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ABSTRACT

'nuspzbhcata.m-ﬂ:efustofummvxtedpapers presents a condensed

review of the state of the art in survey navigation and in determination of

theelerentsofa:tenoronmtaﬂmofﬂaesensoratthemstantof
exposure.

of their potentialities.

1. INTRCCUCTION

Dxingﬂuelastdecadahi@utedumlogyhaspmvideduswiﬂlpwe:fulmﬂuh
and instruments for navigation and for determining the position and
orientation of any object in the air mass.or in space. The majority of these
“methods and instruments are available off-the-shelf; same of them are still
being refined to a state of hichest performance.

Until now, aerial survey has not made use of this instrumentation - except in
isolated cases as "awxiliary instruments" for aerial triangulation.

It 1sh1cjmtmetomkeanmventozyofh;§1tedmologyvﬂnd1xsavaﬂableto
us - as is done in this Invited Paper nr. 1 - and to analyse in which way the
new possibilities can be put to econcmical use - as is dore in the subsequent
Invited Paper nr. 2.
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2. DEFINITIONS
"Navigation" is the process of directing the movements of a cxaft fram one
point to the cother. Navigation involves coordinates of position, direction,
"Sensor crientation” is the process of determining the orientation of the
sensor in space. Sensor arientation involves the six elements of orientation
determined by three coordinates (e.g. position X and Y, altitude Z) and three
angles (e.g. verticality ¢ and w, azimith or heading k) :
NOTE: In case the sensor is a photogramretric camera, it has nine elements
of orientation: three elements of imner orientation (the position, x,y of
its principal point, and the value c of its principal distance or calibrated
focal length, together with its associated distortion function) and six
elements of extericr orientation (three position elements X, ¥, Z, and three
attitude angles ¢,w,K) - ‘

3. TYPES OF NAVIGATION
Basically, the types of air navigation can be grauped in three classes:
contact navigation (3.1), deduced reckoning (3.2) and position fixing (3.3)

3.1 Comtact navigation or pilotage ‘ ’
Contact navigation is the visual gquidance of a craft along recognizabl
- features (e.g. roads, rivers) or along a visually defined path (e.g. indicated

on a map or mosaic).

Dediced reckoning ("dead reckoning”, DR) is an extrapolation of a "known"
position to some future time, by means of direction (e.g. heading and drift)
and distance (or: speed and time). '

3.3 Positicon fixing. .

Position fixing is the determination of the position of a craft either by
means of "pinpointing” (i.e. observation of a recognizable landmark) or by
means of using two (or more) "lines of position" (l.o0.p's) (such as circles,
hyperbolae, straicht lines, radio beacon axes, railrcad tracks or rivers) or
by means of using three or more surfaces (such as position fixing by means of

navigation satellites)

Ty = true rack
Wy = true heading

—_— &
e

ELEMENTS OF DEDUCED RECKONING (DR) NAVIGATION

Examples of DR instrumentation: gyromagnetic compase
plus driftmeter, air speed indicator and analog DR
computer, or: doppler radar plus precision compass
and digital computer, or: inertial navigation system
including inertial platform and computer. All dead
reckoning systems are subject to error propagation
and must be updated by means of position fixing.
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4. TYPES OF NAVIGATION SYSTEMS

The systems and instruments can be grouped in:(grmnd-based systems (4.1),
self-cantained systems (4.2) and integrated systems (4.3)

4.1 GROIND BASED OR GROUND SUPPORTED NAVIGATION SYSTEMS .

In case graund-based navigation facilities are available ~ such as graumd
features having a known positicn, radio beacons which can be us as "fixes",
~ canbinations of radio beacons which define a pattern of "lines of position® -
they can be used for "positim fixing" methods (3.3)

4.2 SELF-CONTAINED SYSTEMS ;

In case self-contained instruments are used exlausively - such as compass, air
speed indicator, drift meter, doppler radar, INS, etcetera, - "D.R navigation"
(3.2) must be applied.

4.3 COMBINATICNS OF SYSTEMS. INTEGRATED SYSTEMS.

A combination of both types of systems (4.1 and 4.2) is most useful, because
use can be made of the inherent short-term accuracy of DR (3.2) = whereby its
inherent propagated error can be updated by means of position fixing (3.3).

