Glossary 3In

Photograph: A picture formed by the action of light on a base material coated with a sensitized
solution that is chemically treated to fix the image points at the desired density.
Photographic interpretation: The art and science of examining photographic images for the
purpose of identifying objects and judging their significance.

Pixel: A picture element having both spatial and spectral properties. The spatial variable
defines the apparent size of the resolution cell (i.c., the area on the ground represented by
the data values), and the spectral variable defines the intensity of the spectral response for
that cell in a particular band. :

Point operations: Operations that modify the brightness values of each pixel in an image
data set independent of surrounding pixel values.

Polygon-based GIS: A geographic information system (GIS) based on standard Cartesian coordi-
nate digitization techniques. Sometimes called a vector-based GIS.

Preprocessing: Application of digital image processing techniques to the raw remote sensor
data prior to visual or further machine-assisted image analysis.

Principal components analysis: A statistical form of data compression.
Radiant flux: The time rate or flow of radiant energy on to, off of, or through a surface.

Radiant temperature: Concentration of the radiant flux from a material. Radiant temperature
is the product of the kinetic temperature multiplied by the emissivity to the one-fourth power.

Radiometer: An instrument for quantitatively measuring the intensity of EMR in some band
of wavelengths of any part of the EM spectrum. Usually used with a modifier, such as an
IR radiometer or a microwave radiometer.

Radiometric correction: Correcting gain and offset variations in MSS data. Procedure calibrates
and corrects the radiation data provided by the sensor detectors.

Radiometric resolution; The sensitivity of a detector to differences in signal strength as it
records the radiant flux reflected or emitted from the terrain.

Rectification: The process by which the geometry of an image area is made planimetric.
Reflectance: The ratio of the radiant energy reflected by a body to that incident on it.
Registration: The process of geometrically aligning two or more sets of image data such that
resolution cells for a single ground area can be digitally or visualiy superimposed.

Remote sensing: The measurement or acquisition of information of some property of an object

or phenomenon by a recording device that is not in physical contact with the object or phenome-
non under study.

Resolution or resolving power: The measure of the ability of an optical system to distinguish
between signals that are spatially near or spectrally similar.

Roll: Rotation of an aircraft about the longitudinal axis causing a wing-up or wing-down
attitude.

Sampling rate: The temporal, spatial, or spectral rate at which measurements are taken.
Satellite: An object in orbit around a celestial body.

Scale: The ratio of a distance on an image or map to its corresponding distance on the ground.
Scanner: Any device that uses a scanning device to produce an image.

Scattering: The process by which small particles suspended in a medium of a different index
of refraction diffuse a portion of the incident radiation in all directions.

Sensor: Any device that gathers energy, EMR or other, converts it into a signal, and presents
it in a form suitable for obtaining information about the environment.
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372 Co Glossary

Sldelap' 'l‘hc extent of lateral overlap between images acquired on adjacent flight lines.

Slgnal-to-nmse ratio: The ratio of the level of the mformatxon—beanng sngnal power to the
" level of the noise power. _

Signature analysis techmques: Techmquw that use the variation in the spectral rcﬂectanoe
“or emittance of objects as a method of identifying the objects.

'Sagnature extension: The use of statistics obtained from one geographical area to classify data
from similar areas some distance away; includes consideration of changes in atmosphere, and
other geographical and temporal conditions that can causc dlﬂ‘t:renccs in sxgnal level for single
classes of interest. See also Spectral s:gmtm'e.

Smoothmg: The averaging of densmes in adjaccnt areas to produce morc gradunl transitions.

Software: The computer programs that drive the hardware components of a'data processing
system; includes system monitoring programs, programming languagc processors, data-handling
utilities, and data analysls programs.

Spatial filter: An 1magc transformation used to enhance certain spatml charactensucs of an
image.

Spatial frequency. The number of changm in brightness value per umt dlstance for any particular
part of an image.

Spatial resolution. The ability of an entire remote sensor system, inciuding‘ lens, antennas,
display, exposure, processing, and other factors, to render a sharply defined image. Also, a
measure of the smallest angular or linear scparatxon between two objects that can be resolved
by the sensor.

Spectral band: An interval in the electromagnetic spectrum defined by two wavelengths or
frequencies.

