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ABSTRACT

A ,geomding  procedure for renmtely  sensed data of [Iirlmrne system in rugged terrain is

affected by seveml  factors: bufheting of the (]ircraft by turbulences, variations in ground speed,

ch(lnges  in altitude, at lit ude variations, am] surf(lce topography. The current  in vestigat ion was car-

ried out in Central Switzerland, using two Airborne Wsiblennfwred  imaging Spectmneter (A WRIS)

.wenes  out of NA SA k Multi Aircraft Campaign (MA C) in Europe (1 991 ). The first scene wus [~cquired

over jlat and h illy tertnin and the second mler a mum t(~inous  area with stee]]  slopes. The paran~etric

[Ipproach reconstructs for every pixel the observation geometry breed on the flight line, aircmf[ {~tti-

tude, and surf(]cc topography. Aircraft nrivigatioil  data, instrument engineering data, information

,jiw~t a conical radar tracking system, and (1 digital elevotion  model are used. To prevent changes  to

the radimetric  characteristics, the origiml value is selected by an itnproved extraction algorithm,

thereby eliminating the need to interpol(lte the values. The results are visually checked for corre-

spondence at locations with different slope and aspect  {~ngles by overlaying scanned forest  mips md

digitized shorelines of the Swiss Topographic(ll M(~p. This validation is completed by a qurintization

of the sprial deviotion  rit selected points and a comparison with an improved non-pa ranletric

qqmoch.  In general the results show very good correspondence with lhe maps. The algorithm

reported in this article is a n ecessilry  base to apply geormiionletric  correction m ethods for slope -

aspect dependent illumination corrections, atmospheric corrections, and to use A WRIS data within

single-pixel bu.ved infornmtion  .s-ystems for land use class i>cation.

INTRODUCTION

Rcmolcly  sensed data have geometric chamctcrislics and rcprcscntation  which depend on the

1. IK)W d(: [ Tllivcrsily  of Zu[-ich-lrdcl,  I-hnotc Sensing I .almratories,  Wil)tcrlhurcrslrassc  190, (31-8057 Y,urich
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type of acquisition system used. To correlate such data over large regions with other real world rcprc-

scntaticm tools like conventional maps or Geographic information Sys[cms (GIS) for verification pur-

poses, or for further treatment within different data sets, a corcgistration  has to be performed. To

correct for slope and aspect effects in a radionletric  sense, for example, the exact location of a pixel is

required (Ittcn and Meyer, 1993).

in addition to the geometric charactcljstics of the sensor there arc two other dominating factors

which affect the geometry: the stability of the platform and the topography. For aircraft instabilities,

the flight Iinc (x,y,z) and the attitude (roL  pitch, true heading) will cause shear, splay, compression

and expansion of the image. Airborne sensors normally have wide Fields of View (NIV)  of >20°,

which rcsul[ in a panoramic distortion of the data. “1’opography  influences the geometric quality by

shifting the rccordcd  pixel  location compared with the true position, and by affecting the pixel si~c.

There arc two basic approaches for a geometric correction on a pixel-by-pixel basis: (a) A para-

metric approach using the location of the airplane and inertial navigation system data to simulate the

observation geometry and (b) a non-parametric approach using tic points or ground control points. in

the non-parametric approach good distinguishable landmarks in the image arc selcctcd  and compared

with the corresponding points in the rcfcrcncc  systcm. Very often, this selection process turns out to

bc very time intensive. It is well known that the non-parametric approach is not reliable enough  for

the unstable flight conditions of airborne systems, and is not satisfying in areas with significant

topography, e.g. mountains and hills. An improved version of the basic non-parametric approach,

combined with a shift-correction was prcscntcd  for J.andsa[ Thematic Mapper (TM) (iata in Ittcn and

Meyer (1993).

A paratnctric approach was published by Guindon  (1980) for the intcgmtion  of MSS and SAR

data and by Frey ct al. (1989). They arc assuming a constant flight altitude, flight path as a straight

line (acquired out of calculation with ground control points), no at[itudc  changes and a constant [rue

airspeed. Frey et al. achicvcd  within  their case stu(iy for an airborne Bendix M2S Scanner and a. dig-

ital elevation model (D13M) of 5m grid size a standard deviation of f2.6 pixels and t2.4 pixels for x

and y (iircction rcspcctivcl  y for a maximum elevation diffcrcncc  of 250nI. Kalcic and I.ingsch  (1991)

correct the attitude movements and scan angle distortion of [hc scanner of the Naval (kxxmographic

and Atmospheric Research 1.aboratory  (N OAR1.) for the Airbomc. Dath ymc(ric Surwy. ‘1’hc WSUII
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shows a root mean square (RMS) error of 25.7n~ over a flat urban test site.