Radio, radar, - e inations
Sm“:nct:rs 1 n.m?m.:m st
Range, bearng
Mo:!.;::;:am Position, | coursa ime to displays
catculation yeiocity | <omputer | Steering signais
10 autopriol
Inertial,
:’::;‘—-—ﬂ mD:::v;( ——J
caicuiations '
T BLOCK DIAGRAM OF AN AIRCRAFT NAVIGATION SYSTEM

Heading

Where several navigation aids or sensors are available, it is possible to feed
all of their cutputs into cne or nore computers, which then provide a single
output to pilot or to autcpilot. One reason for integration is to improve
reliability; in aerial survey, the major reason is to increase accuracy - e.g.
updating a short~term accuracy system by means of a long-term constancy
system. In case the cambination of systems is such that they become mutually
interwoven, the resulting system is called a "hybrid" system.

Examples: Doppler-radar-generated velocity used to update inertial -navigator-
generated velocity, sametimes supplemented by the addition of intemmittent fix
correction by means of a radio navigation aid, (such as IME or Navstar).

5. TYPES OF SENSOR CRIENTATION METHODS AND INSTRUMENTS.

Modern flight instrumentation is not designed at the reguest of aerial
survey. It is produced primarily for navigation - airborne or spacebound,
military or civil.

Same of these instruments, however, may core in usefully to determine and to
- record the survey sensor's orientation elements. )

In this review, they are grouped according to the orientation elearent they
are sensing: position (X,Y), altithde or altitude difference (Z, &),
verticality attitude (¢,w) azimath attitude («), or combinations of these.
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6. PHYSICS, PRO's AND ON's.

D.R. is the technique of calculating a position fram measurements of velocity
- starting off fram a known position - by extrapolating estimated or measured
ground-speed Vg integrated over time t when travelling at a true heading ¢.
All methods of D.R. are subject to predaminantly seriocus propagation of errors
with time (as is INS) or with distance (as is Doppler) -~ rather than to
systematic errors, whilst all methods of position fixing are subject predomin-
antly to systematic errors. In practice, the largest part of the DR propagated
errors can be reduced ("updated") by means of position fixing. The largest
part of the systematic position fixing errars can be reduced by means of
monitoring - i.e. placing a "monitor" (i.e. a position fixing receiver at a
known position) and measuring the difference between the monitor's indicated
ard its actual (known) position; that difference is the local and instant-
anecus systematic error of the "fix", which can then be used to correct the
indications of the position fixing instrument aboard the aircraft for its
systematic error. Doppler radar (in carbination with the campass) - measuring
drift and ground speed and calculating present position (see para. 7.1.5) =~
and inertial navigation systems - measuring accelerations and azimath and
calculating speed, distance, verticality, heading, present position and other
navigational elements (see par. 7.7.1) =-are the most sophisticated DR systems.
Both are self-contained.
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\. Ambiguous fix
due to the use
() Of two stations

8D - AD = k on any one line
Three pairs of stations provide a fix
(d)

COMMON GEOMETRIC FIXING SCHEMES

(a) Rho-theta (p, 6) provides a unique fix from a (c¢) Rho-rho (p,p) provides an ambiguous fix from two
single station; the l.0.p.'s always cross at stations, and a unique fix from three stations.
right angles. (d) The hyperbolic systems uses l.o.p's that each are

(b) Theta-theta (8,6) provides a unique fix from two the geometric locus of a constant difference in
stations. Geometric accuracy 1s highest when the distance to two stations. Three pairs of stations
lines cross at right angles and 1s poorest near . are needed for a unique fix, though, for many
the line counnecting the stations. practical applications, three properly located

stations may suffice. The geometric accuracy is
very much & function of the relative station
locations.

7. METHODS AND INSTRIMENTS AND THEIR PERFORMANCE

Of the very many navigation methods, instruments and facilities, we will
mention only those which may be of practical interest for aerial survey - now
or in the near future. They will be grouped according to the parameter which
is obtained as output. ) '




NOTE: In this treatise, accuracies which can be reached are expressed
in temrs of "performance". In case errors are distributed in the
"normal" way (Gauss distrilution), errors smaller than the "standard
error" (o = ane sigm) will occur in less than 66% of the cases, 20 in
less than 95% and 30 in less than 99% of the cases. In aviation, the
errors often have a non-standard distrilbution. "Performance", then, is
defined as the values which are obtained in at least 95% of the cases.

7.1 PLANIMETRIC POSTTICN

7.1.1 Distance measuring equipment (IME) in carbination with VOR, VOR/IME

In controlled airspace, WOR stations define the axes of the airways.

VOR ground stations located with a distance measuring system (IME) form the
standard ICAO rho-theta short-range navigation system (UHF band, i.e. line of
sicht). [4]

In general, for survey navigation, VOR is not sufficiently accurate, but IME
produces distances with a one-sigma error = 0.1 rm (= 200 m). Multi-TME fixes
cauld have a one-sigma error below 100 me In survey practice, however, a
carbination of several IME stations often is not available within short range
of the survey area.

