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Images obtained from the Landsat multispectral scanner are mot provided im
any normally recognised map projection system, so it is often necessary for a
transformation to be made. This is usuzlly done with the aid of growmd comtrol
points, vhose locations on the ground (or o2 a map) are accurately kmows sad which
can be ac urately located vithin Landsat images. The initial selection asd loca-
tion of such ground control points is usually performed maaually.

For repcat - ie mltitemporal - imagery, the same groumd comtrol poimts cas
be used. The positicus of these points can be relocated vithin the repeat image
either manually or, as described in this paper, by an 2lmost eatirely sstomstic
computer process. This process has been found to work speedily sad effectively
on many repeat images of Britain, usually giving accurate relocation of well over

902 of ground comtrol points.

The process has been Jevzloped for use witk imeges of Britaim, but it cosld
readily be alapted for worldwide use.
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A. =. Beronw

SUMMARY

Images obtained from the Landsat multispeciral scanmev are not provided in
any normally recognised map projection systex, so it is cften necessary for a
transformatrion to be made. This is usualiv done with the aid of ground control
points, vhose locations or the ground ‘cor on a map) are accurztely knon 1 and which
can be accurately [>cated within Landsa® images. The initial selection and loca-
tion of such grourd contrel points is usuvally perforsed manuzlly.

For repeat - ©- mititemperal - imagery, the same ground control points can
be used. The positioas of these points cazx be relocated within the repeat mage
either manually or, as described irn this paper, by an almost enfirely autcmatic
vomputer process. This process has been found to work speedily and effectively
on many repeat images of Britaia, usually giving accurate relocation of well over

2 of ground control! points.

The process has been developed for use with images of Britain, but it could
readily be adapted for worldwide use.
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' IXTROOCCTION

Infermation abuut the surfacs of the carth has for loag been votained by a wide
variety of methods. With the ability o ascend abdove the surfa-e bas occurred vhat is
v referred to as "redote sensing' (see Ref ), rthe acquisition of icforumation from a

distance, firs: by aerial phwicgraphy md lattersly by eavth satellite observation.

Observation of tiw earth froc satellites bhas beex made by photography and by other
imaging methods. In somw cases the phweiograpits van te physically returned to earth
(c: Skylab), but this is wor alwars ccaveniea, and is certairnly not so for sitellites
desigoned to nake many observalicas over a lozg pericd of time, As ao alternmative to
coaventioanal phorography, thereiore, the earth’s surface may be optically scaomed by

ried to 4 form which can be transmitted to earth,

[

some Deaas ad the observaiioas <aav
To this case the dara can be re:soustit:ted inio a fore waichk resexbies a photograph, amd
which will be n ‘erred to ia this Report &y 3 'piceure’. This Report is concerned with
digital data and pictures previded b the muliti-spectral scamner (MSS) ou the Landsat

series of earth resources satellites.

Irages provided by Lacdsat MS5S cowver an area approximalely 185 km square, viewed

vertically downwards, and are ofte: immiiately recognisable by a viewer who is familiar

re,

with the porsica of country depicted, Reccgoition is usualiv by meacs of salient
features, such as the shape of coasilines of the positics of roads. However, 2 small
amount of spatial distortioe is preseni, so tf the precise locazica of any particular
fezture, or anv exact distaace, 1s regaived, tz is usually ceessary to resort to inter—

gretive rechniques,

Perhaps the most coavecienl treatmear for Landsar B3 Jata is 12 coovert or
‘transtors® 1t to & knowm cartographic coordinate system. The iaformation is then
presevrted iz a form wiich is faziliar, whose dimensions (scale and other properties) are
understond, whick may incliude calibrazioe grid lines axd which pay be directly compared
with 2 coaventional map of the same scale, to establish locationms. Satellite imagery may
then be siudied by a wide varieiy of users, without theivr tavicg te be concerned vith the

nature md details of the pesogatiion and tramstorpation process.

Two distinct Sorms of larormatic . are it geseral available for precise dimensional
evalyation of photographs or photogra a-like images. One form of informstion reistes to
the Jetails of the imaging system, for 2xample in microphotography the magnificatioe of
the system, and in telephcotography knovledge of any distortions iuntroduced by the optical
system 3s instamced by the differeace between the Mhaviour of a slidiog-back and a
coaventional camera. The other form of informatica is knowledge about the object being
photographwd, for exsmpie 2 measiring rod may Y inwluded in a photograph of an archaeo—

logical dig te provide the local sca'v.

The actual prowess of Landsa: image identification and tramsformation makes use of

§ botk types of knowledge, ‘< those coacernicg the imaging systes and concernming the
earth's surface. Certaic features of the image can be "recognised' and these, together
with a knovledge of the geomelry of the optical imaging process, allov the remainder of
the image to be fitted icto 1ts Sorrvect place.
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The recognisatle terrestrial features are rsferred to as 'ground control points’
(gcp3s), and to be usable they must be identifiable botk oa the satellite image and also

on s>ee suitable calidrazed map.

| The Landsar MSS uuﬂs

Landsat ¥SS is described ia deta’l in Ref . Briefly, the satellite moves in
- a cear polar eortit {(inclined a: adou’: X degrees tc the eg.ator) at a nominally constamt
height (abour 20X km) above the eavth's surface, As the satellite travels, the surface

vertically Yelow it is scanped in 3 cross-:irack directior, 30 tiat the observations form

e

2 raster scan of the carth's surface. The image is resolved inte picture elements or

pixels of about 8) = square, witn sooe overlap of pixels along the scan line, so that each

but this need toi be comsicered bere except to note that ic practice the most couvenieat
wvareband for delermining gops is the so-called band 7, (0.8 to 1.1 microns wavelength,

in the near iafrared.

From this descriplion, scae properties of the resuliam: image may be deduced,
Firstly, the scaie of the Image in the direction of satellize travel should be coustant,
since the near civcular ovbit provides a near coustant speed. Secondly, the scale in the
cross-track directicn depeads upon the nature of the scanning mechaniss amd the curvature
’ of the earth’s surfax. (Variatioas io height of terrestria! features may be ignored
l since their effect, particuiazrly for the low altitudes of the majority of Britain, is
marginal if aot undetectable.) Since the natures of these twc sca effects are fairly

accurately koo, rhey cax b coopensared [or. Cilher wmwam e ¢k a3 the rorarion

€Ils e a3 the T
of the earth beneath the sateilite can alsc be allowed for. The resu:lting image,
referred to as "system corrected’, is ia the form of an obligque Mercator projectiom:
icdeed (‘okvecomsxs3 Las rroposed the use ¢f "Space Oblique Mercator® prejectiom for
Landsat Imagery.

F<r macy purposes it woild be dosirable to transfora the ipage (0 a wore coowen-
tioanal map prejection, <2 some form of Transvevse Mercator, and this can ia primciple
be doae by computer provided the latitude and longitude of some locations of the image

are accurately known.

In practice, certain difficulties arise, and these stes from the lack of perfectiom
of the sateliite's movement. The orbit is such that the height shove the zarth's surface
varies by approximately *1I and the vehicle itself is subject to movements in all three
of its rotationa. axes, '€ it pitches, rolis and yaws., All of these movements are to
scme exteal weasuyred and knpwm, but nc: with sufficient accuracy to allow the image to
be accurately calibrated, A reasonable level of accuracy migh: be defined such that ao
pixel is out of place, witk reference to the map system, by more than its own dimensions.

1,2 Geonetric tramsformation of Landsat inﬁ

Sionce it is a0t possible 1o relste an image to the earth’'s surface with sufficient
R precisioc from svailatle krowledge of the operation snd wmovessnts of the Landsat imaging
system, rescrt has therefore to be made tc tuowledge of the subject being imeged. This

pixel 1s about $J m ir thal directica. (bservaticns are made at four spectral wavelengths,
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may be dove with the aid of gops wvhose positior. caz be determined, both on the imsge and
alsc on the ecarth's suriaze. Since terrestrial features have been surveyed in great
detail in Britain, it is coaverieat to use maps f{or the accurate determination of the

positioa of gops oo the earth's surface.

When sufficient gcps have beer lovated, both oz the image and on 4 wmap, some form
of mathematical transformatioa can be used to enable all points in the image to be trans-
formed tc the map coor'inate systez, this process being referred to as geometric traas—

formation,

The identificatisa of gops, buth oo an image #d 02 a map, is ia the first instamce
M operation which is done by human beings, as nc suitable patterm recognition systes
has ver been se: up o compare & image with a map. (It wxild seen feasidble to perform
this operatioe asctomatically by computer, for certaic types of gcps, for example,
selected lamd=water boundaries.) However the Landsat system is 3 contimuing operatiou,
30 repeatec images are produced, and it has prowved feasidble to use a computer to

rocognise ad relocate known geps in these repeat images.

A distinction should therefore be clearly drawvm, betwesn (a) the first ideatifi-

cation and losatioan of 2<Pps both oa an image and on 3 map, and (b) the relocation cf

known gops in other images. (Relocation oa a maap is, of course, not needed.) This

Report is mainly coacerned witk (b),; and describes an almost entirely astomatic computer

prockss, the program GCP.FIND, for relocation of specified gcps vithin a repeat image.
The subjes: of geometric transtormatioe has been discussed in the literature, one

.« = - - - - - d
of the more derailed expusiiicas bcing thar of Shlien |

1.3 Sowe =utes oo the program (KP.FIND

My countries havwe their cwn sateliize data pro-essiang facilities, so this work
bas been primarily coacerned with images of Britain, I the mainland and surrounding
islands, but excluiing Xorthern Ireland and Ireland. Bowever the pessibility of use
elsevhere bas been coansidered, amd those features of the work relevat Ja.y to Britain
have been noted. It should therefcre De possidble te adapt the program GCP.FIXD for

cperation in other countries, with fairly limited changes.

The problem o° relocating geps ir images is essenrially a practicai one, and has
been treated as such in this work. The processes which are described iz this Report are
ones vhich have been found by experieace te work satisfactorily for an adeyuately large
proportion of gops, oz a wide variety of images of Britain, the vhole operation requiring
a reasonably saall amauut of computer facilities and opevaring time compared with other
operaticns performed on the image. The wmethods described are not pecessarily the "hest'
or the most elegant and, icdeed, coasideriag the variety of images to bde procissed, it is

docbtisl vhether a "best® method exists.

2 FIRST LOCATION OF GROUND QONTROL POINTS

Sioce the first identification and le ‘tioa of gcps must de done before their
relocation, the former process will be des. rbed first, The athor of this Report has

vl




pot performed aay of this lecation worh directly nimseit, but bas made several suggestions

shich have proved of assiszance iz doizg it, and these will be mentivced iz this sectica.