The pmscnt  work dcscribcs a parametric preprocessing proccdurc  which corrects effects of

flight line and attitude variation as wdl as topographic influences. The study has been carried out

using Airborne Visible/Infrared Imaging Spectromctcr  (AVIRIS)  data (Vane et al., 1993). It is part of

the geometric preprocessing module of the Information Management System for Remote Sensing

(I SPRS) as reported by Meyer (1992) and Meyer andIttcn(1992). The IPSRS approach proposes two

parts, information cx[raction  and information management, to complctc  processing of remotely

sensed data. The first part consists of the modu]cs  data quality assessment and preprocessing and the

latlcr of the modu]cs  classification and presentation.

BASIS OF THE STUDY

Test site

‘1’hc area “Zug-Buochscrhorn” is the standard test site of the Remote Sensing I.aboratorics,

University of Zurich-Irchcl, for investigations using different sensors and for differing applications.

This site is about 20ktn south of Zurich (Ittcn and Meyer, 1993; Meyer et al., 1993a). The region cov-

crcd by the AVIRIS flight #910705, run 6 of the NASA MAC Europe’91 campaign is split into three

different sccncs  of about 11 km x 9kn~ (Ittcn ct al., 1992). ‘1’hc first two scenes have been sclcctc.d  for

the current investigation: the first, Zug, mprcscnts  a hilly region which is dominated by I.akc ZLlg and

[hc surroundi]lg  hills with highest elevation diffcrcncc  of about 600m and slopes with typical angles

bctwccn 15° and 60°. This area, composed of molassic  segments, contains agricultural fields and for-

est stands. l’hc second sccnc, Rigi, is an example of mountainous terrain. This region  is dominated by

the Rigi mountains which rcprcscnt the border bctwccn  the Central Plateau’s molassic sediments and

alpine Hc]vctian  layer. I“hc elevation diffcrcncc  is about 140(hn  and results in steep slopes. The lower

territories arc primarily covcrcd  by coniferous (mainly picca abics and abics alba) and deciduous

(mainly fagus sylvatica)  stands. ‘1’hc higher elevations arc bare slopes with rocks. The maximum

slope angle for this area is 90°.

AVIRIS auxiliary data

‘1’hc geometric, radiomctric,  and spectral quality assessment for the actual data set as WC1l as the
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sensor, systcm and scene specific influences arc dcscribcd  in detail in Meyer ct al. ( 1993b).  The cur-

rent work uses lhc navigation data roll, pitch,  and true heading (which is the pointing direction of

nose of the aircraft).These arc generated through the ER-2 Incr(ial  Navigation System and the Air

Data Computer. From the AWRIS instrurncnt’s  precision gyros, roll and pitch arc used. The raw data

needs m bc processed prior 10 USC. All auxiliary data gcncratcd by the instrument’s rate gyros are

affcctcd  by the earth’s rotation (Litton Systcm Inc., 1989; Gcnofsky, 1986; The Singer Company,

1984). The roll rate error fill and the pitch rate error EP (in dcghnin)  duc to earth rotation arc calcu-

lated on a line-by-line basis using Equation (1) and Equation (2) as follows:

El? = ( COS(II ) (cos O,,) KE, and (1)

E)’ = ( Cos(l],) ( sin El,,) KE, (2)

where A’E=Earth’s rotation rate (0.25°/min),  el, =aircraft latitude (0° at equator, +90° at north pole),

and o,,== aircmft flight direction (O”flying UWC north, +90° true cast). The true heading value from the

navigation data is already corrcctcd  for Earth rotation by the navigation system.

Pitch informotim

‘l’he cn.ginccring  data provides eleven pitch rca(iings for every scan line. A cubic splint interpo-

lation is used to gcncratc  a pitch value for every pixel of a line to account for movements of the plane

within a scan line. However, as described in a detailed quality assessment (Meyer ct al., 1993b),

spikes in the original 11 readings make it advisable for this dam set to LISC only the first reading as

rcprcscntativc for the line. When the pilot turns cm the mcchanistn  the AVIRIS gyros arc set equal 10

OO. Sometimes, due to aeronautical reasons, the IR-2 is not fuIly Icvcllcd at this time. Since the cur-

rent procedure requires the better resolution of the cnginccring  gyro, the offset has to be dctcrmincd

using the value of the navigation pitch at line #1. l’hc total pitch value  is calculated using the pitch

value of the first reading and the pitch offset.