Spectral classes: Those classes that are inherent in the remote sensor data and must be identified
and then labeled by thc analyst. Often encountered in unsupervised - classnﬁcatwn of remote
sensor data:

Spectral reflectance: The reflectance of electromagnetic energy at specified wavelength intervals.
Spectral regions: Conveniently designated ranges of wavelengths subdividing the electromagnetic
spectrum; for example, the visible region, X-ray region, infrared region, middle-infrared region.
Spectral resolution: The dimension and number of specific wavelength: mwrvals in the electro-
magnetic spectrum to which a sensor is sensitive.

Spectral response: The response of a material as a function of wavelength to incident electromag-
netic energy, particularly in terms of the measurable energy reflected from and emitted by
the material.

Spectral signature: Term referring to the spectral characteristic of an object in a scene, which
infers that each object refiects radiation in a unique and identifiable manner. See also Spectral
response. » :

Supervised classification: A computer-implemented process through which each measurement
vector is assigned to a class according to a specified decision rule, where the possible classes
have been defined on the basis of repnscntatwc training samples of known identity.

System: Structured organization of people, theory, methods, and equipment to carry out an
assigned set of tasks.

Table dlgmzer Eqmpment used to digitize the x,y geographic coordinates of map mformatlon.
Temporal resolution: How often a given sensor obtains imagery of a particular area.
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Glossary 373

Texture: The frequency of change and arrangement of tones in an image.

Tone: Each distinguishable shade of gray from white to black on an image.

Training: The process of informing an image processor which sites to analyze for spectral
properties as a prerequisite to supervised classification.

Training sites: Recognizable areas on an image with distinct (spectral) properties useful for
identifying other similar areas.

Transmittance: The ratio of the radiant energy transmitted through a body to that incident
upon it.

User friendly: Jargon for equipment or a technique that is easy to use.

Vignetting: A gradual reduction in density of parts of a photographic image caused by the
stopping of some of the rays entering the lens.

Visible wavelengths: The radiation range in which the human eye is sensitive, approximately
0.4 to 0.7 pm. ‘

Wavelength: Wavelength = velocity/frequency. In general, the mean distance between maxima
(or minima) of a roughly periodic pattern. Specifically, the least distance between particles
moving in the same phase of oscillation in a wave disturbance. Optical and infrared wavelengths
are measured in nanometers, micrometers, and angstroms.

Yaw: Rotation of an aircraft about its vertical axis, causing the longitudinal axis to deviate
from the flight line.

Zenith: The point in the celestial sphere that is exactly overhead; opposed to nadir.
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Index

analog-to-digital conversion (A to D), 1, 13
ancillary data, 23, 214, 269
anniversary dates, 235
atmospheric, 3, 20-22, 96-97
absorption, 97-98
scattering, 96-97

band, 12,63
biophysical variables, 2-4, 42, 254
color, 2-3, 20-22
planimetric (x,y) location, 2-3, 11-12
soil moisture content, 2-3, 20-22, 34
temperature, 2, 20-22, 34, 42, 122-123
texture or surface roughness, 2-3
topographic/bathymetric (z) elevation, 2,
34, 254
vegetation biomass, 2-3, 20-22, 34, 160-
161, 254
vegetation chlorophyll absorption, 2-3,
20-22, 34, 159, 183-185, 261
vegetation moisture content, 2-3, 20-22,
34-35
bit, 5, 58
bit-mapped, 60
brightness map, 73-81
brightness value (BV), 12, 63, 69, 73, 139
byte, 58
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calibration, 23
cathode-ray-tube (CRT), 12, 74, 83
change detection, 234-253
algorithms, 236-251
change vector analysis, 251
classification comparisons, 245246
image differencing, 237-241
image ratioing, 241-245
preprocessing, 246-251
considerations, 234-236, 251-252
charge coupled device (CCD), 17, 37
class intervals, 74-77, 122
classification:
accuracy assessment, 225-229
overall, 225-226
site-specific, 226-229
incorporating ancillary data, 222-225
contextual techniques, 6, 224-225
layered classification techniques, 224
supervised relaxation labeling tech-
niques, 224
supervised, 178-214
algorithms, 206-214
maximum likelihood, 212-214
minimum distance to means, 209-211
parallelepiped, 206-209
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classification (continued)
classification scheme (system), 179-186
Michigan Land Use, 180, 183
Standard Land Use Coding Manual,
180-181
U.S. Fish and Wildlife Wetland, 180,
183-185
U.S. Geological Survey Land Use/
Cover, 179-183, 186187
feature selection, 157, 189-206
graphic methods, 192-198
n-dimensional parallelepipeds,
194-198, 250
radiometric interpretive legend,
192, 194
 spectral plots, 192-193
statistical methods, 198-206
divergence, 199-201
bhattacharyya distance, 201
training site selection, 120, 186-189, 226
signature extension problem, 188
measurement vectors, 188-189
unsupervised, 178, 215-222
classes,
information, 179, 215
spectral, 179, 215
Pass 3 1: cluster building, 215-219
information required, 215-216
iterations, 216-219
Pass 3#2: assignment of pixels to clus-
ters, 219-222
cluster labeling, 219-222
minimum distance classification,
200-211, 219
clustering (see classification), 178, 215-222
collateral material, 6, 7
computer compatible tape (CCT), 11,47,73
contingency table, 212, 228
contrast, 124
convergence of evidence, 7
convolution mask (kernel), 138-139
coordinate transform coefficients, 104, 110~
115, 196