2.F Ggound comtrol point iibrary system

The firs: gop work doae in Space Departmect RAE is that described by \I’Eliims who
selected about 7= lovations iz landsat izage path 2I¥ row 24 of 2 ‘uly 1977, Subsejuently,
others at BAE bhave selected sufficieat gops to cover the whole cf Britain, Geps have
been identified on Landsat inages and on Crdrance Survey 1:500)0 maps, locations beiug
referred to the Xational (rid. Siante 3 correspondence betveen image and map is required,
the procedure resulis in the provision of two pairs of values Jor easch gop: the column
and row cumber of a pixel in the relevant Landsa: image, ani the correspouding Xazioaal
Grid eastings an! northings, recordsd 12 an accura ¥ of abcut 0.2 mm on the map, for tlw
centre of the seieczed pizel. oetwezn 5¢ and 10C gops are selected for each image, wd

for the whole of 3rizaic thls bas ilavclved the selectioa of about 1200 gops.

The maia object of this work is o <reate a mumber of data sets. One of these is
a "master map-iocatice file', v a list of all gcps together with their Natioanal Grid
locations. Other data sets are created for each izmage, containing a list of the
50100 gops for thai image with their columa and row anmbers in that image. These data

‘Sets are subsequently used to create 2 set ol gop “chips' ar ‘escribed in sectiom 3.1,

It may be nctel that for Britain 1t is oaly necessary to process alternate
satellize tracks, as there is & fuil 506% overlap of adjacear images. Conseguently all
of Britain caz be examined in about 18 images.

Mow that the whole of Britain has had geps selected, the process descrided as the
®ain subject of this Resor: aliow: aii cther images to have lheir gops iocatad aloos:
entivrely actomatically. Thus the :aany hurdred imazos with usatle porticns of Britain

can be processed rapidiy and almos  automaticaliy as required.

L) .
2.7 Gromdd control poini localiog «a maps

Originally, gop iocatics was dooe by Williams 25 follcws. Gops were wvisually
identified orn image and map, for 2xample road interseciions, recognisable curves of
rivers, shapes cf lakes. TYor each such ‘eature the nearest image columm and row were
recorded, together with Xatiounal Grid eas-'ing and northing. Subsequent re-examination of
these gcps has shown that the locations were vot alvays as accurate as might be wished,
for example since a relative rotation of abcut fifteen degrees ex sts between image and
map, the exact location cu the curve of a river could be apprcciably in error. Again, &

road intersection could be mistaken for an adjacent one.

Following experiecce with correlation of patches of images, the preseat author
suggested that small pa:iches of images be prepared, to the same scale as tbe maps, and
on a cranspareat base, so tha: cach patch could bde laid over the map and woved about
until the best fit wvas obtained. Furtber, since the angle between image and amp is
koown to at least am accuracy of one degree, (seciion 7.7) the transparency could include
2 line to indicate the reievant east—west direction of the map. This line could then be
held parallel to the map cast-west direction and the fit of image o map would theu
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iavelve oaly transliation in 1we directions, witheut retation. Finally, to aid in the
determinaticn of the ceatze of the cxntre pixel o the pat.b, a4 saall circle could be .
incocperated during the preparation of the transparency. Tiwese aids, together with

cthers determined 17 the light ot experience, have enabied gops te be locateld exiremely
accurately, s ouch s that geficiencies within the image itsIlt haxse been exposed.

These Jefivicncivs relate to the several forms of systea correction adpited during the
preparaticn of the computer compatible tapes, and arv descrided in Rer ¢. Additivoally,

the occasional absence of scarn lines from an image van be gezected. Fo¢ greatest :

- . . ¢ :
Accuraiy it may be necessary to start with "ras’ imagery . :

2.3 The tramsiorsation malrix

>

Yhea 2 sufficient nudber of gops have bevn lezated on bo b lrage and map, the
information may be used to caliciaze 3 "tremsforwiiten asirix®, whi.h eaabies all image
locatiocns to be mnveried to map referrales, OF vice verra. This has Dewn Jescribed by
!tilli.:n5 and by Shliea . Varivus ty¥pes of marfrin tan be made, accerding to the number
and accuracy of gops wailable, aond the accuracy of the required treasforadtion, A
first-order matrix allows e iwage £ be rotated, trarsiatel dal sxeares cnly, wvhereas
2 higher-order matrix enables more coogpriivated fraisioraations te ba pericrmed, such as
correctiion for nom—iinearity cf the satellite scan mechaitsg. Preseat experience

indicates that < first-urder malrix gives usefil results whaen applied 1o systew

corrected daza, but thar an appreciable izproveseat can be cbrained with a higher-order
aMatrix. Since the iatter would alse be capsble of hanllicg the 3can lite nonx-lineariy

present in noa-systemcorrected (or "raw') date, 1l seems itkely that this would fore

b

the oplisum s¥ystexn for highwesl socuracy. Other aspe.ts of the wie of e Jatz will ke

touched oo later in this Repor:.

i s 2.

2e%  Numbering system for ground control points

N

The wboie of Britain tas defined In section 1.3) 1s m3ppel by, amoagst others,
205 sheets of the Ordnanve Sarver i3 Scovcad Serices. Eah zop has been givea a
code number coasisting of Ty integers, the [irst being the nudber of the S map o0 i

which it occurs and the second an arbitrary serial! number on that aap, Sometimes, doue

to overlap of zap sheets, a gop vcurs ov more than omw sheet, and in such cases it is
CUStOWMArY to use the lower or lowes? of the shect nimbers. Failure 2o observe this ruie

Carries oo adverse consequences 10 the operation of the compuler program bul may cause

incoovenience vhen referring to maps. FProvisioa is made ior serial cumbers from | to 99
inclusive, although the average number is less than six. This numbering system is
described here mainly so that the detailed operation of the cowputer program way wore

easily be umderstoond.

3 RELOCATION OF A GROUXD CINTROL POINT ]

The operations described in sectioe 1, the establishawnt of a fivst set of gcps,

E bave been performed manualiy, and the results have been entered 1nto data files ready

) for use by a compurer. The determination ¢f Zup locativas in subsequen: images cac be
: done almost completely automatically with the aid of the computer program GCP.FIND, which

i~ the sain svbject of this Report. This progras makes use of a method cf relocating

A s i e e e _ a
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individaal g ps, this Yeiny, doue by the subrouline WNGCP tlocate gop), which is
des rided in dezatl dn se.tion 1. Che followimg sectivos describe bow ail gops in ax
inage arcv ooated.

3.7 Creund cunirel pueiat “ohips’

]
-

The tasa of estalisiicg the {onatica of & gop in an image is essentia’ly one
. pattern re.ognizida. Any gop s by Jdeliaition f-e descriplicon of some terrestrial

teatire of nou-Zere size

For exawple, the definitica “the iotorsecticz of the Ma aud
M3 @ otorwars whilst It refers, as a location, to the priat where the centre lines of
those toads iaterse-t, i fa°1 ouly has mwanitg with reference to the existence of the

roads thezselves for sc@a 320t distaice at, and to either side of, the irtersection,

f ' Tue actual iovat.on € a4 g3 tlereisoe, i determire: by ihe des:ripiicn vicae particular
. poini in its s.irowidiny wvoalexi. The gop ©an ealy be lovarted by locazing a surrcundiag

For the Jits: locazice the pattera recognition problem is that of relatirg a
portion ¢f an izmage with a purticn of a zdp. In the <as: of Landsa - MSS, the imige is
ia the form o a rasieyr oF reotangular pinels. whils: the maps used 105 [:300Q) censist
of lioes and colorel 4reys prinie: on pager, I« in aaa-digital Jera. It is possitie

to devise varicus methols of relacing imaje and wap, and it svemed that the aethed

I

cesorited in sostion 2 gave prebabiy the bert combinatice of acciracy with spexd for the

oa¢ thoosxnd or So g.ps reguited. As oted, this methoad usel 2 computsr for the
1.9 , »

o7

. preparatico of the phctographic patches of imige which wire compared with the maps. 1t

sceds lively thal 3 more cutomatic methwod o relatiang imyge (o map wosl. neel coasidevably

For tae problem of relocating geps the situation is greatly eased, as it reduces to

\ the =a:zching of porticas of ove image with anorther image, thai is, both elements are (n
\ the same Dormat, wiich 1s already a digical one,
AL In rediiness for the Bal hing process, small “chips™ of the original image are

prepared. These chips arg‘ sublmazes, vop‘el f{rom the criginal image, axld coasist of
19 rows of 19 columms of pine! values, centred on the gop nominal coluan aad row
location. A "library' of gop chips has been prepared and these arz available for use by 1
the program GUF.FIND, Fach chip forms its own sma!li vomputer data file aad che file
name is based ou the gop aumber, described in section 2.3, Thus gop aunmber 72,3 has a
correspondiag chip with zile aame G!72.) in a specified "user area’ of the dis: data
storage. Chips were prepared in batches, cae baich per image, using the purpose-written

progran IM.CHIPEMX.
The problexn of relccating gips is dade much easier thas the gereral pattera
recognitior proolem when it is noted that (a) the satellite height varies very little,

hence the size of a gop is almos? identical ip every image, anid (b) the direction of the

satellite patk (32 its angle to the local weridian) varies very little, hence the gcp <
is alvays orientated at about the same acgle. Thus the pattern recognition provliem -
- becowes the manageable ot of comparing and relating images of almost identical size and

;ﬁ
orientatioa. It is true tha: the ob‘ect being imsged may change, from one satellite 3
|
|
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pass to another, <7 a field way be ploughed ot one ococasivon and have growing crops on
another, and such changes, discussed later, can make the relication problen more

difficult, if nct impossikle in, for example, he case of & svow—covered riene, or of

course a cload-covered gop.

In practice, it has beea found that gop relocation ¢an usually be satisfactorily

perforued by patisrn matching a "chip” from one image, with another image, as des.ribed

belw.,
1

3.2 Fattem matching

The method of establishing the correspondeace of chip and new imapge locaticn is by

wmeans of the correlation coefficient, ¢ , calculated between the !9 by i (= 361) pixels

of the <tip, and a 19 by 19 pixel section of tie new ipage. The vorralatien coefficient

is calculated for ary image locelivn by the cenventicnal method: 1
/lﬁ
4 iy 2 } 1
oC = (Z(xi - ”a)(!i - !'\)I(Xui - Aa‘f z:-" - _\"‘) ) (N j
J

: ! where X - ith pixel value of the chip J
i L ;
f y, - ith correspoading value for the image :

! x = average af all 361 chip pixel valwes
¥, T average of all 361 imuge values i
and the susmations are coanfucted for 1 = 1 to 361 i

Expression (1) may bde vearranged in the forz

o (T DT @) @

]
i i
‘ :
where N = 36! | ihe total number of ®, or ¥, values, and the summation is as i
i
before. ]
i
Expressicn (Z) i3 more convenient tran {1} for computer evaluation because it \ 1
does not involve the pre-calcuiation of the average valuves x, and S In subroutine 4 3
- . - . El
LOOXF the calculation i: seen in the tom i
cc = Ri/(r2.wp? 3 j
v
~ :

<

q
L]
o B ) ]
o
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. Sinee RO caly contains X values, it way by caleuvlaced oace only, for the
Farticular chip, a:d will them avatlable for all further carrelation caiculations fo

that chip, wvhereas the terms R!' and R} must be revaluulated for each position of the

chip in reiaticn to the new inage.