7.1.2 VLF-Cnega
'meVIFaldththegasystanaxebothgxumdbasedhyperbohclwfre@ency
systems, providing glabal navigational coverage. [4]

As in all circular and hyperbolic systems, the navigational accuracy is highly
dependent on the position and the mutual configuration of the transmitters and
the receiver. In photographic survey practice, the performance may range from
400 m (in very favourable cases only) to 1500 m, useful for photo scales 1:40
000 ~ 60 000. The performance of VIF can be increased to a high accuracy
navigation system by positioning an extra freguency-stable beacon near the
survey area.

7.1.3 Adrborne tellurameter or Aerodist

The airborne tellurcmeter range measuring system is a high speed version of
the hydrographic tellurameter system (UHF band, line-of-sidht).

It is applied with two (or three) master stations in the aircraft and two (or
three) beacons at known positions on the ground, producing rho-rho data. Its
major application has been to produce extension of ground control. After
adjustments for station elevations, for radio propagation velocity and for
other parameters it has produced results with standard error in control points
o=+ 2m, depending on station configuration and on distance.[7, 8]

After the advent of satellite doppler the use of Aerodist has decreased
because satellite doppler positioning requires considerably less logistics
effort.

7.1.4 Triple and quadruple microwave beacon systems.

A Trident III (Thamson-CSF) positioning system operates on VHF - the 230 MHz
version having a maximm range in the order of 300 XKm, the 1219 Mz wversion of
about 150 km. The one master station in the aircraft operates with four ground
beacons. The outoare of aerial triangulation withing the 4-beacarpolygon is o
= +Im, outside that polygon it is of the order of 3 m. [16, 17, 19]

When navigating pre~computed pinpointed photography in combination with CPNS,
the system produces nadirs within ¢ = * 100 m of the desired ones.

7.1.5 Doppler radar

A Doppler navigation system is a self-contained DR system which measures
gromd speed and drift, plus vertical velocity if desired. In cambination with
a precision heading reference (e.g. a gyrosyn campass system) a navigation

41




camputer can supply all desired navigational information except for the pitch
and roll angles, i.e, the verticality.

In aerial survey, a modern Doppler navigator coupled onto a high—quality
heading reference and a digital navigation omwtercanhave,ermraSin[G,
9, 13]. Doppler is not sufficiently accurate to serve as indicator for the
sensor's orientation elements X and Y (planimetric position). For survey
navigation, it is very well suited even for the larger scales. Vhen
intermediate updating is applied by means of the wellknown technique of
sketching next-line recognisable landrarks shortly before any 180° tumm,
blodcsofnearlyanysxzeandanymmberofh:mcanbepm&wdfxeefmn
gaps, up to photo scale 1:10.000.

7.1.6 Computer contm]led photo navigation system (CPNS)

CPNS is a navigation computer and interface; it can be based on any navigation
sensor, airborne or ground-based positioning system e.g. for large scales on
Tellurareter, Motorola, Sercel Syledis, or Thamson Trident, for medium and
small scales on Doppler, INS or VIF Qrega, and - at a later stage - on GPS
Navstar. Basic functions are (a)’ camputer-supported mission planning and photo
administration (b) aircraft quidance based on standardised survey flicht
procedires, and (c) pin-pointed aerial photography coverage - according to
mapsheet lay-cut -~ for orthophotamapping.

The performance of the system depends largely on the primary navigaticnal or
positioning system which is chosen. [18, presented at this ccngr%s]

7.1.7 Side sighting

A basic method of updating when flying parallel lines by means of DR is the
well-known "side sighting”.

Side sichts were constructed in USSR [1], and by Fairey (outside bars), Corten
(collimated sight), Gleize/IGN (méthode de l'arc capable), Corten and Heimes
(gridline in Zeiss telescope), and others.

Its capablhtylstoupdateallDR(a.mlLﬂlngDOWIerandDE) to 5% of
sidelap in flat and to 10% in mountainous terrain.

7.2 METHODS PROVIDING ALTTTULE (Z coordinate, or dz)

7.2.1 Barametric altimeter

The accuracy in absolute altitude above mean sea level - as determined by
bararetric means - is relatively low; in the best cases we may came as close
as 10...30 m, depending on.the availability of atmospheric data.

