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ABSIRACT

The application and the economy (i.e. benefit/cost ratio) of using the in-
flight orientation elements of the sensor (e.g. camera) are considered.
Innavxgaumltlspossmletoobtannperfectocveragemderall

s i s ot e i s ™ e St o s

obtained by campletely airborne instrumentation.
1. INTRODUCTION

Fram the early begimings of sarvey flicht use has been made of flight
instruments and navigation instruments: barameter, altimeter, air speed
indicator, magnetic campass, gyrocanpass, solar campass, visual drift sidht,
visual side sidcht, etcetera.

In addition to this, several attempts have been made to determine same of the
elarents of exterior corientation of the aerial camera at the instant of
exposure - "auxiliary data" in aerial trianaulation:

" statoscope, horizon camera, solar periscope, vertical gyroscope, etcetera.

Since several decades ‘modern 'and hichly sophisticated navigation and
orientation methods have been developed by virtue of micro-electronics,
camputerization, miclear physics, and satellite technology.

Rerial survey has never asked for this progess: modern methods and instruments
‘"have been developed, stmﬂatedandh:dgetedlytranspomtmatlm, by milita—
ry needs and by space progranms.

Havever,mceﬂu%emstzmentsarea\mi]ableoff-dxeshelfand‘moésmeof
them have reached a remarkably high level of accuracy and of reliability,
aerial survey camot afford any more leaving them on the shelf withaut
analysing how exactly they can be put to economical use: how they can he
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incorporated in survey systems to increase the efficiency and/or the speed of
primary data acguisition, and/or to establish control. -

It is the parpose of this review to indicate for which purposes these methods

andinstmmentsmybeputtoecamﬁcaluseinboareasofs:rvey inaen‘.al

elements at the instant of eposire. 00T~

. Inmgatxmtomcreaseﬂxespeed,theecmmyamitbeqml;tyofaenal
photography.

. In 'sensor corientation recording: either to econamise on time and effort
needed to establish groamd comtrol, or to meke surveying possible at all -
in cases where control is be deficient or ewven is not available -
establishing control by purely airborne means.

2. APPLICATICNS
2.1 SURVEY FLIGHT AND NAVIGATICN.

211Gmeral
memomstdlfflmltaspectsofprntogra;hmfhgltsare

(a) to predict visibility in the area which shall be photographed, and
(b)tonangatethesxmreya:_rcmfttopmdlceparalleltmd{sand—
preferably - symphotblodks or pin-pointed photograpiy.

In many cases, the navigation (b) is by far the most difficult task, resulting
- in micro-econay - in rejection of photography, abortion of missions, and in
m—fh@mtafrmsmdlstantmsmnaxeas,axxi in macro-ecoanary - in non-
campletion of the season's task and the country's management and development.
Rerial photogrephy calls for a navigational performance which is very mach
hicher than the requirements to which flight and navigation instruments are
 produced, and very much higher than the requirements to which pilots and
navigators are trained. ‘ '

Today's technology has made available excellent navigation instrumentation
which can guarantee perfect results under all circumstances - provided they
are used by specially trained survey photography navigators, capable to apply
the proper methods of ir-flight calibration and of periodical updating during
flight. .

212ngat1.onalq1a1_1ty :
Topmdmegapfreecoverage(2121)weneedammmmperfomancemlateral

(i.e. across flight line) direction; for symphotblodks and pin-pointed
photography we also need performance in longitudinal (i.e. along flicht line)
direction.

For gapfree osvera?we reed a relative accuracy; foar pin-pointing we need
absolute accuracy - involving either a ground-based navigation system or a
self-contained system (DiR.) carhined with updating.