1: either tw imdge or the chip, or both, shoeuld be unifors over their 13 by 19
extent, then the cataulazion of RU  produces the value zerc., In the case of a uniform
chip, then RI is alse zery, and tor a uniford image pateh, RI is zere. I either case
the (C cal.ulation is Ledeterminate, being the result of zere divided by tero. An
astezmpt to divide by zero using the compaler Lnvokes & systlem errar message, with

cessation of program operaticn, so this condition sust be recognised and aveided. This

- is doae by checkiag thar ¢ is zero Jad it is secessary to use cyudble precision o
. 2nsure Chal an «RAll Zerv is odlained. Such cases are detected by LOXGCY, and CC s
sel o Zerv. Ia pra. iize 4 uvaifsrz chip §s pever <reated and mone exists in the chay

tibrary, but wiitora porticas o images heve been found - these Bave ocourved in cases
of scan~line e :hasisw Tailure when par: or che Jdata has beex o8t and the systea

corfested Jata has nad a4 coustant value insertes insteas.

The calesiation of R i R) requires a sigeificant amount of computer effore,

i
as «a 't summatiou ianvolves el valies, ¢ach of wvhich is the zresult ©f 2 mulzi;

plication wf
! two ausbers. Further, the oapression for CC bas to be performed mdny times for each
I gop (see below'. I fa.r, th: lazgest siumgle acuiv performd by the program GCV.FIND

1y
is evaluatiug €O, Ary meaas of recscing this work woeld therefore fe welcome. Barmes

S WialE Tiw LBagls

o
pee

seeas, Gwwever, that their m=mihes 1s syt =g <ompar

s == e

d
an: Silverman’ discuss a class «f algorithms for fast digizal image registration. It
FY-34
have sporvxizately similar brigataiss, < <o

rrespoadicg piuxels have similar valuye, Io

the cate of Landsa: imagery the pivwl val.ues may vary coasidevably from image o imdage

altheag™ the general pattern remains the samwe, and che fast registratice meithod does not
Se

appear tv be applicablz. Ir is of iz.erest o mole that Orel o7 22 chose to use the h

Ll

Cross—lorcelation cowtficient methow definel by expressioa (1) for matehing purporses,

- 3
The 2 merical value of & corrclatice coelficient iadicates tow amwant of
correlazioa detween the we ilesds being compared. € values raage from <!, ladicating
1
perfect correlation, or identi:al patterus, to =i, occurring 1f¥ one patterz is the
"negative’ of the other. OC values near to zers imply little correlation. Experience
of CC values found with land 3t ¥SS imaigery is meaticaed it sectioca .3, :
3.3 The correlation coefficient surface
For the purposes of this and succeeding sections, it is useful to consider the
coacept of a "surzace' of CC wvalues. For amy given gop chip, it is passible to
caleylate CC ceantred on all column and row lovations on the image. The values can be
displayed ia three-dimensioral form, with the Two Worizontal axes being the columm and
. . . . a N . A . . <
row directions of the image ant vertical direction being the value of CC. This will be >
referred to bere as a CC surface,
In practice it is found, as wight inzuitively be expected, that this surface has
the shape of an irregular hill srandind out from a surrounding plain having mean value
- - . e e~ —————— e ey e e - -
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~w2ro dut with local moise leading to individua’ rardom values in the range of showt

- maxioum distance auvay from the actual location, say
" approximate colusm and row nusber, and lary?st expected distance from the actual

o

~0.35 to +0.25. The peak of the hill correspords with the position of msximum CC, sad

this is the best relocation place for that chip an that image.

Ia practice, the CC surface may shou a2 nurber of other pesks, these being dwe to

- .other ground features having a similar general appearance. For exasple, a gcp cemtred
on a small body of water such as a reserwoir, will orrelate with other such bodies of

water of approximately similar shipe and size. It is possible therefore, to obtain

spparently good relocations shich are in fact incortect.

- 3.4 DRelocating a gruucd coatrol point L,

In operation, the exact locatior of a chip in the pew image is uwot of ccarse knowa
(othervise there would be no ceed to find it), but, as will be shown in section 5, the

approximate location will alvays be known, tugether with some measure of the probable
R pixzels. These values -

location - are passed to subroutine LOOGCP »s parameters and used by it in its sesxch.
1LOCGCP is described in detaii io sectica 7., 1t operates by starting at the supplied
approximate location and conducting an outward rectilinear spival search from there.
The movements — uvpward, rightwvard, dowwward, leftward and $o0 ov - are due to the
rectangular grid nature of the data. mu;w stops the search either when it has posi-~
tively located the gcp, (as explained belau), <Y vhen it has completed the specified
nder of "turns’' of the spiral. o -

Due o the ,vthod of opersiion ¢of the moin program, it is acceptable to have an

. occasional misleocation. Experience with cany bu. reds ol geps in vrrious images of

Britain ahous that the following algorithm gives an acceptably high proportion (wore than
9)1) of comctlv located gops at the first attempt.

,,,,,,

"As the spiral search proceeds from its start, a correlution coefficient is
.calculated {or each position. The value of the largest €C is stored (in fact the 10

" largast values are stored iz descending order, for later printout) and each time a higher

CC value i1s calculated, the previous highest value is replaced. If at amy time the
saximm CC is greater than 0.5 and two complete rings of the spiral have been performed
without a higher CC value being found, then the subroutioe is Srought to & halt, as
consideration of the CC surface shows that it is likely that the corrsct location bas
been found, and is now teing passed. 1In the absence of such a positive relocation,
LOCGC? continues umtil all R rings have been searched. It then returns the highest ©C
value found, provided that it is greater tha 0.3, together with its position. If mo CC
higher than 0.3 is wet, an indication is provided that mno relacation point cam be found.

4 SUPERVISED RELOCATIOX OF GROUXD CORTECL POIKTS

Before the operatioun of the progras GCP.FIKD is described in detail it is of
interest to consider the steps leading to its preseat design.

Work on the problem of gcp relocation started with sm informsl feasibility study.
It soon became apparent that a chip size of about 20 pixels square could be correlated
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with an image in an acceptably short compater time, snd that a spiral search was able to
relocate gops in a high proportion of cases. 7The operation was formed imto a computer
progran, called GOF.LOCAYE, (oot described ir this Report) whose operaticm was the

basis for the present subroutine LOCGCP, though lacking some of the features now possessed
by that subroutine. -

This relocating prograx uss thea applied to immges, in a user—supervised ssoner.
The user started by making un estisate of the location of the first gcp within the new
image, and theu used the program to perform the exact relocation. Another oearby gcp was
ther chosen. Referring to the original image, ke secomd gcp was at a kaowm distance, in
columns aod rows, from the first gcp. These columm and row differences could then be
applied to the location of the first gep in the new image, to give an approximste location
for the second gep in that image, GCP.LOCATE was then used to perform the exact re-
location. This operation assumes that the nev image is to the sawe scale,and isorientated

at the same angle, as the firs: image, ar assumption vhich, vhilst seliom exactly true,
is mever far from the case. The differences of scale and orientstion clearly introduce

less absolute error for closely spaced geps, hence the choice of near oeighbours.

¥hen several gops bhave been located, ~+ by one, with the aid of GCP.LOCATE, a
transiormation satrix was then calculated, using least—squares fitting. Ivspection of
the residuals — the distance of each gcp relocation point from the ’best” fit giwven by
the least-squares calculation - showed vhether any gcps had been badly mislocsted,
(assuming that most were correct). Such bad locations, if any, were then rejected and a
1w transformation matrix calculated. The resulting matrix allowed estimates to be made

of the expected positions of other gops, aad these were then relocated, coe at a time,
using GCP.LOCATE. After several more gceps had been located, smother transformation marrix
was calculazed, this being rather more exact than the first one, and the process repeated

until all geps within the new image had been examined.

Az the end of these operitions, most of the gops had beem correctly relocated, but
a fev had not been. Using the last-calculsted transformstion matrix, the expected
positions of these few were recalculated oue by one and nev searches made for eack. This
sometimes resulted in satisfactory relocations being achieved, due to the better matrix,

WM.JJMMN-M@MMH\M\LAMM.H.‘\:E.W‘. 2l

thus adding to the list of gep locatious.

A first-order matrix is adequate for determining the approximate location of a gep
ard an existing program MATRIX 5  was used.

Vhen several images had been processed by the method just described, it became
apparent that the user vas employing a "humsu algorithm’ and that with experience the
'decisions’' involved were seen to be of 3 nature amensble to computation. It was there-
fore decided to combine the sequence of operations, is far as possible, into cae all-
embracing program. Eusperience showed that not only was this possible but thet it worked
well for st inages examined. With further experience, refinemsats vers added waril
the preseant program GCF.FIND had beeu evolved.
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5 AUTOMATIC RELOCATION OF GROUXD COXTROL POINTS 3Y PROCRAM GCr.FUID

Following the work described in section &, the progras GCP.FIND was evolved. tUhen
this program is rum, it asks the user a few questions. Ouoce these have been anawered,
the program then conducts its search, zitomatically relocating the majority of gcps sod
providing a list of their locations. This program will now be described in some detail,
the subroutines being described in sectiom 7,

5.1 User—-suppliied inforsation

The ipformation requested from the user includes:

% the filename of the new image,

% in some circumstances, some details about this image,

% the ideatity i the chosen first gcp,

® gome indication of the location of that gcp in the new iwsge.

The first three of these four items are of an undemanding nature and * Jeed the
second item is oo longer requested in the majority of cases. Oaly the fourch item
requires some effort from the user, and the possibility of perforwing that satomaticslly
is discussed in section 5.7. Apart from item 4, the operation of the program cam be

counsidered to be entirely atomatic.

The second item listed sbove concerns details about the image named in the first
item. This image (vhich may ir fact be 2 subimage of an entire Landsat WSS image) has
associated with it certaia information, such the the Landsat track sod frase mmmbey, the
d32¢ of the landcar pass, and so forth. Whean this wvork started, these details were not
provided with the image, and had to be supplied by the user at the terwimal keytoard.
It was therefore decided to attach a "tail” to the end of each image file, comtaimimg
such informstion about the image. This tail is cow antomatically provided wheasver an
image is comstructed on disc storage from the cosputer—compatible sagmetic tape, by the
program lll.ﬂ'l:.lBS‘. 1f a subimage is formed from an entire image, using the prograa
l!LSIB’ the current wersios of that program ensures that a suitable tail is attached
to the subimage, providiag is addition to the details meaticned above, the correct top
left—hand coroer columm and vyou mwibers referred to the entire image. Since imeages are
=o?. usually retained for lomg periods of time om disc, in practice most images now have
tails, so the second item is seldom requested.

The chwoice of the first gcp to be locsted is at the user's discretioca and should
p.eferably be cne which stands out clearly from its surroumdings. 1t is slso prefersble
to choose & gcp vell sway from the edges of the imsge and ss far ss possible surrowaded
by other gceps, so that there are mamy close ones, since this reduces the searching time.
‘In practice it is belpful to choose a second "imitial gcp' st the ssme time as the first
one is chosen, so that if the prime ome cannot be correctly located a secoad one jis
immedistely available.