7.2.2 Radio (or radar) altimeter

The radio altimeter is used primarily when approaching the rurway, at the pre-
landing stage. Its accuracy is of the order of only 2 percent; also, its beam
is very wide, except when used as "airborne profile recorder” (APR). For
various reasons, radar APR is nov superseded by the laser APR.

7.2.3 Laser altimeters

A laser beam has a nearly negligeable beam width (spread) and keeps its
intensity over a long distance. In aerial survey, laser altimeters are used in
carbination with a precision differential altitude recorder and with a terrain
profile recorder. The accuracy of laser measurement is extremely hidgh, it can
be in order of centimeters - approximately 3 am or 1:10.000 whichever greater.
In practice, the roughness of the vegetation profile will be the limiting
factor rather than the laser itself.
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(¢) Altitwde differences and differential altitude.

7.2.4 Statoscope, hypsameter, altitude tramsducer, baro/inertial differentials

The statoscope measures altitude differences by means of air pressure
generating differences in electrical capacity. The hypsameter mekes use of the
differences in boiling texperature of a fluid - e.g. toluene - under varying
pressure circamstances. The heart of Rosemount's altitude transducer is a
capacitive pressure difference sensor. The baro/inertial differential altitude
sensor is a carhination of a sensitive barametric sensor with the vertical
camonent of an inertial navigation system.

In all altitude difference instruments, the sensor's electrical signal output
is processed and recorded - either rhotographically or graphically or
digitally [20]. The inherent accuracy of the direct outpat can be better than
of+1m,afte:radjusunent1t1.saba1t+065m. [50]

(d) Combinations of (b) and (c).

7.2.5 Airbornme profile recoders (APR): Radar APR, Laser APR, Baro/ Lidar,

Laser bathymeter, Laser tree heighter
Airbomme profile recorders are hybrids camposed of
1st: anmstnmrtsennngtoletthealrcraftnmnba;ncmstantbamtetnc
altitde, and to measure and record the small deviations from maintaining that
altitude - i.e. isobaric surface.
and : ,
2nd: an instrument to measure the radar height or laser heicht of the aircraft
above terrain, or forest cancpy, or bush vegetation, or undexrwater bottam, or
whatever surface can be used to let the radar or laser energy reflect and
return to the aircraft.

The major sources of error are:

1st uncertainties in iscbaric function of the actual aunos;here

2nd quality of the reflecting surface

3rd flicht height of the aircraft - i.e. pressure lapse rate. :
Consequently, the accuracy of APR can be expressed as the root mean square sum
of the three above mentioned errors.

A new system - designed for Pow-altitude stream-valley cross sections and
profiles - is the Aerial Profiling of Terrain (APID) System, developed for the
NSGS and under trial since fehruary 1983. [60][61].

The system consists of an inertial measuring unit, a laser tracker (locking on
to surveyed retroreflectors) a pulsed laser profiler, a video system and a
carputer. It is graund-based and requires updating every 200 seconds.

Performances to date are

aa:

" Radar APR, adjusted, used to produce helght control of large area:

. flat or rolling terrain, (no vegetation) o ~ * 1....2 m

. mountainous terrain, (no vegetation) o = % 3....6 m.

. vegetation cover ... error according to type of vegetation [21, 22, 23, 24].
bb:

Iaser APR in combination with 1:50,000 photography of large and heavily
forested area, after block adjustment:

. terrain surface elevations (in-between trees)o = + 2m

« tree heidghts were recorded cleary. [25]

cc:

lLaser APR tree heighting and bathymetry:

. tree heighting of tropical rain forest, 1% porosity in 99% forest cover.
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. bathymetry: bay depth accuracy in the order of * 15 an was cbtained. [55,
56, 57, 58, 59]

dd: L

laser profiler APTS: ' ‘

. absolute horizontal performance = + 60 cm.

. vertical performance ~ * 15 an [60, 61].

7.3 METHODS PROVIDING POSTTICN IN SPACE (vcnID'INATES X, Y, 2)

A realistic method which, in the near future, will provide instantaneous
position of the sensor - in three coordinates - is the Global Positioning
System (GPS) called Navstar.

7.3.1 GPs/Navstar -

Navstar is a space-based nava.gat.\.on system, that will provide hichly accurate
three-dimengional position fixing and velocity information. The system is
under construction and is expected to be fully cperational by 1987.

Actual performance (20, 95% probability) is expected to be in the order of +
10 m in planimetry, + 15 m in altitude and * 0.05 m/sec in speed.