To produce symphotblocks' or pin-pointed photography (2122), cne may use
either the 80% or 90% overlap method ar a high accuracy -electronic system.
Sophisticated autamatic navigaticn systems will be used in the medium and
‘larger types of aircraft because of investment reascons; in smaller survey
aarcraftﬂzeymllbeusedwhe&theybecmeava;lableasmsspmdlcts,
lichter and cheaper then they are now.:
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2121Iateralperfomance gapfree coverage
'Ibpmd.xcesna]lscalegapfreepmtograpty mnarycasestheuseoflandsat
cove.ragen’aybeadequate. ,

Ibprodace@gfmeﬁnbographymﬁercmstant—driftarﬂzem-bxbnm
conditions, D.R. methods can be applied, using drift indication, side-sighted
updating fixes, and pre~computed turns (calculators, slide rules, graghs). The
method fails, however, in cases where instantanecus drift indication is not
available, under geostrcphic wind conditions, turbulence or mountain wave
ciramstances, and particularly at large mntmms and featureless areas.

'Ibprodlce gapfreephotogramymaryscale, theed:angesofddftaremst
disturbing sources of errors. In case the Zeiss NA Autamatic Navigation Meter
would prove tot be cperationally remablealsoovernmntonwsterrain, this
instrument could give valuable assistance.
Dopplerhaspmventobeaneccelleminstantanemsdriftindicatcr,
Jjustifying its investment even for amaller types of aircraft. = :
Doppler plus precision campass plus camputer is excellent smey navigation
instrumentation for all scales - even up to 1: 10.000 - under two conditions:
Ist. that the camplete flicht system is properly calibrated in flicht {12],
and v
2nd. that the inberent D.R. propagated error is updated periodically by means
of]relatlve updates via nav:\.gaticn teles@e or Via side sigxt. [1, 11,
13
Gapfreeblodtsofanysuecanbepmdzcedinanyscale, takingintoaocamt
the maximm distance between update fixes. 'Ih&eecanbeeiﬁmrabsolufefims
- i.e. known in ooordmates = or relative fixes such as slde-sighted track
points.

2.1.2.2 Iongitudinal performance - symphotblocks and pin~pointed photograpty
The 80% or 90% overlap method -for the "one sheet = one photo" pin-pointing of
large scale photography locks attractive 3in that it saves investment in
autcrated systems; however, it is expensive in that it may produce several
t}msexﬁsofpmtogra;*mmmthmnmded,andmﬂntitissubjecttotm
ca’texasqrclmgtine lmtatmn. .

'Eheupn]iate densxtyofpizr—pomtinaneansochpplercanbepre—calcﬂated
11,13
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Before end of 4th line, an update must be side-sichted.’

These 4 lines (incl. turns ~ 300 km) will accumilate longitudinal 2c
error = * 350 m. Pin-pointing to * 5% overlap shall be within + 280 m.
A longitudinal updating fix must be taken befare 170 km, i.e. after
every 2 lines.

A good pin-pointing navigation system is the ground-based microwave beacon
system caupled onto CPNS; from the logistics - i.e. operational cost - point
of view, this may be limited only to certain specific areas (e.g. France,

) where periodical large scale photamap revision is needed. [16, 17,
18, 19 : '

2.1.3 Coice of swvey aircraft and crew camposition .

A new generation of small "general aviation" craft is being developed: low
power, relatively long range, two-seat, lignt (carbon fibre, f:.breglass etc)
aircraft of revolutionary design.’

This new trend may be of importance for aerial survey.

Attempts are made to integrate this lichtweicht aircraft type with an
electranic autcmated navigation system and with the aerial camera.

This may lead to the minimm crew of two or even one only. It is beyond doubt
that high tedhmology (in micro-electronics, aviation comstruction, etc.) will
make this possible. Whether and in which cases this is economically justified
depends on a muber of other factors: experience of the crew, distance of
survey area fram base airport, necessity to carry observers, regulation to fly
dual pilots, ergonomics overloading of crew, etcetera.

2.2 AERTAL TRIANGULATION

2.2.1 General E ‘ . .
Conventionally, aerotrianqulation is based on gramd control.  Establisment of
control may account for half (or even mare) of the total mapping effort and
time, particularly in difficult or inaccessible aress.

'mnarysurve_yprbjects,sare'addliaryaata"' recorded during flidht - have
bemusedtozedacethedmsltyofmlbynea)scfhonmncanera,
statoscope, solarpensccpe,vertu:algymandcﬂ:erusmma'rts

Today, 1tlspossa.bleton'eamandtorecordauelemtsofea¢enor
onentatlmatthemstantofpl'x:togra;i:yallbextmvanwsdegreacf
perfarmance.