Roll i}lfbmmtiotl

l’hc cnginccring  roll data is used to verify tha[ the roll movement was wi[hin the range of the

roll compensation of t 1.5°. This is ncccssary,  bccausc  the instrumcn~  gyro looses its Y,cro position

after being saturated. “l’he roll offset is dclinc(i by averaging the navigation roll va]uc every time the

cl]ginccrillg  roll gyro hi~s the ()”-line. I lowcvcr,  adciitional investigations show that the diffcrcncc in

the scnsi[ivity  of the gyros for these rapidly changing roll movements make it ncccssary to optimiyc
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the value  using landmark calculations.

l’rue heading information

The AVIRIS instrument’s gyros do not supply true heading information. To dctcnninc  the head-

ing direction of the plane, the true heading information of the ER-2 gyro has to bc used, despite the

low update rate of 5 seconds. Aeronautical considerations suggest that such movements arc pCl”-

formcd more slowly than around the other axes and the induced error should be negligible. The navi-

gation  gyro uscs magnetic north as a rcfercncc  point. Since all ground rcfcrtmcc information such as

maps and digital elevation models (DEM) use geographic north (meridian convcrgcncc),  the dcc]ina-

tion has to bc corrected. The declination was 0.019780rad (Zug), and 0.019199rad (Rigi) for the two

test sites in July 1991.

AVIRIS image data

‘1’wo runs were recorded over the Zug-Buochscrhorn  test site during the MAC Iiuropc’91 cam-

paign on July 5, 1991. Run 6 was flown at 12:08 GMrI’ from north to south, resulting in three sccncs

with an average nominal pixel size of about 18m. For this run there arc no Dacdalus K1’M 1268 scan-

ner data or RC- 10 aerial photographs available. ~’hc four sccncs  for run 7 were acquired flying from

sou(h to norlh immediately after run 6. Due to the instrumen[’s  roll gyro saturation, the data from run

7 can not be used for the current investigation (Meyer c1 al., 1993 b).

Digital elevation model

The test area is covered by the three digital models (DI IM-25) Zug, Rigi, Rcckcnricd.  ‘1’hc.y  arc

generated and distributed by the Swiss licdcral  Office of Topography and have a resolution of 25m

in x and y direction and of 0.10 m in elevation z (Rickcnbachcr, 1992). The average error in c]cvation

is 2.2m*l  .om for model Zug, and 4.4m* 1.8m for Rigi.  ‘1’hc original grid size of 25m has been rcsam -

plcd to (im and 18m for this study using a bilinear interpolation algorithm.

ADOUR conical radar tracking system

Short description

‘1’hc ground-based itnmobilc  tracking radar systcm  ADOUR is a dual antenna, (iual  frequency

radar with a conical scan tracking sys[cm operated by the Swiss Air ]:orcc (1 lorn C( al., 1993;  “l’hom-
-.——

1, l)] ;M data cmmcsy:  Swiss lkxkxal Office of ‘Ibpography,  .lunc 11, 1993.



P. Meyer. I?mnictric  Approach for Gcocmfing  of Airhorue  Visible/lnfrafcd  Iuiaging SpcCtrO1rlc~cr (AvlKIS) I~ata in Rugged ‘1’erraiu 6

son-CSl~,  1987). The results of these two devices arc indcpcndcnt.  The system provides different

paramc[crs. For the current approach the latitude X, longitude y, and altitude z arc used. The infortna-

tion is transformed in the standard Swiss Military Coordinate Systcm,  which is used for the topo-

graphic maps, too. The systematic error for elevation and azimuth is f 0.2mrad  and t7nl  for a

distance  with an update interval of 0.2 second. The distance bctwccn the system and the flying target

is bctwccn  Xikm and 68kn~.

Accuracy {issesstnenl

As mentioned above, there arc no RC- 10 aerial photographs available for run 6. Thcrcforc, to

get an idea about the accuracy of the system the data from run 7 arc used. The validation of the

ADOUR data was carried out in two steps. The first step checks the relative stability bctwccn the two

dcviccs  for the full run 7. The values  shown in Table 1 (upper line) arc for a total tracking distance of

34,959m.  l’hc next step dctcrmincs the absolute accuracy. I’hc idea is to compare the projection

ccntcr  of the RC-I O aerial photograph with the concsponding  ADOUR data. ‘1’hcsc poin~s  arc deter-

mined, using a one-step approach based on collinearity on a Wild AC-3 analytical plotter at the lnsti-

tutc of Geodesy and Photogrammctry  of the Swiss Federal Institute of Technology. The best way to

correlate the two sources would be to usc time con”cspondcncc.  Unforlunatc]y, the time information

of the RC- 1 () frame information is not accurate enough, compared with Ihc resolution of the AIX)UR

system that has 5 mcasurcmcnts each seconds. The ADOUR clock is pcrmancnt]y  double-checked

with time reference pulses from an atomic clock, type DCF77WA31 with an absolute mean error of