1f culy cloud~free inages were to be exmmined, ocue gcp could be selected as the

*standard’ first gcp for eack track/frame in the Landsat system. Howewer this progras
aay successfully be used on imsges which have considersble clowd cover, provided that a

proporiion of the gcps are visible, and in such :ases wser dizcretiom im the choice of gop

is needed.
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The user is asked for some indication o the position of the first gcp, as the
search is ouly conducted for 30 °rings', ¢ up to 40 pixels in all directious. The
position may be provided in one of two wodes, either as spproximate coluan and row
mmbers in the new imige or from measurements takea from a picture of the Landsat scene,
the four dimensious required being:

= horizountal distance of gcp from left hand side of picture,
= horizontal width of picture,

= wertical distance of gcp from top cf aicture,

“ ¢ MM

= vertical beight of picture,

Any unit of distance may be used, provided that the saae wmit is used for all foer
measurements. In the case of a standard RAE l.inoscmlo print, X asad Y are each s
little more than 180 sm. Provided that all of the four mseasurements are accn=ste to the
nearest s (¢ their error does mot exceed 0.5 wa) then the error in the implied loc _tiom
on the image should not exceed 18 columns or 13 rows, vhich is well within the search
spiral of 0 rings.

5.2 Estimation of :initial transformation mazrix

When progrim GCP.LOCATE vas uvsed macually, the scale snd orieantation of the sew
image were obtained, by implication, by assuming them to be the same as for the originmal
image. In the present prsgram, the scale and orientation are calcaulated from kmowledge
of the Landsat system and the track ind frase nusber. Thus, an init.al tramsformstiom
matrix can be calculated, to determine the expected positions of the second and subsequent
2'ps, once the first gcp has been located. It is recognised toat this mstsix is ouly m
approximation, but At is satisfactory if it is good enoygh to enable several searby gops
to be located.

To calcylate the initial matrix, the fcllowing operatioas are done. The pixel size
is assumed to be 57 by 79 metres, these being typi~al values. The orieatatiom of the
image with respect to the map coordinate system (THEYA) is calculated for that imuge trak
and frame aumber, by subroutine IANGLE, discribed in section 7. The rotatioca of both
x and y direction are taken to be of value THETA, which implies that the image
is oot sheared. The angle of shear depends on the yaw angle of the satellite, i¢ amy
deviation of the scan direction from perpendicularity with the directica of satellite
travel, combined with earth rotation effects, and it has proved satisfactory to assume
zero shear. Using these assumptions, four of the gix matriz valoes can be calculated asd
placed into arrays Bl and B2, These four values determine the scale and orieatatiom of
the image in relation to the sap coordinate system. The final two metiix valees determine
the relative displacement and are provided by the operstion described in sectiem 5.3.

5.3 Relocation of first ground control point

As the user-supplied informstion is provided, several starting operatioms sre
perforaed by the program, as follows.

Once the {ilensme for the new imsge has been suppiied, that file is opemed.
Failure to open correctly, ¢; a von—existent filename has been supplied, invokes a repect
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request for 2 name. Once opened, the file is exmmined to see vhether it has a tail, If
it has, relevant data is extracted from it, if not the information is requested from the
user - Ladsat track and frame oumber and pass date.

After the required first chip identity has been supplied, in the form of sap =2
serial nusbers, subroutine CHPXAM is called, to coastruct the filename for the gcp chip.
An invalid chip identity is recognised by (HPXAM, and a repest request is made uatil
satisfactory identity is provided. The master map locatioe file is then searched for
this chip ideatity and, if found, the rrlever® .1ap easting and northing are stored aad
the chip file opened. Failure to locate the .anip ir the master map file casses 2 request
for another chip identity.

An atteopt is then made to relccate the first gep chip specified. If the spproxi-
mate location has been provided in the form of four picture dimemnsicas, (sectica 5.1) thean
the program calculates the approximate column and row uumbers. This calculstion sssums
that the pictorial representation of the image is iz the form noraslily available in
Space Department, RAE, < a "quick lovk' or better a Linoscan primt, ir which cases the
whole £CT image is useld, resulting in a slightly skewed paralielogram. The amowmt of
skew is approximately one pixel in twenty for most images of Britain, with systen
corrected data. If the image is not system corrected, or if the immge is at a gifferent
earth latitude, then the amount of skew will probably differ. 1In such cases the

calculation of the column number would need modification.

As an alternative to providing the four picture disecsions, the user asy supply an

SPPro~imatle iocatiou 4k Colums and row valoes, and no conwersion is needed.

Subroutine LOCGCP is then called, to request a search from the locaticn provided,
for up to 30 rings, an acti~ indicazor being set 1o 7.0 for a nearest—integer search.
If this first gop is wot found by LOOGCY, indicated by the parmmeter BESULY ~~turmed
less than zero, - message is displayed at the user teyminai, aod the program veturus to
an earlier stage, to request aother gep mxd locaticn. The user may, if be so vishes,
supply the same gop bul with a3 different starting location, if thir seems desirable.

Occe the first gop has been relocated, its column and rouw mmbers cas be used,
together witk its map eastiog ad worthing, te calculate the final two values of the

initial first~order tracsformatioc matrix, stored in arrays Bl and B2,

5.4 Relocation of other ground control points

After the first gcp has been sucoessfully loczted and the initisl trassformstiom
matrix prepared, the relocation of other gcps can commence. Since the trsasformstion
matrix is known to be oniy an approximstion, the accuracy of prediction of the position
of other gcps will become progressively worse as the distance of the gep from the first
ooe increases. T'w oext operaZisa, therefore, is a scan through the master asp location
file to list all . cps vhich seem likely, on the basis of the initisl sstrix, to be isside
or near tco the image (or subimage) in use. This "batch’ of gcps is tabulated im a set of
arrgys, which hoid the map and serial ousbers, eastings and northings aad distasce from

P
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the first gcp, other table values being set to zero for later use. Wbom this cperstiom
is cosplete, the user is inforued of the number of geps in the batch, typically 80 to 100,

Each gcp in the batch is then essmined, in asceading order of distmmce, in a
similar mamoer to the first one. It; filename is crmstructad by subroutine QFP¥NAN, the
approximate locatiom is calculated, ncw using the easting sad morthing together with the
ioitial traasformation matrix, the chip file is oponed and LOCGCP is called to relocate
it. Since the estimated pogsition of eack gcp should aow be known such more sccurstely
than the first gcp, 2 much smaller spiral search is sufficient, the ramber of rings
specified being dependent vpon the distance of the gcp from the initial one. In practice
this is found to be suitable, provided :hat the first gcp has been correctly located:

- if it has oot, then there is little likelibood of any others being correctly f:wd. WUhea,
- as usually occurs, the gcp has been successfully relocated, LOCCCP provides details of
the position and correlation coefficient, (C, and the main prugram informs the user that
the chip bas been found. 1t may be noted iu passing that a considerable amount of
information on the progress of the program is provided at the user’s terminal: this may
be ignored, or a general waich krpt on the progress, or the details can be saved on a
- logging file for subsequeni detailed imspection, A later wersion of GCP.FDID omit: much
of this detail, and condenses the remainder.

After 10 gcps have deen relocated, witk (C of 0.6 or wore, the subroutine MATSUD
is called. This subroutine calculates a new first-order traasformation matrix, bssed oa
the actual positiouns of the 10 gcps and this should represeant an improvement spon the
initial tramsofrmation 'matrix, which was not based on actual gcps. Followiag cthis
calculation, subsequent LOCGCF calis omiy ask for i riags ic B¢ sgazched, 2s the better

transformation matrix now available increases the accuracy of the estimmted positiouns. E

All the remainiag gcps in the batch are examined, with a 12-tring search, calculating S
a fresh transformation matrix after every ten more have been relocated. Whkea all in the
batch have been examined, another transformation mstrix is calculated. The subroutine
- MATSUB is described in sectiom 7.3, but it may be meationed here thar 3 limit to the
accepted residual size may be sp. . . . .4 a parameter tc this subvoutine, and thus the
occzsional misliccated gcp is not allowed to falsify the transformation matrix.

5.5 Bechecking of doubtful locations 3

To complete the initial relocation process, poorly located gops are rechecked. The ;
subroutine MATSUS, apart from calculating 8 tramsformstion satrix, assigas to each gcp =
‘error’ which is the residual resulting from that calcolation. Usually some of the gops
have residuals which are rather larger tham might be expected, this limit being
arbitrarily specified as 3 pixels. Such gceps sre therefore rechecked, by 3 repeat of
the relocation process. It is sometimes fouand that a gcp cam be relocated at a positios
mote coasistent with the ochers, usually because the previous sesrch for thet gcp started
too far sway to find it, or perhaps because a lower pesk im the CC surface had been met
previously. The aughber of such better relocationz is useally smsll, perhaps two per
image, dependent on the quality of that imege. As imsge with haze is smougst the most
troublesome, leading to mmny mislocations which have appareatly scoeptably high CC valus,
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5.6 Completion of the progras
The final stage of the gep relocation process is to perform a search tc the

neagest 0.1 pixel (sectiomn 7.1.3). To Jo this, eacd relocated gep is cuasidered, 1If
its residual is greater than 7 pixeis, it is coansidered unsuitable 2nd igmored. Other-
wise the existing relocation position is used, and LOCGCP is called, thkis time with a

limit of ten rings, since the position is pouw known quite accurately. The actiom

3

indicator for LOCCCP is set to 1.0, to indicate that the search is to O.1 pixel. In fact

' LOCGCP performs two spiral searches in this casz: first a (maxisum of) six ring search
for the integer location, followed by a fracticnal search of up to ten rings. Occasiomally
the locatiea is modified during the integer search, and this is usually for the better as

judged by the resuiting residual.
Finally the program cuiputs ils cegults in a *permament’ form, t¢ other than the
The final velocation positions, to the msarest

T transient output to the terwminal.
Additiomzlly,

0.1 pizel, are output in 2 "SID list', one position for each map identiry.
a fina! transformaticn matrix is calculated sad output as a file, but this is not oftea
used as such, and has been omitted from subsequent versiocus of the program. Ia practice,
users teud to prefer to accep: the 51D list and caiculate a transf{ormation matrix of

either first or higher order under their oum contrel using a program GCPFIT (oot described
bere),

The program ends by closiang all files. The user is then asked vhether he wishes to
use the program again.