data acquisition, 1149
densitometer approach, 11-19
linear photodiode digitization, 17

Index

data acquisition (continued)
optical-mechanical scanning, 12
video digitization, 16
data already in a digital format, 19-49
in sity, 1
data dimensionality, 151, 189
data formats, 45-48
band interleaved by line, 47
band interleaved by pixel, 47
band sequential, 45-47
run-length encoding, 47
data rate, 30, 37
densitometer, 12
density, 12
dichotomous key, 240
digital elevation modéls, 115, 224
digital image processing, 6
considerations, 8, 9
functions, 51-53
mainframe, 50-53
microcomputer, 50-55
minicomputer, 50-55
procedures, 6, 7
systems, 50-62, Appendix B
digital-to-analog converter {DAQ), 82, 84,
87-88
display alternatives, 73-93
black and white hard-copy, 74-82
crossed-line shading, 79-82, 213,
237
line printer, 74-77
line plotter, 77-79
video image, 74, 82-93
black and white, 82-84
color, 85-89
color composites, 89-91
video to hard-copy, 91-92
color camera, 92
film writer, 15, 16, 92
ink jet, 92

Earth Observation Satellite (EOSAT) Com-
pany, 8 )

Earth Resource Observation System
(EROS), 25

Earth Resource Technology Satellite
(ERTS), 24
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electromagnetic radiation (EMR), 1-2
elements of image interpretation, 6-7
errors:

commission, 198-199, 212, 228, 244

external, 94

internal, 94

omission, 198-199, 212, 228, 234, 244
expert systems, 6

filters, 138

filter wheel, 13, 15
fourier analysis, 138
frame grabber, 16

Gaussian, 127, 129
geographic data types, 255-257
geographic information systems (GIS), 9,
51-53, 254-271
components, 255-256
data encoding, 255-262
grid (raster), 258-262, 264
polygon (vector), 255-258, 262, 264
data management, 262-263
layers (overlays), 261263
data manipulation, 263-267
data output, 267-269
geometric distortions, 16, 102
systematic & nonsystematic, 102
glossary, 366
green vegetation index, 162-165
ground control point (GCP), 102