10n1sf5n1s.  l’hc correlation has to bc established by defining the nearest neighbor in x and y direction

of the projection centers to the AIX)UR values, despite uncertainties of the time corrcspondcncc.  The

value for the altitude z of Table 1 (lower line) is, due to the local  stability of the aircraft, independent

of the quality of the corrcspondcnccs and demonstrates the performance of the systcm. ‘1’hc signifi-

cantly better values for the y direction result  from the overlaying process on the flight line, which was

straight south-north. l’here is no correction applied to allow for the distance bctwccn the nmcbay,

where the RC- 1 () camera is located, and the Ii bay, where AVIRIS is carried. IJurthcr analysis shows

that [here is a correlation bctwccn  the distance of the target to the dcvicc and the accuracy. I:ig,ure 1

shows the regression for the comparison bctwccn the altitude of the projection  ccntcr of the RC- 1 ()

and the corresponding ADOUR data for a correlation with an r2 of 0.78. There is a maximum devia-

tion of 12n~ over the full run of 32,00(hn,  which satisfies the system rcquircmcnts  (See “Short

description”). Errors resulting from refraction at the. (iiffcrcnt atmospheric layers should bc ncgligbl~’
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duc to the high elevation angle for the current geographical simation.

Preparation

‘1’hc sampling rate of the ADOUR systcm dots not correspond with the number of lines pcr

sccnc. Thcrcforc, the data arc rcsamplcd to (im intervals using a cubic spline  interpolation. To avoid

margin errors, the required number of lines arc sclectcd  out of the entire flight line.

Ground reference information

Forest map

‘1’hc forest map was generated by scanning the green (forest) plate of the Swiss “Ibpographic

Map, scale 1:25,000, edition 1987 at 50 ~m with the Optronics  5040 Scanner of the Swiss Federal

lnstitutc of Technology, Department of Cartography. ‘1’hc data were vcctorizcd  on an Intergraph  Sys-

tcm MicroStation  4 and rcsamplcd to 18m grid size on a Aries-111 Dipix Systcm. The average carto-

graphic accuracy is about 5.Om. ‘1’hc average location error for a photogrammctric  analysis for the

forest border is 1.O-2.Om. Compact forests arc rcprcscntcd with a surrounding solid boundary line. If

the boundary bctwccn the forest and non-forcsl is poorly  defined, as it is around the timber line or in

the ncighborbood  of swamps, a symbolic point signature was used. However, this signature was sup-

pressed during the preparation process of the map.

ShorPli]~~  mp

~’hc map was produced by digitizing the Swiss lbpographic  Map, scale 1:25,000, edition 1987

in an ARC/info using a digitizing tablet. The average (thcm-ctical)  accuracy is t 8.Om using an aver-

age sca lCVCI to dctcrminc  the shoreline.

MIITHO1)

I~igurc  2 gives an overview of the core task for the ncw method for gcocoding  AWRIS data.

The basic goal is to reconstruct for every pixel the geometric situation at the time it was acquired with

AVIRIS. “l-his  inc]udcs three major aspects. ‘1’hc first considers [hc flight line and a[[itudc of the ER-2

aircraft, (hc second the current ohscrvation geometry and the third the situation on the surface. ‘l’his

approach includes three different coordinate systems: [hc raw file, containiilg  [hc rccorclcd  pixels at

location (c,r) where c is the column and r the row number; the observation geometry, which is
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described bylollgitudc  x,latitudc y,andaltitudc  z,ofthc  airplallc toge[hcr  with roll o,pitch$,  and

true heading z; the DEM coordinates (i,j) with elevation ei, j. The raw file uscs pixels as an entity.

The observation geometry and the DEM coordinates arc based on the standard Swiss Military Coor-

dinate Systcm.

]?]ig]lt  ]inc and  attitllde  of the ER-2 aircraft

The la[itudc, longitude, and altitude of the aircraft needs to bc known as a first step. Fol the

] g~ 1 IjuropcaIl  flights, the x, y, and Z, information results from an unaided 1.TN90-116 INS naviga-

tion systcm with a position accuracy of 0.9 nautical miles pcr hour (Pcrrin, 1993). The navigation

data of AVIRIS were updated only every 5 seconds (every 60 lines) and digitized to 8-bits. This data

arc not accurate enough for the current approach. ‘l”hcrcfore,  ADOUR data arc used as an alternative.

‘1’hc x,y, and ~, mcasurcmcnts consider ground speed variations of the ER-2 aircraft. The description

of the attitude of the aircraft is based on the true heading from the navigation data and the roll offset

and total pitch of the engineering

(hrrent  observation geometry

The basic idea is shown in

data (See chapter “BASIS OF 1’IIE smmy”).

Figure 3 and dcscribcd  in more dctai

cffor( is to observe the underlying surface out of the well-known loca[

by Larson ct al. (1994). The

on (= flight line) and the cur-

rent attitude of the aircraft. Figure 3 shows the .gcncral situation before topography is taken into

, [lkl. (3)] rcprcscnts the location of pixel (c,r) in the aircraft coordi-accoun[.  The position vector XC ~

natc systcm (x,y,c) at the instant the pixel was acquired by the instrument. Since the aircraft is n~ov-

il~g relative to the image coordinates (c,r)

pixel. XC ~ rcprcscnts the location of pixel

it is ncccssary  to compute this vector separately for each

(c,r) in the ideal case where m = o = ~ = 00.