5.7 Possible future developments

This section mentions possible future developments of the program GCP.FIND. Simce
some of these developments do not appear to be promising from sa overall cost-
eifectiveness viewpoint, and use in other regions is not at present required, mo work
is at present taking place. Some of these ideas might be useful however, if the scope
of the work were to be extended, to cover substantial land areas outside Britaim,

{ parcicularly places having little cloud cover,

5.7.1 dutomatic relocation of the initial grousd control poiat

Each Landsat image has its ceuntre ai a defined nominal location on the earth's
surface, as described in sectiom 7.2.1{ii}. For reasons described in Ref 2 in practice
the centre of an image can be some distance from the aomina! position, by up to sbout
I km. It would be possible to relocate the initial gcp by allowing it to perform a
spiral search sufficiently large 10 cover 3 km in all directions from the expected
This would require sbout 360 rings in the along-track direction and 480 in
A search a8 vide as 480 rings is open to tw objections, the

s

posizion.
the cro --track direction.
sore obvious ope being the time required: this might be as long as 8 bours for the

entire search, altbough often the gop would be found before all of the rings had been
examined. The other objection is based cu relocation experience, which indicates that

a oumber of possible relocations are likely to be found in such an extensive search, and
it would often be difficult to determine by machine which is the "correct’ ome — pask CC
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A possiblc metiod would be to condu:t preliminary searches at a differeat 'scale’.
For ezxwple, an area 190 by 190 pizels in size could be reduced to a 19 by 19 chip by,

) for example, uveraging subsets of 10 by 10 pimels, or by selecting every temth piwel of
every teatk row. Yhe resulting "superchip’ could then be relocated by a spiral sesrch,
comparing it vith similarly treated portions of the image, eac\ turm of the cpiral beiag
ten pixzeis in width, It would be mecessary to select the superchip so that it coatsined

\ . a distinctive pattern appropriste to its sise. Once this prelisincty velocation had

§ been made, 8 normal relocation process could then be conducted fo o*tain the reguired

accaracy. If oecessary, a three or four stage operation cov' d be conducted, using

soveral types of superchip, with reduction factors of say 7) mnd 5, though it seems
likely that oue size ocnly would suffice.

[ ] . The system would therefore invclve the use of oue superchip, or possibly a servies
of two or three, for each Landsat scene. This system would sesm well suited to regious
of the world which kave little cloud or haze. in Britain there is considarasble cloud
cover, and apart from completely umussble scenes, ther: are ssny where a usefuyl ssoumt
of land is visible, but often mot (say) the ventre. It would therefore be necessary to
bave a nnber of syperchips for each scene, and the user could select the most promising
ocoe. ELven so, the larger sumerchips may no: be relocatable, when the conventional sized
ones can still be reioca;ed ie the spaces between clouds.

%o experience has yet been gained with the use of syperchips. It does seem possible
bhovever, that there may be difficulties in selecting suitably distinctive aress in some
inland parts of Britain and in otber countries, though the extensively convoleted coast-
iine of Britaim siwuid provide many suitable shapes.

In susmary therefore, this method should be suitable for some, but act secessarily
all, parts of Britain and ozher countries.

5.7.2 Use of ras data for first and relocatiom

All imagery used for this work has been ic the systemcorrected fon‘. which is

known to include several types of alteration. For imeges of Rritain the zlterations
includz both a displacement of lines by ooe pixel at intervals of sbout 20 scae lines
(the exact aumber varies), and the insertion of extra pixels at intervals which may be
as close as one per 29 pixels in the centre of each scan line. Thus most chips, being
19 by 19 pimels in size, viil include at least one of these types of alteration. These
alteratioms are valusble for providiag am owerall rectification of the image, but arve
made at the expense of local discontinuities. It Scems prubshle zhat both the imitisl
location of geps on maps and Llso the subsequent automatic relocation could be dowe
vith a higher level of correlation if such discontimuities did oot exist.

There is sow a considerahle investment of effort in the existing set of chips
extracted from system—corrected images, together with their colusm sad row details, so
it is wot ecooomic to change now to the use of rav data. However, if s new system were
being set up, either for other regions of the world or for a differemt type of semsor,
other than Landsat MSS, serious considerstion should be given to the wse of dats comtsim-
ing a8 little rectification as possible. Since the nature of a gcp system is to allow
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the application of some form of transforsstion, using rav data would merely result in
slightly more compliczted tramsformation over wdich cue has cowplete control, rather tham
transforming material vhich bas slresdy suffered one procass of rectification,

Recent informmtiou indicates that some system correctiom is now being doxe by 3
resampling techmique, rather thea by sddimg pixels. The sbove memtiomed objection would

be less valid in this case.

5.7.3 Moielling of sqtclliu behaviour

A complete rectification system would take accosmt of ihe suversl geometzi:al
coasiderations oormally used for ractification, snd would also tuke accowmt of the
movements of the satellite, in particular its pitch, roll aad yaw. ﬁli-‘ has showa
that it is rossibie to deduce avidence sbout the satellite pitch, roll sad yar from thwe
details of sm image if sufficient gcps are selected. Comversely, a more sccwrate fit
of gcps to image should be obtainable if informsticn were available sbowt the satellite
movements. 1In fact this information is koowm, if mot to & high lewel of accwracy, but
the information iz ot transferred to CCT (at least those availsrdle from Bartimet at the

time of writing).

To obtaiu the highest accuracy possible, it voul¢ therefore seam dasirable to wee
raw ({c mot system corrected) data, and to bave svailible and use all knows infoimetion
on the satellite attitude and its chamges.

5.7.4 Automstic decisicn of relocatios quality

Whilst bserving operation . the program GCP.FIND, the user fimds hisself msking
judgemeuts abous the quality of esck relocaticm position, These iudgements sre besed o
such factors as the value of tae correlation coetficiemt CC and how close relocatiom
is to the expected place. For example, 3 CC value of 0.9 within one or two pimels of
its expecied location sppears "good', vheress a similarly high CC value of say 10 pixals
asay from its expected place excites scme doubt. Hormally it is better to suspend
judgement uatil the whole image has been processed, at vhich stage the poorer locations
are rechecked.

The author cousiders that it is better to restrict the operation of the program
GCP.FIND to actually finding the locations, smd leave the judgemsut of their guality to
4 separate program, (such as GCPFIT) applied to them. The omly occasiom duriag program
operation wvhen a judgement is nesded is during thr early stages whin a3 vather higher
value of CC (0.6) is insisted upon, to reduce the possibility of iscorrect locaticas
upsetting the first matrix recalculatioa,

5.7.5 Regiouns of the world other tham Britain

GCP.FiXD was designed originally for use with Lsndsat images of Britsis. PFor
example, the maps used are in the British Watiomal Grid, which is wot spplicable to
othrer parts of the world.

The program could be made much wore geseral in its applicatios by using soue move
widespread map systcm, such a5 Universal Trassverse Mercator (UIM). This wowld chiefly
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iovolve alterations to tbe subroutine LANGLE and, depevding upon the map system used,
might require additicoal dats from the user, such as, for regiom:s meir i edge of s UMM
i zooe, vhich zone is to be used. The map reference mestor file of geps would of course
have t¢ be prcvided in the appropriate ¢rordinate system.

A few other changes would be necessitated and these bave been mentioned during the
course of the progpyram description.

6 OPERATING THE PROCRAM GCP.FI¥D

This section provides datailed imstructions ou how to operate the prugras GKF.FIND,
1t assumes some familiarity with the host computer system (Prime 750) aud cowe experience
of using computer programs in genera’.

6.} Iﬁnitiﬁafli coeditions

The program make~ use of (3) a Landsat MS5S image in the form of a Space Department
image—formst file, (B) a muster map location file aad (c) a set of gcp chips, so all of
these must be available before operation cam coumence. Items (b) amd (c) are mormally
rresenl, in the user areas required by GCP.FIXD, but it is the user's respomsibility to

- provide item (a). Xcrmally a Lauwisat band 7 image is used, because all of the chips have
been prepared from band 7 images. Images in other bands have been tested, but, wmsuvpris-
ingly, band 6 has shown less successful results than band 7, amd bards 5 and & have
soouvm por resules. Xormally, an iusge is obtained in the form of 3 compvier-compatible
mygnetic tape (CC1) co.taining all four binds, so velection of band 7 presents mo problesm.
Image- € At yiles may oe obtaimed frua a CCT by uxe «<f the prograa m.wc.‘, in °~
which cave 3 tail is provided for each file. For purmoses of comparisom, it may be
went iooed that the typical operatiag time o tiraasfer am imege Ly mea~~ of I FUC.MSS
is ovex oGz dowr, since it iovolves two passes of a 2500 ft cape. ...is figure assumes

et o bkl '

s0l: ute ¢i rthe system: oper:lirn miy be slowed in A multi-weer emviromment.
6.2 Ope.atica

- Program GC . " 1XD bas besn observed to relocate sli gcps in a new image in a typical
sol —user elspsed time of abour ont quarter minute per gcp, ¢ 25 mioutes for about
100 g-ps. The program has been designed so that all user interaction takes place at
the begioning, after vhich tbe process mmy be left ynattended. It is recommended rhat
information preseuted at the user terminal, much of which passes ragidly, should be
1-gged, 3o thar it can be inspected at leisure, if need arises. It msy be couveniemt
to run the progcas = 3 "phantom’, to free the terminal for other uss, but if this is

deooe it is desirable to ensure first that the initial locatioas, up to the first metrix
recalculation, are satisfactorily achieved.

bbb oo e
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Fig | lists the first 45 lines of operatiou seen on the terminal during a typical
nm. This figure will nov be considered line by line.

O0MD LOGFIL This user raquest opeuns a log file named LOGFIL which logs all of the
subsequent terminal cutput. When the run has beem completad the user should key in
- COMD -FND to close the curremt log file.
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CCP.FIXD This requests the progrem to be rua. The program aaowmces its mame and versioa
date. The current date aud time are then output, tegethar with fwo times which refer to
the processor aad input/output time usage.

DMLIB P=V]1 The initializing of the IMLID system by use of subroutine IWITI - sectiow 7.%)

csuses this message to be output.

PROVIDE DETAILS OF TUE SXAP:

TYPE [XPUT FILE NAME: A "soap’ iwplies & waique Landsat track/frame/date. The reply
should be the name of the imsge-formmt file containing the band 7 image which is to
have relocatious performed. If an imvalid or acsm—existemt filemame is provided, a
further request vill be made. Uhen the file has been opened, its "text' is cutyet,
together with its size in columns and vows. 1Ia the present case tihe imags file has a
tail, otherwise the user would be asked to provide the track, frame smd date.

INITIAL GROUXD COXTWOL POINT: XXX X The user responds with bis selected initial gop
identity in the form of two integers: the map mmber imd serial mmber. If the idestity
is illegal or does not exist, the user vill be informed, otherwise the chip File will te
opened, its "text’ writtem out and its size provided - this should always be 19 by 19,

as bere, vith the present systea.

PROVIDE POSITION OF GCP AXD SIZE OF PICTURE

DATA (MM, RFAL) IX FORM x X y Y. Os IF COL ARD ROW The user may provide picture
dimensions as described in sectiom 5.1 or, as here, provide sn approxiaste colum aad
rouv oumber. Ino the latter case:

APPROXIMATE G.C.P. LOCCATION REFEGRFD TO EXTIRE IMACE
C0L: TUser provides approximste column number,
BN: User provides approximate row sumber.

Another versiocn of the program regquests the oame of the file for the cutput "SID’
list, For this version, 2 standard temporary filemame is sstomatically provided by the
machime.