Wenavhaveavallablethreegroapsofdata

a. the camera's imnner orientation data.and image coordinates of terrain
features (x, y and principal distance)

b. the camera's '(or cther sensor's') exterior orientation data (X, Y, 2, &, ¢,
W K)o o

c. the terrain featurs' gromd coordmates X, ¥, Z2). ~

Cornvertticnal aerctriangzlati‘m' uses (a) and (c). Modern instrumentation
measures and records (b): This new possibility can be used in varicus ways,
fram the simplest use as auxiliary data together with camplete gromd control,
to the cother extreme: the use as exterior orientation elements instead of
establisment of gramdcmtml altogeﬂxer.

222A§phcatmnofsensoronentatzmelerentsasa\mhaxydataoras

constraints to error propagation
ceﬂuese_nsorssa.xextenoronmtatlmelarents(x, Y, Z, ¢,m,a<)canbe
recorded and used as_such, ltz.smta@rcpnateaxymtocallthan
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Mauxiliary" data. We propose that such denamination be reserved for the
9?.55‘5‘1’:1_3}5_' e.g. dz, or profiles (statosoope APR, etoetera).

']'.he statoscopehasprcventobemstuseﬁﬂandextrarely efficient. [20, 26]
Its basic accuracy - at 3000...6000.m fhg'lt alta.tude is better than 1 m.
After block adjustment,- heicht accuracy is ¢'= * 0.4...0.8 m, bemg good for
mapping 1:10.000- to 1:5.000. Until now, it is t'he flight instriment with the

hidghest benefit/cost- rata.o, capable of saving 60 - 80% ofthe verm.cal

cantrol.”

APR (radar and laser) .- after adjustmerrt prodices results which are of the
sare order of accuracy. Itlsassm\edmatsuchacwraqa.sobtamedminlyw
tlﬁstatoscwlccmponentofAPR [21 23, 24]

2.2.3 Aerctriang\ﬂ.atim with sensor orientation data together with ground .
' cmmml-cmpleteormcanplebemtnangulatmnmﬂn:tgrumd
control.

Itlsreasonabletoe:pectthatﬂmeusecfsemsorormtatlmdata whatever
may be available - in cambination with ground control data - whatever may be:
available - will be the most important and the most efficient use of in-flicht
data in future. This use includes the case that no ground control is available
at all. Combined use of aerial and of ground data in one adjustment procedure
doahavegxeatpotmtlalaminaysolvepmbletsmgrumdcontxol
detexnn.natlmw}udlwerev:.rmauytmsmnmtableunulnaﬂ

- -~ rS L Q B '
COMPLETE CONTROL MINIMUM (4 corner) CONTRQL " PARTIAL CONTROL
SCALE AND AZIMUTH NG CONTROL -

Various cases can be considered: :

(1) Some control is available but is incamplete.

(2) Standard ground control is not available but 3 or 4 gxumdbeaomscanbe
placed at known coordinates.

“(3) No control is available, leading to campletely self-ccntaa.ned, purely
airborne photogrametry

. Progrars.
To hardle cases (1) and 3), progran’s such as the Smultaneous M:lltlple
Station Analytical Triangulation (MUSAT)[46], the General Integrated
mnalytical Triangulation (GIANT) [45] and other programs [53, presented at
They incorporate
. image plate coordinates
. grand control parameters, and - ‘
- camera station parameters (i.e. the in-flicht exterior arientation

elements), .

which all can be applied w:Lth the:.r proper weight factors..
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The programs permit a rigourcus application of least squares.

For the handling of case (2), see [18, presented at this cmgress] and [50]:
PAT-M-43 has adjusted camera statiomns' planimetry (X, Y) and differential
altitudes (AZ) with the image coordinates - for large scale orthophoto
mapping - without ground control.

. Remarks to aerctriangulation without ground comtrol.

