬁs of control systems
diagrams, but rather represent various Kinds of combarétive;and
-manipulative operations. In face, it is the analysis and d%sign of
these specific operations that comprises the buTE of_thekdeéai1ed
.work of the project. }Thé numberingisystem is for ease of 1o¢ation
on the diagram rather than precise tracing of information fTéwﬂ"‘

The diagram is constructed as follows:

A. Establishment of Vehicle Referéncé Frame.

This process combines sun, star, and local vertical in-

puts to produce the X-frame. Junction 5 combihes*the

e e g e S e o R e e 2ot e e e e

various measurements of local verticé1, (including thé
use of a pendulum When the vehicle is stopped, tracking
of nearby terrain feature§ whén moving, and an occasional
check by cohpariSon with satellite sighting data), t6
_pass'the best available value of local ver;iéa] to junc-
tion 1. At this point, local vertical is combined with

'the vectors to the pole star and sun. 'The two which are

apprbpriate to the Situafion are then chosen and cross-
products'are‘taken to form the X-frame as'digchssed in.  “ ‘ i
previoﬁs reports. An'example of t;fs deciéion process x
would be a choice of the sun and.pOIe star for summer’

exploration at the south pole during either déy or night,

or a choice of local veffica1 and the sun for exploration
" of northern mid-Tatitudes during daylight.

" B. Meridian Transit.

A combinatipn of the sun position, local vertical, and

_time at junction 6-gives:a set of data which 1s'transmitted
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to earth for interpretation and return as a latitude -
and longitude of the vehicle at local apparent noon
on the day of observation.

Dead Reckoning.

| . S
Dead reckoning is the practice of estimating a posit?on
?

- by tak1ng the integral of ordered course and speed from

24

some given initial position. In this case, the "Crdersw

‘ed-course-and-speed" .approach is improved on by actué11y

meesuring vehicle velocity with respect to the Martian.
surface, transforming from the body frame (B-frame) to

fhe inertial frame, (I-frame).‘vié junctidns 3 and 4 and
integfatidg to obtain;?n estimate of vehicle positiqn ﬁdr.
The initial conditions for the ‘integration are taken from
junction 7 as the best or most recent of the satellite-

updated position and the meridian frans1t position.

"Satellite ugdate System.

Junctlon 8 is by far the most complex df the system. At
this point the basic computation is made for vehiele pbs-
ition by comb1n1ng the sate111te observed position re]at1ve
to the vehicle, its computed pos1t1on relative to the center
of the p]anet and an estimate of the vehicle's position.
Thﬁough a fitting process the veh1c1e pos1t10n is com-

puted and the transftion matrix‘between theiV-frame and

the inertial I- ‘rame is estab11shed | | S

Computat1on of Outputs

ﬁThe bas1c compar1son and wewght1ng of the three pos1t1on«

est1mate$, Rdr’,ﬁmt’rgnd R is made at Junct1on 11, (thee

su




Bari el g Ny g T
G o R

1
e
= £
Q( e
.
vy
I
s"zﬁ
4

e .
E3] g
FoXu
P .
'fi,

u

t‘:f“
RIS,
¥ ‘{
* U
i ood
§

&

LA A
5 . R

== =

—-———

F R U RS U P

m— - 41 - S C et e s e e e

Magnitude of ﬁ is combined with the earth input of mer1t
dian trans1t 1at1tude and longitude at Junct1on 10 to

form Rmt) R-best is then fed directly out, and a1s%‘used |
at junction 12 in combination with the computed targﬁt

position from the sate]]itewto fopm_the naviation vector.
| .

Note that the main central block within the dashed line may pe‘viewed

as the primary navigation section of the main vehicle computer.

F.

26

Communications Links.

The system may also be summarized trom,anothen viempoint
by tracing the various communtcations links which are
necessary for the functioning of the major components -

the veh1c1e, the satell: te, and the earth F1gure (11)
shows these 11nks It may be noted that most of the Tinks
are rather convent1ona1 S-band or UHF radio te]emetry, but

since the messages sent are of widely varying types it may

'wel] be that special new types of coding will have to be
| developed to allow the system to handle the 1arge var1ety
of messages. For instance, if the pictures which are trans-

"mitted back to earth for analysis in finding targets, locat-

ing stars, or resolving an impasse in the terrain, the data -

must be easily filtered so that decisions can be made in

a short time w1thout the benefit of the many months of

':computer enhancement that is now applied to such p1ctures

Such ‘a system may be far more comp]ex than necessary for

'such jtems as a t1me check or a 51ngle data point on meri-

d1an trans1t, so that the communications system will have
to be oapab1e of allocating each message to the simplest
and most efficient piece of hardware for the application

involveq,

et e e e, 4 2 2 .
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The basic hardware required for this'sysfem may be

summarized as foll

Vehic1e Sensors

facsimile camera(find stars)

star tracker
sun tracker ,

Tocal vertical sensor

radio directionfinder
(to coarse sense satellite)

- Taser tracker (track satelli

clock

surface velocity sensor

-

Ows:
~ Vehicle
. Communications

_UHF data link to satelli

- S-band for direct earth
Tink for use in casualty
modes or to increase
available transm1ss1on
time.

te)

Vehicle
‘Computations

te establish ve-

' hicle refer
ence frame

“(X-frame)

compute own

position from
observation of |
satellite.