The program may then be left to contiowe, procesding in the mssmer described i
elsevhere, until completion. Fig ) shows the spirml search for the first gcp amd its
successful completion. Finally:

ASOTHER DMAGE? to which the user replias YES or MO as he requires.

6.3 Ervor conditions

As already mentioned, vperation mey mot be trouwble-free. Durimg the above 3
descriptioa it was noted that invalid replics to questioss often gave rise to error or E

varaing messages. Other possible causes of error messages are now described.

6.3.1 Messages from the msin program

The following wessages cam be provided by the msin program. The camses aad
effects are explained.

~ - - e e i g = .'.‘.__;
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FAILED TO OVEE MAPGCP.MASTER The msster map location file was not successfully opened.
In practice this sbould never happen. Causes could be (8) a system fault of some kind or
{b) the master file is not present - perhaps it has been deleted. Since the program
cannot proceed without the informstion coutaived in this file, it stops. The user is
advised to consult the system manage: .

THIS SXAP DOES NOY MAVE A "MAIN™ TAIL This message viil occur if an image is used which
has been in cxistence since before tails were invented. 1n thix case the user mast
answer some questions - track, frame and date ~ the snswers to which are ncrmslly
provided by information in the tail.

THIS GCP OT 1X MAPGCP FILE Occurs if the user pruvides a gcp identity (map snd serial
mumbers) which does no¢ exist. The user must provide onother pair of valmes
cortesponding to an existing gop.

GCP PROBLEX The prog-:e oakes some chacks on the size of each chip, when it is opened.
All chips are 19 by 1> p.xels, and should never faii this test. The message bas never
occurred in practice. Iif it did occur, the thip in question would be igrored and a new
"initial gcp' would be reques:icd.

THIS GCP CAKNOT BE LOCATED. TRY ANOTER®X If the initial gcp is oot relocated by LOCGCP
within its $0-ring search, this message is cutput. Thr user should select snoiher
initial gcp or provide another estimated location for the present ome, r+pesting the

process if necessary until relocation is successfully achieved.

6-3.2 Messages from subroutine LOOGCP

XX IS TOO MAYY BINCT FOR LOCOIP This wonld occur if LOCGEP were called vith a susber MR
of rings in excess of 4l. Should any of the declared parameter walues, HSQ etc, e
changed, the talue 31 might be affected. This message is really an aid for the prograa
writer, as it would expose certain program writing errors. Users should mever see

this message.

DENOMINATOR IS NOT POSITIVE This message, too, is & survival from the program writing
stage, and the wessage should now pever be seen by users. During the correlation
coefficieut calculation the square root of R4 = K2 x R} (sectiom 3.2) is calcclated.
B4 must not be negative as othervise the systes voutine SQRT will fail and BA must
not be zero, as othervise the resulting CC would be infinite (the result of a

"divide by zero'. This message inforws the user if either of these conditions should

oCccur.

6.3.3 Messape from sabroutine MATSUR

MATSUB: ONLY K SUITABLE GCPS FOUXD MATSUB canoot perfors a mesningful calculatiom if
iess than four gcps have been relocated, so the program is brought tc a stop. This
occurrence is related o the nature of the image or the position of the initial gep
wvithin it. For example, if for some reason the imitial gcp has been mislocated, the
sudbsequent gcps will probably be either mislocated also, or not relocated at all. Thas
there will be insufficient spparently good gcps for MATSUB. Agsin, if there are few
clear geps ou the image, due to the presence of clouds, culy a smsll]l sumber may be
found in the batch of those within 50 km of the first. 1In wost cases the user can
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deduce the nature of the problem from inspection of the log filr of the program rua and
examipation of a picture of the image.

6.3.4 Message from subroutine VANGLE

TANGIE: PATH M OR ROV K OCT OF BANGE Subroutine IANGLE checks the validity of the
iandsat path (track) and row (frame) within the limits of the whole system, 1-251 aad
1-119 respectively. Since IAMIE is designed for use in Tritain omly, it would perhape
be more apposite if these Dounds were restricted to J4llow cnly British scenes to be dealt
with. This message should newer occur whet« using #n immge hrving 8 tail, as the trach
and frase oumbers sbould aluays be valid. 1o the case of 8 tail-lers image the wser is
asksd to supply these details and could provide iavalid valus, in which case the messag:
would be output and the program would stop.

6.3.5 Other messages

Most other mmsiages provide information on the operation of the program rather
thas sbout errors. A complete rum of GUP.FIND produces a log file which may be msmy
hundreds of lines long and provides considerabie detail concerning the progress of the
search. It is hoped that wost of these messages ate self explanatory. As mantiowed
above, later versions of the progras provide less output informstion.

7 SUBROCTIXES USED BY PROGRAM GCP.FIKD

7.1 Subroutine LOCGCP

The geoeral wmethod by wiich subroutine LOCCCP determines the lccation of s gep
chip ic a aev image has beec described. This subsection describes tae subroutine itxeif

in some detail.

Subroutine LOCGCP has four parameters: the colusan and row wumbers at which the
searcl. is to start, the number of rings, R, 20 search and an actiom indicator. After
cperarion, it returus the relocation tolumn and row numbers, i{ foynd, and the resalt
of the search, vhich may be in the fora of a correlation coefficieat value, but Af less
than zero ir value, is interpreted as indicaving the samer in which the seirch failed.
Thus, if the best CC vaiuve found is less than 0.3, ¢this is not cousidered to Se a
relocation, and the indicator is returned as -1, to indicate this Tact. A valee of -2
is veturned if the subroutine is asked to search starting from a2 location which is
outside tbr image. or insufficiently vithip it: any positirn leax then 9 pizels in from
any edge of the image will not allow & correlation between chip and image tu be
calculated. It is the respomsibility of the calling program to exswmine the result
returned by LOCGCP, and to take appropriate actiom.

The next operation of LOCGCP is tc read the chip pizel values into am arrey
IPAIH, of size 19 by 19. As each line of the image is vead in, the opportwaity is
taen of performing the caiculation of RZ (referred to ia section 3.2) for use
subsequently in the CC calculation.

7-1.1 The search workspace

A Landsat M55 image is normally over 300 by 2080 pixels in size, which is far
too large to bold in the fast mesory of the bost compater (a Prime 750 michine}, so the
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data is beld available in slonw memory. It is therefore advantageous to “ransfer a
portion of the image into rast mewory ad then conduct the spiral search, rather than to =

il

perform the search by repeated access oi data from siow mmwory. An early cperatiom of
LOCGCP, therefore, is to trsnsier a suitabie amoumi of the image into the workspece,
TUORE, in fast memory. The size of INORK has been chosen as 101l pinels square, te a
little over 10000 words, vhich is a reascouble size for fast memory. This square srray
is centred on the starting location and thus allows 41 rings of the spiral to be
searched. 1If saa R value greater than this is requecsted, an error message is ocutput.
If an R value lass than 4! is specified, ouly the required asount of imsge is brought
into the worhkspace, minimigsing the data transfer time. Thos, if the location is knowm
fairly accurately, the wtwle process is speeded up, both becsuse of the reduced amoumt
N ) of data to transfer (a slow input process) and the reduced computation time involwved.

! 1f the specified search locatiom is close to the edge of the imge (though not

‘ of course rrarer than 9% pixels) thete may not be 3 complete square of image sround that

: location. This situstion can be handled: LOCCCP reads in as such imsge as is available
into the works,ace and thea cooducts tlwe search. If at any time during the search the
chip extends beyond the aviilable image, then mw CC calculation iz made. This arrangement
easares Lthat the saximus gmovnt of searching which is mathewstically meaningful is in

fact deae. '

7.1.2 The spival search

Victh »oth chip and search arex of immge available in fast mewmory, the ocatwarndly
spiralling sear:h can commeunce. The search starts at the location specified by the
ioput parameters, and then moves in steps: one step up, one step right, two separate
steps dowp, w0 separate steps left, three steps up, and s0 on. At each step, the
correlation coefficient is calculated as described in section 3.2. <C is thus calculated
at each position aloag the spiral. After each calculatios it is examimed te see if it
is any larger than any previous (€ valaoe so far met during this search, and if so, the

- newt CC is stored, together witk the columm and row sumbers. Up to nine previcus

values in those arrays are retained, and provided CC is greater than 0.5, the ngmber

of the current ring is recorded, at all times retaining the oumber of the ring coutsining
the highest value of CC so far found.

Section 3.3 described the CC surface, which in prictice coasists of a hill,
whose peak is the position of largest CC value, rising from s rough plain. The
spiral search, starting from some place oot too distant from the hill, can then be
imagined. As the spiral search proceeds, each turn rises higher up the flamk of the
hill, wmtil eventuslly the peak is passed. Thus if a reasooably high OC walue is
met and then no higher value is mer on the next two rimgs, it is a reasonsble assumption
that the peak has been passed. If however, oo CC value as high as say 0.5 has been
met, it is uncertain that the peak has been found, and the search is alluvwed to ccoatioue
until all the rings have been completed.

¥1,]

As described, the andel is open ro objections ~ iZ is possible to postulate hills
with double peaks, or opws vhich are surrounded Uy 2 bigh plain level. It is the
sssence of a suitable gcp that it does wt have such behaviour. Tdeally even at

T
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different times of year or with differeat sum elevation ertz, the (C surface showld show :
-a single, fairly steep and tall hill rising from a low plasin. Ccps which do mot show %
such desirsble behaviour should, if possible be removed from the list, as the fact :
becomss evident.
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In practice it is sometimes found that a gcp is correctly relocated with a pesk CC
walue less than 0.5 and in such cises some cowputstionu time will have been wasted by

coatinuing the sesrch vnnecessarily. Howewer it is mot possible to uwse the value of CC

[
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as m indication of true relocation, as experience shous that vilaes from about 0.3
ypvards can correspond to correct location, and pesks of vp to 0.6 or more sre sametimes
} o ~ dncorrect, due to a chance correspondeace.

Experience has shoun that the search rules described above work very successfully,
__prowiding that a little care has Decn taken in the choice of gcps. Rowever, gops which
" are mislocated by LOCCCP tend to be those difficult te locate memsslly om first
. ideatification, so in practice there is a natural biss towards "good' gcps. The msjor

5]
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“source of incorrect locations is when, for some Teason such 3 a chamge of ground wee oOr
the gcp bas been weiled by a light haze, no location is possible. 1In such cases LOCCCP
7 ‘may detect a position vhere CC is for chance reasons grester then 0.3, and this rsadom
location is returned and! accepted. Such mislocations can ususily be detected sl _
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eliminated by the main program later om.

i V - ‘ When the search has concluded, some results zve dieplayed on the usuz's terminal.

~-- --These incinde the location itself, as column sad vrow, together vith the pask OC value,
but include in ajcition a table of CC vwvalues for the 5 x 5 square of image locatiomn
sorrounding that peak, and the (vp to) ten next highest COC values found durimg the
search. These results enable the user to visualize the CC surfece aad the approsch

‘ of the spiral to the correct locatiom. Much of this informatim has ieen omitted from l

Sl e

a recent version of the program, as some users are mot intevested ia it.