hardware, 51-52, 92, Appendix B
histogram, 69-72, 97-101

hybrid variables, 2

hypothesis testing, 7

image analysis, 7, 9
image enhancement, 117-176
contrast enhancement, 124-135
linear, 125-129
min-max contrast stretch, 127-128
percentage, 127-130
piecewise, 129, 131
nonlinear, 129-135
histogram equalization, 129-133
histogram hyperbolization, 134
logarithmic, 134-135
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image enhancement {continued)
density slicing, 74, 85-87, 120
edge enhancement, 144-151
linear, 144-149
compass gradient masks, 145-146
laplacian, 147-148
running difference, 144
nonlinear, 149-151
Kirsch, 150
Roberts, 150
Sobel, 149
magnification, 119-120
pen, 120
principal components analysis, 64, 151-
158, 166, 246
ratioing, 135-138, 244
“reduction, 117-118
roaming, 120
spatial filtering, 138-144
low frequency, 139-141, 246
high frequency, 141143, 246
texture transformations, 6, 169-173, 246~
247
first order statistics, 169-170
fourier texture measures, 172
second-order statistics, 170-172
transects, 120124
vegetation Indices, 157-168
ELAI, 168
greeness above bare soil, 168
image differencing, 161
normalized difference index, 160
perpendicular vegetation indices, 167-
168
tasseled cap transformation, 161-166
transformed vegetation index, 160
image preprocessing, 23, 94-116
geometric correction, 23, 102-115
rectification, 103, 235
intensity interpolation, 105107
spatial interpolation, 104105
registration, 103, 235
sradiometric correction, 23, 95-102
adjustments, 97-101 :
atmospheric effects, 96-102
detector response error, 95-96
restoration, 94
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image processing system characteristics, 51—
52, 55-61
arithmetic coprocessor, 57
batch or interactive, 56
central processing unit (CPU), 55, 84, 88
color resolution, 59-61
compilers, 58
display resoliition, 59
image processor, 60, 82, 84, 88, 120
look-up tables, 83-89
mass storage, 58
operating systems, 58
random access memory (RAM), 57, 58
image understanding, 56
information classes, 179
information extraction, 23
thematic, 177-233
instantaneous-field-of-view (IFOV), 4, 28,
30-31, 37, 44, 186 -

kernel size, 139
optimum, 145

land use (cover) mapping, 3, 20-22, 177-
233

line dropout, 95

line start problem, 96

local operations, 117

manual (visual) image analysis, 6-9, 23,
169 :
map, 225
assumed true (ground truth), 225-227
remote sensing derived, 225-229
map projections, 23,103, 108
conformal, 108
Universal Transverse Mercator (UTM),
108-109, 236 '
equivalent, 108
measurement vector, 64, 156, 188-189, 214
mean, 64, 189, 206, 209, 220-222
microdensitometer, 12-16
flatbed, 12-13
rotating drum, 14-16
model, 1, 3, 7, 255, 269
multispectral, 13, 177-178
classification, 177-233
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off-nadir viewing, 39
optimum index factor, 90-91, 136

pattern recognition, 7
photodiode, 17-19
photographs, 11
picture clement, 12
pixel, 12, 44, 63, 179
point operations, 117

radiance, 137
rectification, 103
reflectance, 35, 120, 137, 159, 167
registration, 103
remote sensing, 1
remote sensing systems, 11, 20-23
aerial photography, 16, 21, 31, 183, 238-
239
aircraft multispectral scanner (MSS), 8,
21, 41-45, 183
Heat Capacity Mapping Mission
(HCMM), 21
Landsat multispectral scanner (MSS), 20,
24-30, 236
Landsat return beam vidicon (RBYV), 20,
25
Landsat thematic mapper (TM), 8, 20, 28,
30-36, 180181, 236
NHAP aerial photography, 16, 183
NOAA AVHRR/2, 20, 160-161
NOAA Coastal Zone Color Scanner
(CZCs), 21
NOAA SMS/GOES, 21
Shuttle Space Imaging Radar (SIR A-B),
2t
SPOT High-Resolution Visible (HRY), 23,
3641
Thermal infrared multispectral scanner
(TIMS), 22, 42
resampling, 106-107
nearest-neighbor, 106
bilinear interpolation, 107
cubic convolution, 107
- resolution, 4
radiometric, 5, 20, 30, 37
spatial, 4, 20, 30, 37, 44, 186-188
spectral, 5, 20, 30, 34, 37, 43
temporal, 5, 20, 30, 37-40
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RGB, 84-87
root mean square error, 105

software, 51-53, 61
SENSOR image processing programs, 61,
Appendix A
BRIGHTNESS MAP, 81-82, 211, 309-
322

CLASSIFY, 211, 355-363
CREATE STATS, 323
DIVERGENCE, 201, 346-354
format of the files, 273
HISTOGRAM, 69-70, 299-308
LANDREAD, 47, 277-284
limitations, 273
PIPED, 197, 337-345
PRINTSTATS, 333-336
STATISTICS, 68, 292-298
TMREAD, 47, 285-291
TRAINING, 188, 324-332