This remarkable accuracy will be used to provide for the X, Y and Z
coordinates of each aerial photograph's exposure station - these potentially
being smoothed by a precision inertial system which uses the GPS data as fixes
to become updated, or being introduced into an adjustment procedure together
with whatever ground control may be available (see Corten "Applications...").
This accuracy, however, will not become available to civil aerial survey
before the end of the 90's because GPS Navstar is develcoped as a military
guidance system and. will remain under U.S. military control for the time
being: it is the intention - for civil use - to degrade the system to a
performance of 80 or 100 m. [27, 28, 29, 30, 31, 32, 33].

Remarks: (a) Local use of GPS makes it possible to apply "d:.fferaltxal
navigation", i.e. positioning a staticnary monitor within the area, generating
three~-dimensional “ground-truth", which is transmitted to the survey aircaft
to correct her own GPS navicational solution. This method can effectively
correct. all major sources of systamtic exrrors (in that particular area, at
that particular instant). Differential navigation has consistently produced
three-dimensional navigaticn positions in the order of 5 m

(b) The Soviet Union plans to deploy a global navigation satellite system
almost identical to GPS/MNavstar and has started. '

(¢) Proposals are made by the Burcpean Space Agency to produce and cperate a
civil worldvide navigation-satellite system ("Navsat"). ESA's proposal has the
advantage of being a nonrmilitary - and thereby less sophisticated - system
. which might be employed camercially.

7.4 METHODS ‘PROVIDING VERTICALITY ATTTTIUDE (d),ﬂ w)

7.4.1 Mechanical~electrical precision gyroscope

Precision gyroscopes have been used (a) to record the attitude of the aerial
camera at the instant of exposure, and (b) to keep the camera'’s cptical axis
vertical daring flight.

Ad (a)
"The best performance obtained mverta.ca.hty recording has been 10'. This is
suffxcxent for recta.flcatlm parposes hat not for other photogrammetric use.
ad (b)
Gyro-controlled verticality perfomance has never been sufficient for
photogrammetric surveying.
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7.4.2 lLaser-gyro :
Ihmermg-lasergymsarenmnmedmumllyatngltang]mandneasmeme
system's angqular rotation in space. A cawputer converts these measurements
into 'aircraft attitude'. The laser gyro might become more accurate and may,
in any case, have still hicher reliability than other rresent-day precision
QyrosS. :

~ 7.5 METHODS PROVIDING AZIMUTH ANGLE (HEADING AND DRIFT)

.SlCcmpaSSMadmg :
In survey navigation, gyxposyncmpass&xsusednostly. They can perform to
1/2° for pilot's use, and to t 0.2° when used in conjunction with an

autopilot.

7.5.2 Visual drift sight,- navigation sight

Drift angles can be measured by

- telescopic navigation sichts or drift sngrt:s

= Electro-cptical driftmeter ‘

- Doppler,

- INS 1

A visual navigation sicht may provide drift angles to about 1 or 2 degrees,
with considerable time delay of at least about 1 mimite.

Doppler and INS provides drift to + 0.3° performance instantanecusly. The
conventional "navigation sight" suffers from sericus errors diue to roll, due
to heading changes and due to time lag. The Zeiss sight is converted into a
"side sight" by means of the ITC next-flicht-line grid. '

753Electro-cpt:.caldrlftmeter

The time lag error is reduced considerably by Zeiss elect:ro-@tlcal drift
sensor and indicator. It senses the forward V/H ratio as well as the across-
line V/H ratio, the vectorial campanent of these two being the drift vector.

At the time of this writing it is under trial in various comtries, over

various types of terrain. Results will be reportéd upon in this W& I/3.
(poster session).

7.5.4 Doppler drift

Basically, Dopplerprodwdn_ftandgramdspeed mstantanemsly.Adn_ft
indicator at the pilot's panel is very usefull, as well as hocking the
aatopilct onto the Doppler navigation computer. For Doppler radar see
paragragh 7.1.5.

7.5.5 INS drift

One of INS cutputs is instantanecus drift which will be fed into the flight
director system. For INS see paragraph 7.7.1.

7 5.6 Azimith angle, fl:.gl’rt axis' rnorthing, camera's dnft correction angle,

kappa k.
Compass . headmg mimus drift correction angle provide the fhght axis (track).
Differences between the photographs' principal points' axes become apparent in
photogrammetric restitution easily as differences in k.
Kappa orientation is fast and accurate; for this reason there is no real need
to record k at the instant of exposure.