7.1.3 Locatiom to fractioms of a pimel

Iaspection of CC surfaces as described sbove showed that often a value aijaceat -

to the peak was only slightly less high, indicating that the ‘true’ locatiom was
probably betveen the two integer locatioms. This suggested the possibility cthat a wore

.curate value could be determimed. The mrthod chosen was to start from the imteger
Jocation of maximum CC snd to spiral outwmards in rimgs of 0.1 pixel rathe- thea the
usual 1.0 pixel. To perform the calculstions of CC, a grid of pixel values &t imtervals
cf 0.1 column and rou are needed, and these are obtaimed by limsar imterpolatiom from the
adjacent twc, or more usually, four, pixel vilees. This wethod emshles the "troe’
location to be obtained to (he oearest 0.1 piwel. Lissar interpolation is chosen as
probably the quiizest method, and although cicariy cot mathemstically the most accmrate
is probably more than sufficient for the purpose, counsidering the natuce of the owerall
system. 0.1 pizel corresponds to sbout 6 m in the scam direction snd 8 m in the travel

£ direction.

ks

e

LOCGCP is instructed whether to search to an integer or a fractional locatiom by
weans of am actiom indicator parameter. A value of 2.0 iudicates sa inieager sesrch
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wvheress a value of 1.0 (actually say value not vithin the range of about 1.5 to 2.5)
indicates that a fractional search is required. The calculation of values to 0.1 pixel
spacing is in principle similar to that dooe for integer pizels. The creation of the
spiral is dome by a series of steps, as before, and, as for the integer case, is stopped
when the pesk CC value bas bamm pessed.

7.2 Sobroutime LANGLE

Simce Landsat sateilite orbits are neither pols~ nor eguatorial, the path of the
satellite, or rather its ground nadir, vill make some wou—zero angle vith truve msorth.

~ The trsasformations described im thi.: Report are made to British Katiosal Grid, the

morthiogs of which are only true uorth at ome longitude (2 degrees west). For amy image,
the ceatre of ubich is specified by a path and vow ummber, thare will be a differemce
angle betueen satellite path and grid northiog. It is the purpose of subrouti: » IMRQLE
to calculate this difference sagle for any specified path and row swmber,

BReferving to the method of cpersciom of the oversll progras, ococe the first gop

‘has been locaté‘d attempts are sade to locate other gcps at some distance from the firse.
The approximaie locations of these are calculated from (amongst other thiags) kmowledge
of the difference angle between the satellite path, (f¢ the y direction of the iuage)
and the map oorthing. THe search for gcps is limited by subroutine LOCGCP to 41 rings,
2¢ up to 41 pixels in all directions. Since the location may be up (0 say 100 km
distant, wvhich is a saxismm of 100 x 16 = 1600 pixels away, it is necessary that the
difference angle be knosm to an accuracy of better than 41 in 1600 or about 1.4 degrees.

~ It is tbherefore important that IANGLE provides a result whick is less tham 1.4 degrees

in ervor, and tc de this for the range of path and row nullbers applicable o 2l) igages
of Uritaia.

As ooted, the differeace mgle consists of two elements, one being the angle
betveen the satellite path and true north, and the other the difference between truwe
north and Grid aorth. Both of these angles vary with latitude and in the case of the
second with lcagitude also. Since the image location is provided as a path sod row
ousber, it is necessary firct to convert these to ln;ituél and latitude.

N

The operation of 1ANGLE is therefore the following saquence:

(i) The latitude and longitude of the centre of the image are calculated from
the Landsat path and rov number,

(ii) the satellite heading, cxpressed as the angle between its path and true
oorth is calculated for that latitude,

(iii} cthe difference angle between true and Xztiowsl Grid vorth is caiculates
for that latitude and loangitude {this sogle is referred to as the couvergence),

(iv) the rotation amgle is calculated by additicm of (ii) aad {iii).

=" e

Items (i) vo (iii) will oow be cuosidered in more detail.
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7.2.1 Calculation of latitwie amd loogitwie from path aad row

The Landsat "Worldwide Nefereace System’ of paths amd rows is described ia Zef 2,
Relevant details imclude:

(a) There are, im total, 251 evemly spaced paths. Althoogh these are mot
traversed in sequence by the satellite, severtheless it is comvenieant to smber thewm in
a sequential mamaer. The separatioa of paths is therefore 360/251 = 1.4343 degrees,
each path being identical to its meighbour but displaced in lomgitude by this amowme
westward from its predecessor. The locatioan of the paths is sot defimed exactly im Bef 2
3  in terms of lomgituwde, althowgh it is moted that path 1 is “the first track that incluies
mainland North imerica™. Nowever, exmmples of the relationship betuween path/row and
" lougitude/latitude are provided awd from these it is possible to calculate the loagitwie
at uwkich any path crosses the eguator. Ia particelar, path 251 (which is the same as
 path "zero’) is found to cross the equator at 64.05 degrees west. (This and all other

77 “longitudes in this Report sre referred to the Greemwich meridima.)

d) Each complete orbit takes 102 mimwtes (wore exactly 6196 secomnds) and images
are ceatred ca locatioms 25 seconds apart. Thms there would be 248 complete images in
_one complete orbit {(sore exactly 247.84) zlthough caly 119 of these yow locatioms are
msed. The 119 are recorded om the scith-sosth portiom of the orbit which is the smalit
side of the earth, aad path mmber 60 is ar the equator. Bow | is the sost sortherly

~ wow used, beixg ar 80 degrees 1.2 uisutes aorth, and rcvw 119 the wos ' sowtherly, at the
jP— latitade south. Bow 59 is ceatred on 2 locatiom 25 secomds before the equator is
Teached, and 30 oo

From this information it is possible to calculate grographical locsticas from r-th

and row vumbers.

(i) Laciewde
1f the orbit of the satellize is assumed to be 8 cincle, it msy be divided imto
248 equal sectiows, -orvespomding to adjacest vou swmbers. Simce row 60 is at the
equator, any row BOM i:: located om tee orbic at a fractios (60-RON)/62 of s quadrant froa
the equator, i€ '
laticude of ROV om the orbit = pi x (60-RON) /124 radiams.
This is the latituie on the orbit, vhich is at sn iaclination amgle A to the
_ equator. Uben the orbit is related to the earth's surface the earth latitede Lat is
gisen by the expressiom ' ' -
- sin(lat) = sin(A) . ria(pi = (C0-RN)/124)
this calculation being for a tphere{ rather thn\ a more cosglex shape.
For an glllpwigi o . i
tanilat_, =~ e x ¢ 1 tam(irzd)
where Latc is che geocentric latitude (Lat above)
Latd is the geodetic latitude and .

e is ¢t » atio of the misor to the waj; * sxis of the eliipsoid, a velwe of
0.997 bei_ } wsed. R (o
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The latitule thus deponds wpon the row smsber only. The longitwde depends wpon
both path sad yow mmsber snd i3 comsidered wext.

(ii) Lengiteds
As mationsd shove, path zero has been found to cross the equator at 64.05 degrees
west.

Each successive path is displaced, in lomgitwie coly, by 360/251 degrees wastward.
For amy givea path therefore, the path ssmber may Ye mltiplied by 360/251 to provide
the westward lomgitude shift for that path, relative t> path zero.

Come’dering amy ame path, the loagitude at row smber ROV is s asgle Lou further
east than at row ssmber 60 (the eguator) where N

tan(low) = cos(A) . tea(pi = (60~BOW)/124)
and this expressica is used to evalaate the relative loagitwde for say gives row smmber.

These longitude calculations have ssswaed that the earth is statiocsary, vhereas in
fact it is rotsting 7a relstiom to the ssn, amd heace the sarellite's swo-synchromoes
orbit, at the rate of oae revolution im 24 hours. Por each iacrea: in row mmsber aa
interval of 25 seconis has elapsed dering shich time the esrth Las rotated by “
360 x 25/(26 = 390) degrles, ic 0.10416 degree per row. It is therefore mecessary to
adjust the calculated lomgitude by this msomt for each rov swmber differemce from the

eguatorial row, mmmber 50,

These variocus steps uecessaxry for the calcwlatios of the loagitede ocour as
separate startemests in tie computer listimg of the swbrostise.

Calculations of longitude and lstitude made by these meass are showm below, ia
degrees:minutes, for the several path/row czsmples givea in Ref 2,

fPath | Bow | Loag/lat from Ref 2 | Loug/Lat from IANGLE
- i - 80:01 = - /;m:0l 3
13 35 73:28 @ 35:58 ]| 73:29 W 35:57
47 35  122:04 WU 35:58 E122:15 W 35:57 E
105 65 | 143:41 7:13 S | 143:41 E 7:13 S
46 101 67:14 £ 58:31 S| 67:17 E 58:0 §

There is seen to be fair sgresmsut betweea the values. The residual differemces
mey be due to such causes as using s different valwe for ¢ (several slightly differemt
values are im use), 3 different value for the satellite orbit isclimatiom, or to wee of
a simplified (spherical) s2arth model for some of the expressioms.

The image supplied for any particular path sad row is usaslly dispisced from its
nominsl position (see Bef 2), oftem by a larger distamce thas the shove exrors in the
calculated locatiocs. Exsminstion of fifteen images shows that the ceatre may be
displaced from the sominsl pusition by up to 0.47 degree in lomgitwie and 0.21 dagree
in latitwde, these figures including the shove calculatioa errors of about 0.05 degree




B and 0,02 degree respectively, Thus the calculsted longitude and lacitude ave adequately
' accurste for their purpose. The effect of Lae error in locatios of th: cemutre of the
! image is considered lster, (If sccowat is taken of the satsllite im wse, it is fouead
that the lougitude displacements for Landsat 1 sre ia the vraage 0.337 to 0.464 degres,
aod for Landsat 2, -0.179 to 0.230 degrve. It thus seems that Lamde< - 2 accupied m
orbit roughly 0.4 degree castward of Lamdsat | during the rclevant .“we period.)

7.2.2 Determimation of the sstellite heading

The satellite's heading, the sngle between its psth sad geodetic oorth at a givem
latitude B is determined with the aid of the expression

i . K . cos A = cos B . cos €

~ where A is the inclination of the satellite orbit to the equator,
B is the laticude,
€ is *he inclination of the satellite orbit o that latitude parallel.

The incliaatiocs of the orbits of the Landsat series are provided in Ref 2 smd
measurements of the orbits are recorded iv Ref 1l. Since the Landsat missioms are
intended to provide a consistent operarional system, the crbit inclinatioss do sot
wary greatly and a figuce of 99.1 degrees may be used for all of the satellites. Siuce
the directice of satellite trawel is oot reievamt bere, the sagle in the first quadraat,
80.9 degrees, may be used for convenience. Due %20 the consisteacy of all Landsat orbits

e e e e vy

 this angle will in geoeral be in error by appreciably less thae 0.1 degree amd
consequent errors in C should be less than 0.1 degree for the latitude of Britaim.

After application of the above eguation at the appropriate latitude, the sagle C
is couverted to an inclisstion with respect to the local meridiam rathery tham the lcocal
parallel.