[

o

[X.,, = { tan (c--

‘1

“’flux; -1 ) ::T:” } Z,-, y ~

‘L Y

(3)

magc,  /}7(~xl’=]~~axi~n~lIl~ number of pixels

[udc of I} R-2 for the current longitude and

where c= pixel number of pixel (c,r) within line r of raw

pcr line (614), l:OV=Ficld  of View (in rad), and z, ~=alt,.

latitude (in m).

‘1’hc  pixclwisc  calculation of the actual pointing dircc[ion includes corrcc~ion of the. panoramic
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distmlion. The vector XC ~ is moditlcd  by rotations about  the pitch, roll and true heading axis (vector

X;’r in Fig 3). The exact transformation is computationally

first-order approximation [Eq. (4)]:

cxpcnsivc,  and can bc rcplaccd by the

(4)

‘1’hc linearized transformation is indcpcndant  of the order in which the rotations arc taken. The

transfortned position vector X~’r is computed with Equation (5) as follows:

[11 -~ -q!!!Xcl= ~]–(l)xcr. (5)

qwl’

The rcsulling  vector X;’, points now in the direction AVIRIS was “looking” at the time pixel (c,r)

was rccordcd and stored at position (c,r) in the raw file. In preparation for the next step it is ncccssary

to express the transformed pixel location vector X~’r in the DEM coordinate systcm (i,j). This is

accomplished by scaling X~,’r by the reciprocal of the DEM hori~,ontal  resolution v which is for the

current investigation equal 6m:

,!,
Xij  =  ~X~’~. (6)

Situation on surfaec

l’hc topography causes a shift in the apparent pixel location, and affects the pixel sin “1’hc idea

of the pixel location vector allows for compensation of both effects within onc step.

TrMe n(ldirfor  the first  line

‘k nadir is supposed to bc at the position “half of the maximum number of pixels pcr line”.

I>UC to the prcscncc of a roll offsc(, the true nadir position has to bc defined using llquation  (5) with

c=307  an(i line r= 1 and the ADOIJR values.
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Intersection with surface

l’hc goal is now to find the intersection bctwccn the pixel location vector X~:~ and the surface of

the DEM. Within the neighborhood around the transformed pixel location vector Xi ~, a test vector
!!,

X~j is

X;j =

where

,,!

scarchcd for, which convcr~es  to Xi j.

(7)

=i-c~ordinatc  of wuc Ila(lir point, jN(,dir=j-coordinate of trllc nadir point, ei, j= CICVatiOIl
‘Nadt  r

of test point at position (i,j), and ZX, ~ =altitudc  of ER-2 for the current longitude and latitude. To allow

for a more precise selection of the corresponding sur~dcc  point, the DEM ovcrsamplcd  to a grid size

of 6n~ is used (See chapter “BASIS OF THE STUDY”).

To define the intcrsccticm  point on surface, the normalized dot product DP is calculated:

(8)

l’hc vector X~j best rcprcscnting X~.’~ is that for which the dot product 11P has the smallest dif-

fcrcncc  from 1. Vector ccmlponcnts  xx~,j and YX~, j to~cthcr  with the altitude zX; j of the hcst fitl~d

vector mprcscnt  the surface point (i,j) of the DEh4.

‘1’o dctcrminc the first test point for each scan line, a ncw line is constructed with the Brcsenham

]inc algorithm (Ferraro, 1988). ‘1’hc starting point of this line is the true nadir point, the end point is
,!,

dctcrmincd  as the intersection of Xi j with sca Icvcl  (l~i~. 4). For computational efficiency, the test

points for the pixels (c,r) with c>l arc dctcrmincd  through  construction of possible test vectors X; j

within a neighborhood of the previously cictcrmincd  best test vector X;, (Fig. 5).

]bj)()~)”{i])h~)  de])fi~de)lt ])ixt’1 .~izp r~l)rc.TelltfltiO1l

‘lThc next step is to separately calculate the four corner points for every pixel. This approach

allows the adaptation of the current pixel to the terrain and rcsult$ in an bctlcr  estimation of the true
,,,

pixel size. Thcrcforc, the calculation of the pixel position vector Xi,j is updated (compare Fi. (3)):



P. Meyer. Paramc!ric  Approach for Cieocoding  of Airbor[]c  VisihleJlnfraed  Il[W2i[]l! Spcclrome[er  (AVIIUS) I Ma in W.ggcd  I’errain 11

(9)

whcrc SHIFT, Fovd=down-track  shift, which itera[cs for Ihc four c~rncrs  with an inslantanc~us  field

of view (lFOV) of d=O.t3009rad,  and SHIFT ,FovC=cross-track  shift, which iterates for the four cor-

ners with an IFOVC=O.001  rad, representing corner 1 =( IFOVc/2,-1  FOVd/2), corner 2=(-l FOVc/2,

-IFOVd/2), corner 3=(-IFOVc/2,1FOVd/2),  and corner 4=(JFOVc/2,1FOVd/2).