~ 1integrate own
- velocity for
DR estimate of
-own position.

- Note:

store previous best positions
MT data, logic programs, and
all sighting data from one -
transmission to earth to
another (maximum 12 hrs.)

If a gyro platform or body-bound gyros ‘are used for the X-frame,
the local vertical senSor'may be omitted, and the sfar tracker would
only'be necessary if it was desired‘to make obsarvations in the usual

fash1on for celestial nav1gat1on

Satellite Sensors

~ star trackers (3)

| Yandmark tracker

(either optical image
tracker or laser tracker
for radiating beacons)

Note:

Satellite
Commun1cat1ons

UHF data Tink t<
~vehicle .
S-band direct to earth
(handles own observ-
ations and relays for
vehicle)

[ Satellite
Computations

maintain own

inertial attitude |
determine orbit by

-celestial observ-
~.ations and unknown

Tandmark scheme

find target and
compute target
position

UHF 11nks would not requ1re d1rect1ona1 antennas, both because

of short range and because of high angu]ar track1ng rates

antennas wou1d requ1re poxnt1ng systems

S-band

e
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4 ~11..__ERROR ANALYSIS. In1t1a1 1nvest1gat1on into the actua] hardware

g current]y available to accomplish the tasks

Ty

Ot

.above indicated that there was a distinct shortage of available .

S e e

_ material on the subject. That is, equipment which isfat or near

¢ |
& state-of-the art just isn't listed in handy electronics catalogs |
|~ especially that developed for space applications. Accordingly, |
{," most of, the initial numbers used in running sample problems on the
8 various types of error anaTyses done are strictly guesses, and are

quite rough. In general the numbers used are considered to be accur-

ateion}y'to within an order of magnitude. The references used on

5 ‘»the acéuracy of navigationa1 sensors and systems come largely from

r earthibased equipment and so ma}ibe 6ver1y\obtimistic. The data on

L COmmudications comes from the Project Viking work. In View of this
<“}"- situation, a'detai1ed breakdown of the various sources of error is

i currently 1n progress by other members of the des1gn team, so that

iﬁ; a study may be made of the 1nf1uence of each parameter on the tota1

. system. This work, (being carr1ed on by Mr. Jdanosko), w11]‘serve‘

&g' to approach the problem from the other direction; that is, instead

%jm of designing a system which uses the present equipment it will deter- o

mine‘what sort of accuracies are required of the sensors to properly

fmp]ement the system as presentTy designed. The first estimates

being used,as starting values for the perturbations are as listed

= below:- | |

%gé R ,At For the dead reckon1ng system

Mf (1) In1t1a1 position error - assumed one m1]e (spher1ca1)
E?E‘ Th1s is based on the prem1se that cons1derab1e

§u2~'k : - 4d' | effort w111 be expended on determ1n1ng the exact
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%j R - . position of the landing s1te before moving on,

. including several sate111te updates, entry tra-
L :
« : l ) ;
P : . ' jectory analysis, meridian trans1t obseryat1oqs, -

radio ranging by the Deep Space Netwoek,:and 6055-

ibly a few star sights.

’ ‘ i
(2) Surface velocity sensor errors - assumed a pro-

FURTIT,

portional error of 2.0%, in magnitude with accur-

EETTIERTY
€ .
~ P

acy resolution on the angular measurement of 1°.

" | Zero bias error is assumed. e

i - ‘

o (3) Clock error is taken as 2 seconds. .

ﬁx | (4) Star tracker error is assumed to be 0.2°(also sun 12 |
L | | o . | tracker). ‘
%: | : (5) Local vertical sensor accuracy is 2 seconds of arc

d_ | when the vehicle is stopped but about one degree or

gf : " _more when moving. This makes the basic X:framé-

accurate to no better than 1.5 degrees when the

vehicle is moving.

E: B (6) Facsimi1e camera résolutien‘to be 'as on Viking,k(.04°)26

(; (7)'kIntegration and computational equipment'errors

25 | . j " are assumed zero. | '

g; - . B, For the satellite update system : )ds o ' ;g
:. | | ‘ (1) ‘satellite star trackers are assumed accurate w1th1n

22 i | 12 |

¢ , 2 seconds of arc.