1. The "contmlpohrts"pmdmedtythispmoedmeare,cfcwrse,mt
mmentedhltaredefinedlytheirimgejnthepkwtograph.

2. 'Jhesenscroximtationdataasreoordedmfhghtaxemtldentmltoﬂ'e
elaxentscfthecmexasatsohteonentatlmasdxalnedbyﬂne
photogrammetric procedure. During photograghy, inner orientation and
magepm::tcoordaxataaredastcrted(fmndefomam, atmospheric
refraction, etc.); ﬂ)eresul‘mngmsf:.tsarenn.mm.zedtyﬂ)e
photogrammetric procedare.

Consequently, sensor orientation data can be used as absolute orientation
elerents only in first approximation.

. Result.

The quality (i.e. accuracy) of the autcame of aerotrianqulation depends, of
coarse, on the quality of the input: image coordinates, ground control
parameters, and camera station oriemtation elements.

Recent investigations [52, 53, presemted at this congress] indicate that
substantial saving in ground control is cbtained when the camera station
elements are known to approximately 2 m. (one g¢).
This can be obtained only by either using ground stations [18, presented at
this ccngr&ss] or carpletely airborne by hybrids such as GPS/]I\E.[AIZ]

The use of Trident ITI micxowave beacons through CENS has resulted in g =~ +
s min 1:15.000 photoscale, 1:5.000 map scale. [16, 17, 18, 19]

- The use of a land—basedpmtotypeGPS/DIShybxid"—vd.ﬂmtusingotl'ﬁr
graund control - has resulted in coordinate accuracies around the 5 m level;
it is anticipated that exposure station coordinates will be determined with
o~ * 1...2m[53, pmentedatthiscongress)]

A;p]icatimcfthisnavpmcedneuayhaveam:dmspotmtialm
future.
Examples:
+ mapping of isolated areas, of thousends of lakes (in-shore) and airborne
bathymetry of continental shelf (off-shore)
« reefs, river deltas, swarps and miltiple-island areas;
.na;pingandinventoryofnaaxbinaw&ssjbletxupicalfor&stsandmmtain
= areas;
topogmpha.cna};pmgorm}dmpplngfmorblterorspaoecraft

2.3 USE AS POSITIONING FOR OTHER SENSING DATA.

Whentheneedansesforrsmtesensnxgtoprodmedata,omofﬂ:emjor
dnﬂlmltlslstoacazratelylocatethemt}mofthesaseddata Here,
thesa’:soronmtata.onn’etho@cmemusefuny, mpartxc.ﬂarplanmetry (X,
Y) buat also altitnde (7).

2.3.1 Exanmples of applications.

+ To provide quick semi-controlied photo map sheets, for plamming purposes.
Aerial photography, synchronized with the recording of position coordinates
and of vertical laser height may have a high macro~econamcal value in
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providing photarep sheets for plamming, within one day's time.

. Bathymetry to 30 cm perfarmance, (o = + 15 an) = providing off-shore data of
the continental shelf or in-shore data of lake depth to 3 Secchi - needs
positioning, either approximately (off-shore) or accurately (in-share) to a
performance of about 2 m. [55][56][57] '

. Forest mapping. The narrow laser beam - in addition to recording profiles of

the tree cancpy = can penetrate wp to 99% cancpy and 1% transparancy in
tropical and subtrcpical forest. This is dre in ocarbination with INS
position recording. [58][59].
In geophystics sensing - magnetametry, radiametry, etcetera, the positioning
is the major problem as well. The use of self-contained methods (INS,
Doppler, GPS/INS etc.) plus recording is a "must" for post-flight
processing. : :

3. ASPECTS OF BOONQWY.

. Cost - investment and operating cost, can be calculated
. Benefit - can be quantified as well
"Econony” = benefit/cost

3.1 Qosr

Investment in simple visual type navigation equipment is negligeable.
Investment in modern techrology may seem hich in absolute sense hut in
relative sense it is very moderate. Example: Doppler in turboprop aircraft and
GPS/INS in jet aircraft may require no more than 5 = 10% of total survey
flight system ready-to-cperate.