7.6 METHODS PROVIDING COMPLETE ATTTTUDE (ANGLES ¢, w, K)

7.6.1 Horizon camera. Solar peroscope’
These instruments are not in use any more.
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7.6.2 Attitude reference system (ARS)
Amghlyacamatesystantodetenmnetheangﬂaratuuﬁeofasmveycamra
in space - designed for the space shuttle earth mapping mission using the
large format camera (LFC) - consists of two stellar cameras rigidly attached
to the IFC, directed towards the horizon. The ARS cameras are exposed
synchronously with the exposure of each IFC frame.

By post-flicht measuring of the identified stellar pattern it will be possible
todetemmnetheattluﬂecfea&mfmem.&anacwracyofcz+5arc
secondsabmtead’xofthetl’rceerctatlmasm

7.7 METHODS PROVIDING THREE CCORDINATES AND THREE ANGLES (X, ¥, Z, ¢ wr k)

Currently, the only practical method of this class is the mertlal navigation
system (INS).

7.7.1 Intertial navigation system
meofthemstzmentsavallableforaenalsurveylstheptntogramemc
integrated control system (PICS) which records, at each instant of camera
exposure: position (X, ¥, latitude, longitude); altitude or altitude differ-
ence (by integration with campatible altitude sensors); verticality attitide
(pitch and roll angles ¢ and w), camass heading (northing), drift angle
(navigational drift or camera's drift correction angle). It records this data
in numericals, almgtheptntofraxeandonmgnetxctape toged’:erw:.thdate,
time, mission or job identification.

A remote control unit enables the navigator at the nav:.gatxm s:\.ght to
actually steer the aercplane either over an "absolute fix" (known coordinates)
or over a "relative fix" (recognisable point but ccordinates unknown) for
absolute or for relative updating or for parallelling the flight lines.
Mamufacturers guarantee the perfarmance of INS according to ICAO's
(International Civil Aviation Qrganization) specifications for airline use,
i.e. better than 2 nautical miles per hour at 95% probahility level. Airlines
usemd:.mtasthatanmstxwent&m.ft—Bhnperh. may be expected as actual
performance (95%). [38, 39, 40, 41, 42, 43]

7.8 INTEGRATED CR HYBRID SYSTEMS

A

Hybrids of two components A and B are camposed. i
-exﬂqertompmvethemakpomtsofcmpamtAbymansofcmporentBand
vice versa

- or to improve reliability

s Nav Nav data

INS
computer

sensor

DOPPLER
radar

HYBRID SYSTEM.
Doppler - Inertial hybrid.

Examples of hybrid systems are:
. GPS-Navstar/INS: Navstar's high position accuracy may be used to update an
INS. i . .
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. INSVLF-Omega or Ioran C: INS data can be permanently updated by a position
fixing method hav:.ng appreciable systaxatlc error but relatively low randam
error.

It ise:pectedthatlntegratedanihybndsystalswmllbecmenmeanim
important. [4, 35, 42, 43]
Itlsreasmabletoexpecttl'atGPsfmshybndsmllplayav;talmlem
aerial survey - to save graund control.

8. ONCLUSIONS

The state of the art, today, n.sthatallnavigatxmalelmrtsandall
elarents of the sensor's exterior orientation, as well as a mmber of
da.ffexent:.a.ls,canbeneasuredandrecor&d attheinstaxrtofsa:smgor

;iwtogra;ha.cacposure
There is no doubt that, in the near future, performance will still e

increased considerably - for instance, by means of intergrated systeme or
hybrids (e.g. GBS/INS).

9. REFERENCE LITERATURE

A]_xstof 61 references ;\.sprasentedmlnntedPapernr.Zbyﬂxesanemm
<Appllcatlonsofnav19atxmsystexsandofsmsormenmumsystmsm
survey navigation,in aerial triangulation and in establighment of control. >

10. APPENDIX

'misreviewistzllhﬂatedinAppendbcpaﬁ 12a, 12b, 12c and 124, each of
these presenting cne quadrant of the totality.

They shauld be arranged:

12a 12b

12¢ 124
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NAVIGATION. AND SENSOR ORIENTATION