(2) The sate111te reference frame 1s assumed accurate
i f S S  within 1 m1nute of arc.]2
(3) Satellite position in orbit is considered known

“within 10 miles.®
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(without filtering), where most of the error was attributable to the

the total initial error of one mi1é. (The'total distance_trave]led

is thirty miles.)
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(4) The laser't}acker.for the satellite from the
| VehiCTé is accurate to about O.g_&egnees, so the
total angular position error of;ﬁhé satei]ite
sighting is about 2 degrees. The error in sat-
"ellite range is very small and nearly independ-

ent oi the geometry of the situation. ~For the

/ "initia1 RDF acquisition system the range error %
/ ~is assumed 15 yards and for‘the_laser system ?
15 feet.?® The RDF system has an angular resol- §

‘ | ution of 3 degrees,
(5) The satellite can track a radiating target to the

| same accuracy as item (4). For a non-radiating

jandmark‘the accuracy is taken as the same as a
low grade sfar tracker, 15 minutes of arc.
(6) Clock error is aéain taken to be 2 seconds.
Initial runs uSing the above estimates give an error of

24 miles in vehicle position as fixed by the satellite-update system,

error in sighting angle, (a combination of local vertical errors and
trackingferrors).‘ Reduction of the local vertical error to the nom-

inal value for a stationary vehicle reduces this error by half, and

filtering could be expected tokaJsoaimprove the error a similar

amount so that accuracy would be in the rangé of 2-5 miles. The

_analysis of the dead reckoning system shows that for a ten-hour

 period the dead reckon%hgacéumulated,errqrs are generally less than
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-CONCLUSIONS. The objective of this paper has been to explore

the basic instrumentation of the primary hgvi—

-gation system. The results have included considerable re-deéjgn

. . [
and organization of a proposal of that system. In summary, the

system strong points are as follows:

&

‘A.

- The weak

A.

The basic satellite update scheme is computationally:
strong, and provides consideréb]e additional inform-b
ation to the vehicle which it cannot obtain from the
surface. It requires only one additionalltracker

beyond the satellite's normal navigation package.

. The vehicle dead-reckoning scheme also appearskaﬁtrac-

tive because the relativ-ly simple Surface velocity

sensor can give quite accurate relative position data.

This is highly combatab]e with the satellite scheme,

which needs good 1nformat10n to fac111tate parameter
est1mat1on for f1tt1ng ‘
The meridian transit scheme is strong in its independence'
of other systems and ease of instrumentation.
points of the system are as follows:

The use of a satellite for navigation implies some in-

crease in complexity of instrumentation and imposes

1imitations on the satellite orbit Thé satellite

capab111ty to track a non- rad1at1ng landmark is still

an unknown, and p]acement of beacons on the surface

, wou]d restr1ct the vehlcle somewhat

The main weakness of the system .is. the d1ff1cu1ty in

f1nstrumentat1on~of the vehicle reference (X) frame.‘
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There are serious difficulties with gyro p]affofmsf3
because of vehicle motion; the proposed sun-star- \
' ) §
local vertical system has geographic limitations and

. . . i

limited movement capability because of the local ver-

_",tiéa1 sensor; body-bound gyro.frames are computatidha]]y

D.

and operationally still prohibitive. This basic X-f%ame
is esséntial for a gregt many vehicle functions and '
should therefore receive increased attention in any
further studies of this nature. ‘

The complexity of the system implies a rather sophis-

~ ticated computer and master logic center with attendanﬁ

.possibilities of impasse, singularities, or other con-

flict. The»design of decision criteria would suffer

from lack of data. Much of the equiPment mﬁst be

checkéd out on earth and emperical Jata obtained to

refine the knowledge of the e}rors mentioned in section 11,
The meridian transit scheme is weak in that it can only

be used once each day.

.'This work provides only a firsf step toward development of this

. system to the point of detailed comparision with other systenms.

It does, however, proQide a framework in which'systems which are

rtofa]ly self-contained. (onboard the vehicle), may be compared

with those which involve use of the satellite or earth. It shows

that the navigatidn schemes are'profoundly inf]uenced/byfthe mission

- design and vice versa. For eXamp]e; if the vehi;}e'is to stop fre-

quent1y for scientific work, the navigation‘syétem can a]so-make

good sightings about the(]ocal'yertfca1,~but if the vehicle is to
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move continuously some better reference will be needed. It raises
questions concerning the nature of the desired exp]orat1on For
example, if previous mission photographs give sufficient detaﬁ],
. S
by Tatitude and longitude without any need for the satellite to

locate the target for the vehicle. The paper shows that maintaih-

ing a vehicle reference frame on the surface of Mars for use in

threejdimensionaI havigation may  require some major advances in the
state of the art; motions are too slow and 1arge for accelerometers,
there 1s too much vibration for smooth senS1ng of local vert1ca1
and observat1on° of celestial bodies have obstacle and atmOSpher1c
prob]ems. Another contribution is the ordered listing of many of
the basic sources of error jn typical instrumentation systems. |