The ideal vector X~.’~ is now calculated four times for every pixel (c,r) of the raw file iicrating

the SHIFTIF() “d and SHIFTIFO Ve. After the transformation and determination Of the bcsl test vector

(as dcscribcd  above) the four corner points of every pixel (c,r) arc found. These now define a pixel.

To dctcrminc the included area, a polygon fill algorithm (POI.YI;ll.l.V;  Rcscach  Systcm Inc., 1993) is

used. After this step, every 6n~ pixel (i,j) points to the corrcspondin.g  coordinates of 18m pixel (c,r) of

the raw image.

liesompling

Within  the final s(cp, the (in  grid size pixel needs to bc rcsamplcd  to [hc 1&n original pixel

sixc. Major effort must bc spent to keep the original digital value (DN) from the raw file. This step

dctcrmincs for every onc of the rcsamplcd  18m pixels, which 6m pixels constitute the ncw 18m pixel

(1’ig. 6). The most frequent (i-n pixel is selcctcd  and using iL$ pointer to address the corresponding

pixel (c,r) of the raw image to get its DN value. If within onc 18m pixel there arc three equal groups,

the onc with the lowest value is sclectcd. This selection step is rcpcatcd  for all 224 bands. “l’he process

dots not change the original DN value and thcrcforc,  an ad(iitional  mixing can bc avoided.

DISCUSSION

‘1’here are currently no well-established methods of quantitatively assessing the succcss of a

gcocoding  process. Visual inspection provides useful information, but cannot bc used to intcrcomparc

methods. Statistical rcsu]ts based on residual calculation of single ground  control points allow only a

local error assessment (Frey cl al., 1989). The quantitative approach used here is an extension to the

ground control point method. Both qualitative and quantitative methods have been used and results
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arc presented in the discussion along with a comparison with the results of an improved non-paramet-

ric approach.

Visual verification

For the discussion, the sccnc Rigi is sclcctcd bccausc  of the more challenging topography

(Fig. 7, Fig. 8). Ncvcrthclcss,  this sccnc includes some flat terrain to demonstrate the performance in

such areas as WCII.  Bands 13, 18, and 28 of the gcocoded  image are overlaid by the scanned forested

areas (green line) and digitized shoreline (blue line). The scanned forest border is the only informa-

tion which is available in every part of the sccnc and for the most elevations as WC1l as for most var-

ied slope and aspect angles. Part (A) shows the composed image rendered on the DEM25  using the

shading function SHADE_SURF (Research Systcm Inc., ] 993). An observation point which is

located 500 above the j-axis of the DEM is chosen for demonstration purpose. Figure 9 gives an

impression of the topography along the north-south and cast-west cross-section. For the northcm

part, an azimuth of 0° was sclcctcd  and for the southern part onc of 180°. The characters (B-E) show

the topographical locations of the zoom-up subareas of the lower part of the Figure 7 and 8. “i’hc

enlarged areas (zoom factor = 5) arc sclcctcd dcpcndcnt on their aspect and slope angle to allow veri-

fication of [hc gcocodcd  AVIRIS sccnc compared with the overlaid forest boundaries (green) and

shoreline (hluc) of the topographical map. For these subareas, three categories arc used to indicate the

stccpcst slope gradient: mild means from flat to a slope angle of about 15°, moderate indicates angles

bctwccn  15° and about 30°, and steep slope angles with more than 30°. For the discussion, major

emphasis is put on the comparison with the scanned forest line bccausc  of the improved accuracy and

the availability over the whole sccnc compared with the digitized shoreline.

In general, the results in Figure 7 and Figure 8 show a good corrcspondcncc bctwccn  the gco-

codcd  image and the map for all existing topographical locations. In all subareas there arc a fcw loca-

tions with minor miscorrcspondcncc bctwccn the forest border of the AVIRIS image and the scanned

forest line. ‘1’hcsc prob]cms  arc almost always restricted to sing]c pixels and no genera] tendency can

bc recognized. The error may result from changes in reality bctwccn the time the map was published

(1 987), the used aerial photographs were acquired (1984), and the AVIRIS data arc ga(hcrcd (1991 ).

An additional explanation is based on the fact that maps arc always the result of a gcncrali~,iition

while AVIRIS displays every occurrence within its resolution characteristics. 1 lowcvcr, the influcrlcc

of’ the cast shadow (of the forest) seems to bc not problematic.

ljigurc  7B demonstrates another prob]cm of the ground rcfcrcncc  information.  while the 10WCI
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regions of the forested slope correspond perfectly the AVIRIS image extends significantly the forest

area on the upper limits. This “misrcgistration“ is based on the problcm  of the determination of the

forest border along the timber line and its rcprcscntation through symbolic point signatures (See

chapter “Forest Map”).