ELEMENT PARA- SYSTEM, METHOD TYPE DESCRIPTION
. GRAPHS
X, Y 7.1.1| Distance measuring| Ground based beacons, used in
planimetry equipment (DME) aviation's controlled air space,
position : standard ICAOQ rho-rho nav.system,
UHF band
7.1.2} VLF-Omega Ground based hyperbolic
’ system, global coverage,
VLF band '
7;1.3 Airborne teliuro- Ground based rho~rho system,
' meter, Aerodist 3 beacouns, UHF band, line-of~sight
7.1.4} Microwave beacons { Triple and quadruple microwave
ground beacons, VHF band
{Thomson-CFS Tridént, Motorola,
Sercel Syledis, etc.)
7s1.5 Doppler Radar Self-contained (airhorne) Measure-
) ment of aircraft’s ground speed and
drift; coupled onto precision head-
ing reference and onto navigation
computer it produces all navigation-
~al informationm.
7.1;6 Computer. Controlled| Navigation computer fed by any
Photo Navigation navigation sensor or positioning
System (CPNS) system, used also for extension
of control
7.1.7 |Side sight and Visual DR,updating by maintaining
pre-computed turns | proper line spacing; side sights,
slide rules, turn graphs
Z 7.2.1 Barometrtic Self-contained flight instrument
“altitude™ - altimeter :
above m.s.1l.
Z 7.2.2 | Radio or radar Self-contained flight instrument
"height“x, altimeter
terrain
7.2.3 | Laser altimeter Self-contained
~or bathymeter
az 7.2.4. |~ Statoscope, Self-contained
altitude - hypsometer,
differences - alt. transducer,
R -~ baro/inertial
alt. differential
Z 7.2.5 {Airborne profile Self-contained, recording both
plus 4z recorders: deviations from isobaric surface
-~ Radar APR and height above terrain and/or
~ Laser APR canopy and/or water surface and/
- Baro/lidar or water bottom.

- Lager bathymeter

- Laser tree
heighter .

-~ Laser profiler
APTS
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SYSTEMS AND' METHODS . IN. AERIAL.SURVEY. ‘

USE FOR NAVIGATION FOR
SENSOR ABS.OR. AS PARA-
METER IN A.T.

PERFORMANCE 20 =~ 95%
(order of magnitude)
ERROR BEHAVIOUR

REFERENCE
AUTHOR

Navigation only

¢

- Direct performance = 400 m.
- Multi-DME fixes performance
(by S-channel)x 200 m.

General experience
in aviation
(4]

Often not available
where needed.

Navigation only

' = Performance depends oun distance

from ground stations and on config-
uration; in favourable cases = 400 m
but normally to 1000 or 1500 m

=1 : 40 000... 60 000.

(4]

Extension of planimetric
control, needs terrain
elevation data

Procuces control up to accuracy
o= * 2 m, depending on stations
configuration and distance

(7, 8]

Since advent of sat~
ellite doppler:
obsolete (logistics.)

- Sensor orientation,
planimetry obtained
after triangulation

~ Navigation, coupled

onto CPNS

Produces control up to accuracy
o~ 1 am within a 4~beacon
polygon

o = * 3 m outside polygon .
pre—computed pin-pointing * 200 m

[16, 17, 19]

Planned to comstruct
permanent beacon net-
work in France

Navigation only

Error propagates with distance from
last fix, and with turns.

Useful - without updating - to navig-
ate gap-free 1:25 000 and - with up—-
dating by side sighting - to navigate
1:10 000Q.

Particularly useful
in difficult and im-
properly mapped area

Navigation and planim-
etric control extension,
aircraft guidance, pin-
pointed coverage.

Performance depends on choice of -
basic positioning sensor, e.g.
microwave beacons (7.1.4.)

¢

[13, 18]

Navigation only

t 5% of spacing in flat and * 10% of
spacing in mountainous terrain

[1], General ex~
perience {n aer-
ial photography

Also for updating
self-contained
Doppler and INS

Navigation only 10...30 m Textbooks on Used to produce
avigation approximate photo
’ scale
Navigation. Also used 2% only [4]’ Used at approach to

in airborne profile
recorder (APR)

In APR, performance l...2 m on
“hard” ‘surface. :

landing. Radar super—
sedet by laser APR

Performance of laser altimeter or
bathymeter in itself 3 cm of 1:10 000
whichever greater. In practice, the
terrain is the limiting, factor.

55, 56, 57
58, 60, 61

‘Use as auxiliary para-
meter in aerial triang-

ulation is very effect-—

ive

Isobaric surface being controlled
(either by ground heights or by
drift angles and Henry correct-
lon) statoscope gives ot 1 m dZ.