soil brightness index, 162-165

spatial dependency matrices, 170-172

spectral classes, 179

spectral reflectance curve (signatures), 35,
159, 188, 42

spectral signature extension, 188
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statistics, 63-72
accuracy assessment, 225-229
classification, 64, 206-222
correlation, 66-69, 151 _
feature sclection, 64, 157, 198-206
principal components, 64, 151-157
regression, 98, 101, 109-115
univariate, 6465, 68
variance-covariance, 6467, 153, 190-192
stereoscopic viewing, 7, 38
SPOT base-height ratios, 38
striping, 95
sun synchronous orbit, 26

training sites, 7, 120, 177

U.S. Geological Survey 7.5’ and 15’ quadran-
gles, 108-110

vegetation indices, 157-169
vidicon camera, 14
vignetting, 16

wavelength, 3, 35, 159

zooming, 119-120
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Einematic qre positioning of alrborss platforass couplasd
with aerial photogrammetry has bevoms sn oparsticsal realddyy
within B03%. Resl tlse oPFS positioning is ntilized Xov
nevigation, shils post provessed tarrisr phass differsncing
iz smploved Yor syposurs statisn lomatdoms. Binos it f& aob
prasently practicsl for the syposuxe station svent to
eontrel the 688 sollectlion, the anteana phase senter
position &t e tine of suposurs sust be compubed by
interpoiating the ailrceaft fradectory after the appeopriste
tining blasses have bsen added te the ohesrved exposurs tims.
This papar will dlscuss possent and fuburs nethods fop
dsternining the position of the sxpoasure stabtion swvent

Rinssatis 508 positiondng of sirborne platforss coopled
with ssriad phditoorvanmetry has becope an operationsl reality
withdn SOAK (Lapine 18803, Real tlme P8 positioning is
abiliced for anvigatlon, whils post processed osrcler phass
differencing is suploved for sxposurs station locations.
Vaarly sveary Noki: ssvisl sopping project suploys suoe
cosbinatlon of sirborne 8F8 and ground contyel fox %ﬁa
sarobtrisnguistion process. In svery osse, The reguirsment
for qeound contrel has beon reduced, Opeputional sfficiency
has inoresssd a8 the nosd for sapensive and lsbor intansive
ground contrel hes disinisdhed, This teclnology is rapldly
saduring such thet it will becoms the mosb coasersially
wiabls approscd for serial sapping. Commsvoislizstion will
b heavily depsndent ob instruserdation, oupitalizstion
conts and procsssing sfforts, 211 of which ave now in the
favor of the techuology. Instrwmentation i svallsble an s
resolt of other ¥ and photogrsmetvic spmiicstisns.
Sapdtaliization oosts hove decreased as & revull of e
invresssd morkel shave of PS8 in the survsylng aad sapping
fielde. Post provessing softwars has beer improvad by the
mapufsoturare, acaderia snd federsl seotor {(Hader 1883% to
tha point whers wsey friepdly softwars ls officlent and
readily svailablse. Since % is sok prosently poesible to
sanple the oFS signal st the instant of ssposurs, scas fors
&f intarpolation of the SP8 positionsl nforastion s
reguired.  The pitimsts goal is to selsot & sampling vabe
and interpolation model wmhich yisld suposurs statlion
acouracy conpensweste with the fnsl meppdng profuct while
wh the nawe tise pindsizing post processing affosrd,
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The B8 recaivar collacts the carrisr phase and paeudos
rangs ingormation partaining to the trajsctary of the
aizoratt theoeghoud the photo nission. The raw dats ls post
proceawed {nte tradscbory informstion consisting of &F8
tinectagoed geccentris positicns for the §PF8 sntenna phass
gentay. This position s corvelsled o the CREOTy SXPOSRTR
station throaxgd tise and orlestation of the spatial offssts
hotwsan bws oarigine, sarth center sad phote genbay.
Sxposuras ravsly soincids with the tises abt shich the
ardenna powitions ave racorded. Thersforve, the antamme
poaition 40 the time of awposurs most be ccaputed by
interpalstion. The camern syposurs staticon pesition can
then be detevsined wsing an orthogonal thrse-dinensionsd
transforsstion incorporating the spatisl offazsts botwesn the
snbrancs pode of the lans spsbes and P8 antenny phase
cantar and & pcisrl setismstes for the slsments of axderior
srisntstion. Thess g prior] estimates say be rafined during
serobriangpuliation and BoYs accurabts sxposurs stations
sospated afbsr saoh lteration of the savotriangulatisn
sointion {Incas I98§). The svror of the fndividual
soaponent observabions can be propagsbed during this process
o viald 2 varisncs-coverisnes metrix for the oamery
sxpostre sbtation.
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A8 3 FINOTION OF P8 SANPLIRG RaRR