Figure 71) and Figure 7E portray areas with rapidc changing slope angle from the lake area to

steep slope and from moderate slope to flat area. Figure 10 indicates this phenomena with two pro-

files. The blue shoreline proves for subarea (D) and the green forest line for subarea (E) the good cor-

rcspondcncc.

Figure 813 illustrates the operability of the algorithms in flat and hilly areas. An uncertainty is

shown in the lower left forested areas where the map divides the forest with a small street of 4-7m

width. Due to the fact that this type of street is usually almost covered with branches of the trees, the

AVIRIS pixel can not show this change even despite the big contrast difference in visible bands.

Figures 8D and Figure 8E address an unsolved problcm. The comparison of the forested slopes

gives good comcspondence  while the shoreline has on offset between 1 and 3 pixels. Additional

investigations at similar locations reject the thesis of an angle  dcpcndcncy  between the flight line and

the border of the lake for areas with Iargc changes of the slope gradient (compare Fig 7D). A possible

explanation may bc found duc to the fact that the maps have an average paper distortion of about

2.Omm (50m for the map 1 :2 S,000 used in this approach). On the other side, the scanned forcsicd

areas arc not affected by this problem bccausc  they arc dclivcrcd  on high accuracy film. Moreover,

the scanned forest mask is gcocodcd  after the scanning process.

Qufllltitative  cm f71ysiLT
l“hc additional vclification  calculates the average deviation of the gcocodcd image compared

with the forest and lake map. Since this ncw parametric approach dots not usc ground control points

which could be used for such statistical calculations, an alternative way to achieve a quantitative

measure was invented. Both sccncs arc split into regions consisti  Ilg of larger and smaller forests.

Within each of these regions the largest forest is sclcxtcd.  All points indicating a change in the direc-

tion of the forest border line arc then considered for mcasummcnt of the registration accuracy. At all

sclcctcd points, the deviation in i and j direction of the DIiM is dctcrmincd.  I.incs 1 and 2 of Table 2

indicate Ihc results of this test and confirm the visual validation. No systcma(ic  deviation was found.
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Comparison with an improved rubber-sheet approach

To double-check the performance of the ncw parametric approach sccnc Rigi was .gcocodcd

using the improved, non-pararnctric  rubber-sheet approach (Ittcn and Meyer, 1993). For this purpose,

out of all checkpoints of the Rigi sccnc (already defined within the chapter “Quantitative Analysis”)

those arc selcctcd allowing the determination of the deviation. Table 2 (line 3) presents the result for

the improved rubber-sheet approach and shows the better performance of the parametric solution.

‘1’hc higher deviations arc not surprising since this non-parametric approach can not correct for all

flight line and attitude related effects and the influcncc  of the topography on the pixel size.

CONCLUSIONS AND OUTLOOK

The effort of the current investigation was to design and implement a procedure for gcocoding

Airborne Visible/Infrared Spcctromctcr (AVIRIS) data in rugged terrain. To correct for the unstab]c

flight line, the attitude movements, and the topographic distortion a parametric approach is prcscntcd.

The whole proccdurc  is developed to run without human interactions,

The concept of a reconstruction of the geometric situation for every pixel at the time it was

acquired proves to work as well in flat and hilly terrain (sccnc Zug) as in rugged terrain (sccnc Rigi)

for the AVIRIS data. The visual comparison demonstrates good corrcspondcncc  between the gcoco-

dcd image and ground reference information. These results arc confirmed by an RMS of 0.1 and 0.2

pixel for i and j direction at check points.

“1’hc data of the radar tracking systcm were ncccssary to achieve a reliable accuracy. Announced

improvements of the navigation and engineering data should allow geometric corrections of AVIRIS

data indcpcndcnt  of external data (Pcrrin, 1993; Chricn ct al., 1993).

~’hc datascts  Zug and especially Rigi need georadiomctric corrections. Atmospheric corrections

using radiative transfer models  like MODTRAN-2a (Green ct al., 1993) combined with the spcctrora-

diomctcr measurements of two profiles taken from 50m to 300(hn altitude above the lake Y.ug (sccnc

Zug) and the lake of the Four Cantons (sccnc Rigi)  give hope to correct for the very swong ha~,c layer

at 170(hn, 100 (Stacn7J et al., 1993). Corrections for the slope-aspect dcpcndcnt illumination diffcr-

cncc (Meyer ct al., ] 993a) should  finish the preprocessing of the sensor, systcm  and sccnc related

cllccts of the current data set.