20, 26
49, 50

Performance of laser extremely

high (7.2.3). Performance is

limited by (a) uncertainties of
isobaric surface, and (b) un~
certainties of reflecting sur~

face . Examples: Radar APR, flat or
rolling terrain, no vegetation o =
t1..2 m; same, mountainous terrain no
vegetation o ~ £ 3.,. 6 m

;Laser bathymeter, depth o = * 15 cm
ATPS positioned by laser tracker

25, 49, 55, S6
57, 58, 59, 60

21, 22, 23, za}
61 |

k9




drift, kappa

ELEMENT PARA. SYSTEM, METHOD . TYPE DESCRIPTION
X,Y,Z 7.3.1 |GPS/Navstar 18 earth-orbiting satellites,
position . providing time-difference distance
in space to the vehicle, rho~rho~rho system,
global coverage
7.3.2 | USSR System Similar
7.3.3 | ESA System Simpler, for civil nav use only
Navsat ’
, @ 7.4.1 Precision Self-contained, mechanical-

verticality " | gyroscopes electronical instruments

7.4.2 | Laser gyros Self-contained
E Te5.1 | Compads Lo Lndic- | Preciaion compasses only (&.g. |
azimuth, ate aircraft's gyrosyn compasses) are good en=~
heading, heading ough for survey flight, for D.R.,
northing, and for doppler coupling.

7.8

‘7.512 Visual drift sight} Visual drift sight, with or with;ut
gyro control.
7.5.3 | Electro-optical
drift meter
7.5.4 Doppler drift Doppler drift indicator or direct
processed to track| coupling to autopilot.
7.5.5 INS heading, INS data are fed into navigation
drift and track computer and autopilot and
recorder
7.5.6 -{ Kappa recording
- == ——————— |
VKR 7.6.1 |} Horizon camera Photngranhic recard
complete
attitude
Solar periscope . Photographic record
7.6.2 | Attitude Reference Two stellar cameras integral
System (ARS) with the mapping camera
provide the attitude after
stellar analysis.
X,Y,2 7.7.1 Inertial Navig- Self-contained, high technology
gﬂﬁ%ﬂﬁ - ation System (INS) mechanical and -electronic and
three ‘computer performance
coordinates
and three
angles
= .
Various Integrated systems,| Combinations: Doppler, INS, Loran C,

hybrid systems

GPS, gyros, VLF, laser, baro, ete,
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PERFORMANCE

use ’ REFERENCE REMARKS
Navigation and determ Performance in precision mode [27}.....[33] Important develop—
fnation of position (classified)= 10 m in X ,Y,and = 15 = ment
in Z.
Deterforated for civil use to 100 m.
Performance in differential mode
(monitor) can be used as parameter in
triangulation adjustment, with ground )
control - be it complete or non~ Is under way for
exiating. Research 1s carried out for 1987; not yet oper-
use without ground control ational
Existing
Similar use
Similar use ESA Is proposed; not yet

under construction

Sensor controlling

Best performance ian practice = 15

Textbooks on

NOU used to vertical—
ise the optical axis

absolute or{entation of

the camera at the in~
stant of exposure.

space together with satellite's
or space shuttle's orbiter data,
attitude is determined to t 5
arc secs about the three axes.

and/or recording sexag. minutes avigation but to record the dewd
verticality fiations. For rectif,
Performance not yet established. Will become useful in
Will increase reliability. INS and other systems
e e e e e e . e et
T NEVIgATIOW . ouly H & in ]
reading % degree; in electrical
coupling, it should perform to * 0.2°.
Navigation only Performs to one degres only under Wild, Zeiss
stable conditions of atmospliere and
and aircraft. Performance around
1...2° with a time lag of appr:. 1 min.
Navigation only Instantanuous drift (no lag).
Navigation only Instantaneous drift (no lag) to para. 7.1.5
» t 1/3° performance, depending on
compass.
Navigation INS heading, drift and'track are para. 7.7.1
subject to instrument drift,
approx. 2 sexag. alnutes per hour
In photogrammetry No need for recording
in flight
Rorizon camera was nsed {n Pinland. Jleeds good horizontal Instrument not used
viaihility to either the horizon 'or to cloud bank base anymore.
line
Solar periscope was used in Italy and N-Africa to provide Instrument not used
attitudes as auxiliary data parameters for aerial triang- anymore.
ulation.
Used to determine the Highly accurate when used in [47] Designed for use in

mapping from space
(LFC) exclusively.

Designed for navigation

In aerial survey INS

scan be used to control

flight and camera, as
well a8 to serve as
parameter in aerial
triangulation

Direct performance: instrument drift
3 km p.hour. Used to control the
survey navigation and the ‘camera
exposure stations.

Used as independent additional para-
meters in aer.triang., together with
full ground control, with incomplete
ground control, and when no ground
control is available.

[37, 38, 39, 40]

Efficient use as
hybrid with other
systems

[3a, 35, 41]

Expected to become
and more important,
accurate and reliable
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