Sinoe {t is nob presently practicoal to sontroel the 688
sediection b the suposurs #wnd, the sptonng phass santey
position at the time of axposure Busl De oompuled by
interpolating the airsraft trajsotory after the appropriate
timing bisses heove Deeh raaoved from the ohaerved Ssposwrs
time. The sxposurs stalion position scourscy 8 & Punction
of tha kinewstico pomitioning sccursey {1 o 2 on relative
aosrasy for sost gendetle guality 88 yeosivers), sassplisg
rate e interpolation wodel. 688 rucelrer manufachuses
heve invressed ssupling rstes io part to snhancs the
socnrasy of interpeletion. The isciinsticn would ba te
saRpie the SFR vatsiver st as high & frsgusney 3s pootille
o minisndze the time Jiffereance batween S8 epochs and
gepomire tives. This practics slss incrsases the processing
burdan. A wore practicsl solntisn wotil ba 40 salact &
saapling rate and interpodation sodel which Piald saposure
ghation svcurasy commansurabes with the final sapping produck
while at the same time minisising post procsssing effoert.
Sparstional sxparience gainad by 80338 beas desonstrabed thal
3 3 herdz 8BS sasple iz sdesiste Yor phoeto scalse sz largs
B 1318,080 wvhay using ths intarpolistion model dlscussed in
this paper. Righer saspling rates or ssvs 3ffsrant
interpedation nodels may be necsssary for I1ow altituds
{lavger scalsl phobography o sooomscdats alirovest
tradectories infivenced by sbort peviod turbulsnos. To this
@l the following snadysis of the interpeolation process is
prasented.

The SFF slgnels are generally sasplad on & neacly

wniforn time interval affected only by & very samall {ouw
wsegSEee) (Bing and Dooborswe 18388} 4rift 3o the recsiver
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slock.  The sigmals, subesguent to balng post-procsssed
ganerally bave receiver sluck drife pemoved and are Sime
shifted s thet all antenns positicns sve sgually spated in
Tiee.  The (pterpolation becomes simplified sincs the dats
polants ars svenly apeced in time. &3 mauticned sbovws, the
langth of the uniform interval {tise betwesn sucosssive
ppochs of ﬁatag in governsd by the SBS recelvar hardware ard
By be the limiting faotor fov the sopurate interpolation of
The wxposurs sbation position fron the alroralt frajectory.
The lnterpelstion precision s vall corrslated to the lisil
of positional rescliution which css e sepsctad fyoem
kinematic G988 (lapins, 1981}, longer tise intsrvals degrade
the intsrpolation. The following axample ussd SFS dads
sedleckead ab o I-secid vots srd then thinned o -sscond
gnd Segesornd rotes by reuvcving the spproprists sasple
godints, The thimnad dats sebs were interpolsted for ths
rissing nidpoint samples. The P8 dats wsed for this test
came Srow tue dats oty oollected aboard the NOAY Cltatliom
3T 4ot snd one Sots seb fron the Texas Bighusy Deparbesent
Eing Alr Turboe-prop. Ocuparison of the Intarpalisted
positions with the chsarved positions indicste » stendard
dovistion abont the mean Gifference sn great ag 43 o The
number of sanples whoss ponition differsnce was greatar than
gﬁ cantinetors wes recordad for each dats sel and reaported

5 Table I. -

The Cltation snd Rimg Ady gesults ave still ‘
comsansurets with kisssstic ponitioning expectations whan
thinned to 2 ssoonds.  The sasplis standard deviations for
the duta thinngd to § ssoonds for the King &dr swgosst &
serious degradatisn dn positien. 1% s indsvesting to nobte
that the sagnitude of the stardard devistions sssocisted
with the NOAR Ciistion ave differsnt frow the Texas Xing
Adr. The populstion wariances were vested and fallsed ths
eguality test based on the ¥ statistico (Sasilton 1964i. Tha
Sifferences batwesan the 2+ and S-gevond populisticns sre sost
likely osused by the insbilidy to nodel bthe sirgrsft
txaisctories over & bime span greasitsr than & ssconds. ‘The
differsnce bebwean the FOA3 and Texss populations may vesuli
from the sape faabdility to modal e trajectories o say ke
crused by a lavger signal-te-podse ratie i the ressivers
wned for the tests (Hiffervsat msnufsobturss). The trend
indicates that saepling intevvels grestey than 1 sscond
phould be avolded 1€ the fall scoursoy of kinsmabic 8P
positioning i reguired. Howewsy, the good oompariscon
botwean the dats thinned o ? sadonds & observed positions
does velidate the abllity of the Interpolation procsss whan
saepiing 8% 1 harts.