7.2.3 Difference tetwnen truse acrth amid Crid worth, or_conkrergence

The British Xational Grid refereuc« system used for this wrt is aa orthogonal
systen superimposed ou a2 transverse Mercator projectios. The ceatral meridism of the
Grid (2 degrees west) is the oaly northing lime which is trwe morth, all other morthimgs
having some coavergence from tru: morth, This sagle msy, accordisg to Bef 1Z, be
approximated by the exrression

copvergene = (lLom + 2) . sis(lar)

vhere loe &ad Lat are the lomgitude and lstitwie in degress. This expressios was
confirmed Uy comparison vith a table of values calculated for this purpose aad is in
error by less than 0,004 degree for all areas which are cormmlly mapped on the British
Xational Grid.

S
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Further increase in accuracy is sot justified, as the preseat expressios
contributes negligible error to the sebroutine.
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7.2.4 Accuracy of subrowtime LABCLE

' The omrall accuracy of operation of subrowtise IANMGIE is determimed by the
accuracies of its several comstitusst parts. These hawve been discusoad in the
appropriate subsections snd cam now be combimed.

Comsidering first the longitude and lstitude, & study of fifteen images detailed
. in Table 1 shous that the ceatre of an image may be a8 mmh as 0.47 degree and
o degree sway from its calculsted positica. Swuch differences mssy be showmm to give
Tise to ervrors of up to 0.35 degree aml 0.13 degree in the resulting differesce sagle.
(Taese figures are only approximate as they vary with latiteds.)

In additiou there are possible errors in satellite Meading of uwp to 0.1 dagree
and ia coavergence of 0.004 Jegree.

Thus vben 2ll errors are taken into sccowmt it sppears that the swbroutine IANCLE
should be able to provide angles which are is error by less thaa abcwt 0.5 degree.

A coaparison has been made betvesn the rotation smgles provided by IANCLE and the
actual rotation angles deterwined from the relevaat tramsformstion matrices. Fiftees
images of widely distributed portions of the UK were exsmpined, Each image provides two
rotation acgles, coe of which, the rotation of the y-axis of the inege, is dee o the
causes described in this section. The other angle, the rotatiom of the = axis of the
image, contains sdditiounal smsll eifects due to smy yaw sagle ci the satellite.

Table @
Dif ferences betweea calculated and actual valwes for images (degrens)
Jrath | Bow g:;:"::"lm y-mgle | Calculated | Dif fersmce
{26 | 23 0.472 0.013 11.748 1.9 0.143
27 | 2 9.061 0.209 13.372 13.150 -0.222
- fzis | 23 01441 ~0.0:3 13.965 14.180 0.215
218 | 2 0.403 0.061 14. 236 14,273 0.037
219 | 24 0.161 ~0.042 15.286 15.3% 0.110
219 | 25 0.140 0.033 15.19% 15.455 0.261
20 | 22 0.2 G.018 16.160 16.408 0.246
20 | 23 0.206 0.015 16.297 16,469 0.172
220 | 24 2.359 0.058 16.461 16.519 0.058 :
220 | 25 9.337 0.0:8 16.843 16.555 -0.282 %
21 | 8 | -0.062 <.0m | 17.015 17.273 0.258 1
222 | 19 0.164 -0.146 18.147 18.589 6. 442 9
222 | 20 0.464 0.059 18.337 18.652 0.315 i
224 X} 0.18% -5.108 20.501 21,03 0.134
28 | 20 | -0.179 —.0is | 70.008 21.060 0.254 {

Thms whan the angles calcmlated by subroutine IBICIE were coupared with the
rotation required by the image y—sxis the average éfferemce fownd was 0.21 dagres and
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the largest difference 0.44 degree. These figures are consistent with the expected
accuracy of the subroytine.

Summarising, the owerall accuracy of subroutine [ANGLE appegrs to be commistemt
with the calculated accuracy of about 0.5 degree, adequate for its intended use, which
demands 3 limit of 1.4 degrees.

It should be esphasised that the use of sybroutice IANGE is omnly appropriates to
the British Xational Crid sys'sa aad for regions sormally aspped to that Grid. This
does vot include, for example, amy part of Ireland.

The mathematical expressions used are in general not rigorous (for example some
earth wodels are based on a sphere rather than sa ellipscid), but are oeen to be
ad -quately accurate representatioas.

7.3 Subroutine MATSUB

Subroutine MATSUB has the purpose of calculating a first—order transforsation
matrix from a set of pairs of locations in the two referemce frames: image and Zatiomsl
Grid coordinate systems. This subroutise is in fact dqud from so existiang progras
unus so it will nct be described ia detail here. Bowever it now cougains some

mlifications, as follows.

MATSUS has been altered so that it reads the correspoading sets of image locatioms
and map coordinates from appropriste arrays via a COMMIE block, rasther tham by obtaiming
thea from a data file. 1In dditio., it uses a spal! ssowat of discriximation. If aay
g<p has 2 residual (determined by a previoos MHATSUS caicuiaticul of grester thas as
smount specified by one of the subroutise parameters, or has a correlatioa coefficient
of less than zero, that gcp is ot iscluded in the zurremt calculition. Imitially all
residuals are set to zero by the main program, so the first MATSUB operatiom uses all 5
available gops. A correlation coefficiest of less thau zero implies that the gcp has, )
for one reason or another, uwot beem relocated: im fact azy CC vaiue less tham 0.3 will
be provided to MATSUB as less tham zero.
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1f less than four suitable gcps are provided, MATSUR is not able to fusctiom, so it
provides an appropriate error message, ad thes stops. This might occur if the mew immge
were largely obscured by cloud, so that few gcps could be relocated.

JOTRRN, TP N TP

When MATSUB has perforssd the least-squares fitting, it then prepares a sew
transformtion matrix which is passed to the msin program through the COMMDE block MATRIX.

Duriang the course of its operatiom, MATSUS provides same output to ths wser
terainal, concerning both the details of the individual gcps, their locations asd
residuils, and alsc details of the mew trsasformstion matrix, imcluding the implied
pixel sizes and the relative oriemtstion both alomg and perpemdicular to the sstellite
direction of travel. This data cutput has been omitted from a vrecemt versiom of the
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program.
MATSLE therefore is a fairly smsophisticated swbrosting, providisg caly a first-
ovrder trmsformmtion matrix. It is, however, quite adeguate for ase im CCP.FIID, smd
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. CFEAN: forai 8 chip filename from a gep identity.

CLSTMP: closes a tewpovary iile.

- EDTAIL: reads the tail (if any) of aa image—format file.

CLOSEI: closes image—formar fi'le.

Sl - T T Y — —gr——

more complication is sot justified. Quace a set of gcps has besa rTelocated using CCP.FIND,
the user way, if he vishes, use a program GCPFIT to obtaim a first— or higher—-order
tramsformstion marrix, selecting such gep locations as he reguires.
7.4  Library sad system subroutimes

7.4.1 Subroutises im library RDLIB

Program GCP.FIND makes use of seversl subrowtises held in a library named WDAIR.
The HDMLIB routimes used are listed hare, with a brief description of their actiom,

opens =z image-format file for reading, vaing the filemame as & paramter.

OIKX:
OTMPR: opeas a temporary file fcr readimg or witing.

TIMES: outputs to the specified chanael (! = terminal) details of the date and certain

times, This alious est mates to be made of the wsage of computer processing and
ioput/output tiae.

7.4,2 Subroutines in library INLIB

Use is made of some subroutines held in the image-formst library IMLIB, These are:

INITI: imitializes data ic & COMNOS 5lock used by TMLIB rowmtismes.
OIR: opens an image—-format file for readiag.

7.4.3 System subroutises

The program GCP.FIED has been developed for use om a Prise 750 computer aad is
writtem in Prime FORTRAX IV. It makes use of a smber of Prime system sebrostiaes,
most of which are of 2 familiar nature, such as READ or UMRITE. Less familiar rostimes

CLOS$A: closes a file.
WADSA: ‘revinds’ a file, 7¢ returms to the start.

YSHOfA: preseats a question at the user terminal amd sets the logical vales THIE ox
FALSE accerding to the vespoase YES or %0,

It is vecessary to include the insert STSCRDASKEYS in the declaratioa sectiom of
all programs amd subroutimes which wse swch system subrostises, to "explain’ to the
compiler the valoe of words, used a8 parameters in these sebrovtines, which isnclude the
*$' charscter.

t ] RESULTS AXD COSCLCS 10X

The "product” of CCP.FIND is a list of all the gcps which have been relocsced
within a given imepe. ldaally, sll geps vhich lie within the imege will be relocated,

o
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md to » high accuracy. In practice, dee to small mislocations of the original grps, m
sccuracy of about :0.4 pixel is to be expacted, rather tham the 0.1 pinel sppareatly
possible.

The alternative to wsing CCP.FIND is to locate ss many as possible gcps mamually,
which is & time-cousuming labour—-intewmsive process. The success or otherwise f GCP.FIID
is therefore to he measured by vhere its performamce lies, whether "purfect’, or "better’
or "worse' chaa the msnual wethod.

. To provide a qualitative soawer to this gquestion, it would b ascessary tc record

"Qlyn—ticnlly the results of wse of COP.FIED om 8 wide rauge of images, =vd a0 swch

. systematic recording has been done. Howewey the program has been used on mamy differest
imsges (cver 100) by rhe suthor and sevecal other wsers, aad the followirg comsmmts

. _represent the experieace found.
GCP . FIND is very smch moTe cogpvemient to wse thas the mmwsl sethod and mo wrer
would now contemplate maual relocation, except possibly for am image shich was so

L clond-covered that only a very ssall smsher of widely scattered geps could be discermed.
: The progTam can certainly be said to be very mach ketter thin maswal methods.

The proportion of gepe relocated within am immge varies, depeading ca such things 3s
t the season of the year compared with whem the gcp chips were obtsissd. For similar

‘ .  “seasoms, the proportiom relocated approaches 1002, whilst iz e worst cases artesmpted

% | ahogt SOZ of the gops weTe foumd, when the image was uhowr siy sperhs diffevesmt in
seascn from the origiaal chips, aad sose saow presest in sowe portions of the sceme.

The accuracy of relocation msy be judged from the stamdard deviatioms of the gops.
In the dest cases the standard doviation mey be less tham 50 a (about 0.6 to 0.8 piwel)
with oae or two ot of perhaps 150 being bad "cutliers’. Im the worst situation, the
standard deviatiom may be 120 & with up tov 15-20% badly relocared, mainly becsuse they
cacnot be located at all.

It should be pointed cut that heavy clowd cowver, or (mmstimes is Britaia poor
atengpheric clarity, reduce the value of imuges, 50 these results refer to images which
appear usable after a wery brief visual inspectiom.

In summary, GCP.FIND provides a rapid method of relocating geps, with littie wser
effort, aad ensbles large quantities of imagery to be procsssed, which would mot kave
been contemplated vith meroz] sethods. Provided that the imsge quality is good, the
process bas 2 high success rate in accurately relocatiag gops.
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