‘l”hc whole proccdurc  was implcmcntcd  using the 11>1. (Intcractivc Data I.anguagc,  a proprie-

tary programming language, Research Systcm inc., 1993). The average computational time to correct
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a full sccnc on an IBM RS6000/320H with 32MB RAM is about 25h execution time.
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l~igrrrc 1: Regression y for UK difference in altitude z between the projection cen(er (l}C) of the RC- 10 aerial
photographs and tic corresponding values of the ADOUR Conical Radar Tracking System.
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l~igurc  2: Overview of the data preparation and core ta..ks of the gcocoding approach, where x=latitudc,  y=longi[udc,
z=a]litude  of the airplane, and c=column and r=row of the raw tile.
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I~igurc 3 : Principle outline of the obscrva[ion geometry 10 calculate the
transformed pixel location vector  where @=pitcl~,  W=roll, and ~ =tnrc heading,
and x,y,z definitlg the coordinate axis for the ideal pixel location vcc[or and x’, y’ ,7,’
for the transformed pixel location vector.
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1 ~igurc 5: Sima[ion  on surface for tic test vec(ors  for pixel (c,r) with c> 1, wbcrc llTpP=bcs[  test point for previous pixel
(c-1 ,r), aml 11’1’l’=bcst  test point  for current pixel (c,r) with c>].

Aircraft

Transfortncd pix:~
location vcctorXC, +____  Test vector X~,
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l;igurc  6: Procedure to define the Digital  Number (DN) of the ncw resampkxi pixel
witt~ 1 h grid size. Within the area of the 1 %n pixel, the most frequent 6m pixel
(i,j) is dclcrmined. The address of lhis pixel points to tie corresponding pixel (c,r)
in the raw file. ‘IIlc DN of this corresponding pixel becomes the DN of the
gcocoded, rcsarnpled 18m pixel.
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l~igurc 7: Nordwrn  pm of llIC swnc Rigi: Bands 13, 18, ad 28 of W gcocodcd  image arc overlaid by IIIC
scanned forcs(  (gI-CCII  lillc) aIKl [hc digili?cd  shoreline (I>luc  line). (A) shows LIlc cmnposi[  rcndcrcd 011 tlIc digi[al
clcvatiol  model will] lags (11-l;) for the local ion of lhc enlarged subareas of tllc hori~.on~al (nomrcndcml)
composi(c.  (13)-(1 J show mm-up (= factor 5) parts with differ’cnt aspect and S1OPC angles. CS 1 indicates W
slarling  poin[  for north -sou[h cross-scc.lion  and CS2 for [hc wcs[-casl  show])  in I:igurc  9
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l;igurc  8: Southern part of the sccmc Rigi: Bands  13, 18, and 28 of W g,cocodcd image overlaid  by (Iw scanned
fowst (gwcm line) and lhc digitinxl  shoreline (blue Iinc). (A) s1)OWS  the cmmposi( rcn(icrcf.1  (m Lhc digital
clcva[ion mode l  wilt] tags (13-11) for Ihc locfilion of lhc Clllwgcd Subwctis  of Lhc hori~on[al  (non-rcmdcrcxl)
r(mlpmsitc,  0))-09 slmw  mom-up (= fxlor  5) pms will} dilfmnl  aspccl and S1OIX angles.
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l~igurc  9: ‘1’o-scale cross-section for the scxmc Rigi. (A) shows lhc nortil-soutil  profile (CS 1), and (B) the west-east ((X2)
a[ the location indicated in Fig. 7.
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1 ;igurc 10: To-scale cross section to show the rapid terrain change. (A) shows lhc change from the lake m the
slope at the foot of the mountain Rigi for the subarea of Figure 71> while (B) dcmonswates  the change from a
moderate slope to flat terrain for the subarea of l:igurc  71;.
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Tables

lable 1: Accuracy assessment for the ADOUR Conical Radar Tracking S ystcm with a
comparison of the absolute pointing measurements between the two devices (upper
line) and the projection center (PC) of the RC- 10 acnal  photographs and the
mcasurcmcnts  of the device 1 (lower line).

Longitude y Latitude x Altitude z
mean (RMS) mean (RMS) n~eon (RMS)

[m] [i?l] [)?1]

Distance between 1.08 (6.36) 6.29 (8.20) 1.51 (5.24)
device 1 and device 2

Distance between 1.22 (21 .70) 30.51 (23.32) 2.00 (5.50)
PC and device 1

Table 2: Result of the qtranlilative  effort for the comparison bc(wccn the geocoded images and the forest map
with the RMS for the ermt-west  direction (i) and north-south dirccticm (j) of the digital elevation  model. The
check poin[s  used for the non-parametric approach for sccuc Rigi arc a selection from the entire member of
points used for the parametric approach.

Number of RMSfor  i-direction RMS for j-direction
checkpoints [pixels] [pixels]

Scene Zug 186 0.07 0.19
(parametric approach)

Scene Rigi 309 0.12 0.09
(parametric approach)

Scene Rigi 249 3.57 1.37
(non-parametric approach)