An istersaticy slternative o the sbove tining
sivoation would be to sotivate the vanesn shubbter with the
I-pavond tislisy pulse goneratsd by the SPF regelver.  In
this provedure obe ey be able to wantively sliminate the
time Aiffsrence hotwean OF8 fix informstion end exposure.
Interpointion of the OFF nevigation £1ls wrould be slininsted
exeept popsibly for a constant time offsel bebvesn the
Bindng signed and tha camsra response $o the sigasi. &
short tesd condncked sbosrd the NORR alvorsfl dndicated thet
the time delay world be an ithe order of 0.3 sscond for the
partloeiay Bild RO-10 comars used in the test. The caners
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pervies sanual stetes that the nexinum tine delay batwesd
rolating shutter blade opening and capping shulter delay is
g the order of &.070 second. The tiss delay depends on The
shubter spaed, posdtlien of the rotating shulisr blades ab
the tine the pulse wes indtisted, snd the vaguum stabus.

One sader probdas with this procsdire would be the lnability
2 socurstely contyal ceerlads

Pabis 3
Traluation of I~ and S~Second Sanpls Bates for GRS Phase
Inforsation During 2 Fhote Hisslon

Adrorsft saupls Sampls % o¥ Heansstd Dev
Tepe Slze Rata sSREpls o Samples {®m}
» 20 cw X ¥, gnd B

Ring Aix  Snoe T fan i% . BRGAT . DER
m@&ﬁ@ifﬁ i B

0.001/0. 114

Kimy adr 1039 & meo 58 . 0828, 270

8,084 /8. 438

~{, BRTS0. 409

Sitstion 194 T san 4 &, 00878, 831
. 00050083

=%, SOLS0. 088

Sitation 1503

P2

B8 5 I T
Q00170084
0. O05/0. Q83

citsbion 893 & weo 33 0. 0000, 282
¥, DU A0 261
£ Q0240 283

Slvation T4 B ey %4 LU0 70,388
. 00870, 274
~0, GOS0, 281

TETRENOLATION Ansonsy

The oiective of the isterpolaticsn iz o oospute, wsling
& Limitsd porticn of the savigetion fils, & position for the
anbenne phasy centsyr ot the tine of exposure which s within
& half spock of the centrsl tise of the linmitsd data sst
Lo, lome than 8.5 second for s l-Herty ssapls.

The Interpulstion algorithe uses & ssoond-grdey
pelynonial whoss thres coefficients ave seolvsd for by lsast
aguares sethed. Ths pelynonial caprasents s curve whiok
fite the slrvoraft trajectory over a S-spoch iod. A
different curve iz £1t B0 each courdinats axiz. The
sopfficlents of this polynonial oan be naed Lo compote the
sirsraft poalition offset, velooity and scoslerztion in sach
goordinate dioection,
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The following models are usad for isterpolating the
sptanns phase canter osordisstes:

Xy = &, % B, §*€§B‘§ {1}
’Lé ® Ay + by ‘3@2 {33
X owom, b b+ ok} (1)
whare b, » tlme, » timeyr when § = 3,3,.0.8;
%imx is the central tims snd -

Ty =+ o« B ave the five consecubive time tags of GRS
antenns phase center positional dats

Sizdlisy sguations could be writtsn for the oftheyr Lwe
modedg

¥ omom, ¢ bk e ot 183
P oA+ bbb o 3

Tha unkhowd parsseters for ssch scdel oan be ralatad to

dlstance, valoecity snd scoslerstion v Aiffarantisting the
above eguabtiong as Follows:

Sistanos ﬁ‘m prigin = a, {6}
voloolty = gK588 = b 4 Zot, and {73
a@ﬁazsxm:iaﬂ w R = 3¢ At By . S

The obssreation sgustions sres

{83}

vem g b Bk ok - X =g ,
Y %*ﬁt@a§t~m§m& {16}
LR S R S T £11}

Thee ﬁmﬁmmimt sabtriy slessnts for 13i thees modals
ayve the partial derdvatives of the sodal with respecst to the
uoknowns.  The coefficient matrix is the same for &1l Shres
wodels, as followss

- “(t,oty) - (¢t
-2 - {5ty .
A w -3 ~ (e} ~{E-ty)? | {323
-1 -8t (e |

Fros this point forwsnd in the disoussion, tims
diffarapoes will be denobed as sleply "N Lo slapiify the
sxprassisng.