Cperating cost of the viswal and tnn—precmp:t_mg instruments is
negligeable.

Doppler, GPS/Navstarandavmmn.csmantmameccstxslm

INS maintenance will now be near the 10% per year bracket; it is expected to
'bered;ceds;qnflcmmlymﬂlmead\mtof&zestrap—damardleaser-gym

generation.

3.2 BENEFIT

. Benefit in navigation.
In every survey (rcanization statistical evidence is avialable about the
total cost of navigation-abortive photo flidhts.
The proper choice of navigation instrumentation and of navigation methods
can guarantee gapfree coverage and pin-pointed photography for
orthophotamapping, avalding re-flidchts completely. 'mere.w the benefit in
navigation is quantified.

. Benefit in saving ground control.

- From the very begiming of aerial survey until today, establisment of gramd
control has been one of the heaviest budget items. In nearly all cases of
difficult terrain (mountaincus, tropical forest, swampy areas, sand desert,
permafrost, etcetera) it is tbe heaviest item, nctr:nly in cost hut - nmost
awkwardly - mtemsoftmeanddelayofpmdzcum :

3.3 IOy
Econay - per definition - is neasm:able in tems of bme.fit/cost ratio.

the direct benefit of the simple prod.\ct, - e.g. acquisition cost and price of
the aerial photograph, as is often done in contracting for aerial photography.
Macro-econay refers to total cost and total benefit of the final product,
e.g. execution of a S5—year plan, planning and execution of infrastructure
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(harbours, power hm, catmmn.cat:.m and tr:anspo:tata.on), develcarent plans;
management of the country. .
Note: Very often in n‘acm—eccrmy, the factor "speed (time)"” has a
mach h:Lcjler weicht than the factor "direct cost".

MCaIGﬂaUngﬂ'xebeneflt/costramommcm-andmcm-ecamcalsmse
ltbecaresobvxa:sﬂxattheuseofemstnngmodemmgated’mology
In the majority of cases there will be no “Ju—st—a.f_chTaE&x any more for mot
nak;nguseofthepossablhtlawhldaareofferedtoaenalamreyto@y

4. CONCLUSICNS

4.1 NAVIGATION

The state of the art is such that perfect navigational coverage can be
cbtained at all photo scales, under all circumstances (constant instantanecus
drift indication, INS, Doppler plus camputer, microwave beacons, CPNS e.o.) -
including pin-pointing.

4.2 AEROTRIANGULATION (A.T.)

. The econcmy of A.T. based on camplete control can be improved significantly
by applying statoscope.

. BEcancmy and accuracy of A.T. based on minimm (i.e. 4 corner) control can be
improved significantly ly using statoscope plus planinemc coordinates of
the camera stations in flicht. -

« A.T. based on incarplete gramdoorrtrolandevenonnogro.mdcontmlatall
is possible when GPS/INS hybrid is available together with a monitor
station. Already today, small scale mapping without gromd control is
feasible. It is reasonable to expect that in the very near future medium

scale mapping withaut ground ocm'rol is a realistic poss:.ba.hty for routine
production. .

4.3 PROGRAMS
For A.T. using all in-flight orientation elenem;s of the sensor (camera), the
MUSAT and the GIANT programs are available.

Scme other programs do not use ﬂ'lé attitude [50, 53].
It vmldbeadvisabletomtégrate'the application of & into GIANT.

4.4 INSTRIMENTATION
It:sreasmableto@@ectthataermlsurveym]lberevolutlmzsedbj
lifting the problems of establishing control fram the ground to the air.

“To this end, most useful instrumentation may prove to bei- microwave besacaon
systems o
- GPS/INS hybrids, in cambination with one graund monitor.

4.5 EOONOWY

. Ita.spossn.blemprodlceperfectsuweynamgat:.mrwults u:x:lerall
circunstances.

. It is possible to replace establistment of ground control by the use of
exterior orientation elements determined in flight.

. The econary (benefit/cost ratio) of these possibilities is such that the use
of navigational hich technology ‘should be considered sericusly.
» This consideration is valid m@m it is the more valid in macro-
econany .
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