In conclusion then, it is hoped that this work may provide

a proper foundation from which other members of the NASA research

team at R,P.I. may pursugfthe primary navigation system to a detail-

ed proposal for inclusion in this country's planned exploration of

- the planet Mars.
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1. Background_

» B S N R

/ | © APPENDIX I 'A |-
"A Proposed Local Vertical Sensor | |

Current plans for the primary referenéé frame in thé$

Martian rover require a sensing of the local vertical difectioﬁ,
(magnitude not required), and also raquira“aloaoability to con@
‘tinuously relate th1s unit vector to the body frame and thereoy

to severa] other possible frames. Research to date indicates

no such instrument exists in a form useable by the vehicle. In '
order ao‘complete aniinstrumentation study of the proposed X-frame,

the author has designed a hypothetical device which may meet the

requirements of the navigation system and will use the designed

“accuracy of this device for all. future calculations in the error

analysis. Detailed characteristics of this proosed local vertical
sensor follow.

2. Desired Features

a. Sense local vertical direction, (magnitode of gravity
not réquired), with aocuracy COmparab1e to otﬁer'seooors
in the system, suoh,as star or sun trackers.

b. Provide direct e1ectronic indicatioﬁ'of coordinates of
local vertical unit vector in body frame. |

c. Be as small, light and s1mp1e as poss1b1e with m1n1mum
supporting hardward. = . SR

d Be highly reliable, with smooth data output. j.Bekinoéhs-
71t1ve to extraneous vehicle v1brat1ons. |

e. No singularities over a wide range of vehicle orientations.




&gt L ¥

.
¥

) b
SR

S0 B

SEHESS |

NN

[

[ 4
.¥
.
.
* -
2
.
. 1
- .
. ‘s
¥
.
.- . 1
.
.
. .

-t PICKOFF
© _+ANALYZER -

e - - o MN‘:S'S:V.}\,,-A_!“ .
. - rige 0y - > e .
- A /._gmg,)."“".rry"}"r IR0 I I e o o

e et €t i b ki T
o e TS > CUTSNe, i T

",..o-""'"-::::‘:" W“
It g “‘t“"':‘\
!

o
1 ; .
et I P el ‘
- oo PR S o IT '»:v-mvwapsc.»--wv;f"""l FPARC S ot
- e b { .}xw \L.x widim o e
o vraid iy + » s
ST iyt e e TE
L.
.
- . ’ . e
L 3
- x -
. i
L}
.
M
.'\
A4 .
. . 1 v
. : )
.
- N
1
. B
¥ . ~
. S
.
‘ ' 3 {12) ** Local Vertical Sensor
figure A Local Vertical Sensor




i

5. Resglution

The resolution of the grids is edual'to the spacing &

oy

divided by radius R, or about

L -
-

'%-= ?é 1nshes_‘]0~s radius = 2.08 sec. of arc (vehicle stopped)

f?m | W1th the noise smoothed the output could hopefu11y be made con-’
‘ fident to within about 10 sec. of arc or = 5 milliradians, which

| -1s as good as any of the other sensors be1ng used in the system

0. Conclus1on

This device meets all the requ1remenrs sent forth in

paragraph 2 except possibly the sens1t1v1ty to v1brat1on, but this

requires a full study of the sys*em model, and would require some
! ) ,
j‘ definite information on expected vehicle acceleration and wibra-
i tions before an optimum damping could be established. Otherwise,
L . the device appears feasible and will be used ps a model until a

' ‘ : 1

] - replacement is available.
“":" “ﬂ
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APPENDIX II

RE?ERENCE FRAME LIMITATIONS

1

The basic frame inaccuracy is a function of two variables:

. sensor accuracy a, and the angle 8 between the observed vectors, SE

to SR or RE to RS. The optimum situation occurs when the observed

vectorsfare perpendicular, and all accuracy is lost as they approach_

para11é] or anti-parallel. The'area of greatest inaccuracy for any

observation within such a frame occurs along the bisector of 9 as

in the figure below. Hence, the total accuracy of vector information

sensed in this frame is a function of the frame accuracy and the

Some representative data are shown below.

sensor error on RE & RS B

error of bisecting vector

o = 3°
9 B8
- 90° 4.2°
120° 6.0°
160° 16.8°
168° 26.8°

'positﬁon of the sighting in theiﬁrame.

Ty
Tan o = £
| Ro
b _ e
;Tan B = R1
{TanB Ro )
- TFano  Ri Sec 3
6% B = Arc tan(Tan
{a_=:.6°
6 B
90° .84°
1200 | 1.20°
~160° 3.46°
- 168° 5.80°

‘sec‘f)