The cbsarvatisn vactors coeposad of the chessyved
sosrdinete values for sach SPS spoch avss

for ¥3 fax ¥ for ¥
- ;% - §’§ - §~a
T R - o Ep
- By R = g {13}
¥y ~ ¥ = By
" ¥ - ¥y = By
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& leart s@isres solution mindudsing the function
PHI s ¥ 3 ¥ {14}

iz wesd bo molve for the unknown paraseters (Uobile 1988} .
The P setriy is the soslad inverss of the varisnes~
sovardancs astede {(Siges ) for the observed guantitlies.
The scaling is reprasentad by Sigmaﬁﬁg‘ the varisnce of unit
welght, o in this cwse has the valus of 3. The sslutise
for the unknown parsseters begins wibh the norssl sgustions
voted ag Tollstess

¥, = AR, + ¥ $15}

¥, = AR, + ¥ {3183

¥, = + g £173
whares

¥, = ~{A°PR) Yeartpuy £183

X, = =~{A'PR} A RY) {18}

K, = «{R'ER} (A PY} {20}

Ard the * o avsdol represents the (ranspons satrix. Por the

soment copsider the weighd sebriv P it be the ISssdity
matedx X,

2538 = & st osp¥
5t 58 = {21}
R AN S A

AIIR = % L T
AR S - S AR X {23
eSS IR X N R A
sinilay sguations oan be exritban for AR s A DY.
IR COVARTANDE URIGET UNTEIY POR O QRIURTARIORE

The varisnceesoverisncs madeix, P, is uvesd to waight
the vontribution of sach oheervation conmideping the span of
tise bebween the centyal sbeervation point sud the cansrs
syposurs station. The sssusption iz sade that the flve
shasresbices e indapendant and, thersfors, The oo
warisncss babtween shesrvations are 2avro.  Ssveral differant
cholces for the wariances wers considersd. The first cholos
war aguml weights. This cholos wis ot considersd
appropriste consideving possilds nop-unifornity of the
rafectory. A ssoond chodos wag o oconpube the varisnces by
giving more waight to the center wvalue of the interpolstion,
& sentoal welght schems. The Justificstion for this
decision Ix bosed on the incveasing Sifficulty to aovurately
szl 2 Lrajectory sz the distancs babwsan the central dste
point and its nelghbors increasss. Thiz fact wae confivesd
in Tebis 3. The waight for the central valus im, thevsfore,
greatast wilh decretsing weighta for the other dats polanis
sy the tisne span foom the dats poind to the cantral walue
intressess,  Several centesl walght systoss wers toled
including the use of the Geomsiric Dllution of Preacision
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{Spdllker 1980}, a0 sstimste of OFS ralative acouwrsoy,
wrtsined frow the satellite geowmetry at the ime of
sxposwes.  The fissl scheme woighte the date podats &9 8
incmial sspansion technigue. The sentral varianoe was
chossn o be 1.0 onf.  The following formis for the
variances of the welght matriv (Sigwme,) follows:

oo, W & o & &

e sleg.01 & & s o

& 8 Prg.0y &8 . & {23}

& 8 & LT

& o o P 2Rag, 81 m{_

LY

§ onf 8 & 8 &
& 2 ot 8 8 8
& ) 3 ewd & ] {24}
& & & 2 ot e
o @ 3 & 4 o |

The tiss separabisn frowm the central observation is
Srversely proportional b0 the waight. So corvelstion was
considered betwesn cheervations. The P (veight) satrvix s &
Alagonal meledy with the following sloments whan a 3 Hepts
sampls rate iz uged:

Py o= 2.0 Sdgmady w 3482% ¢ poox 2f) L2853
By = 1.0 ¢ ms;m; = 3;&* 2 8,01 ¥} {283
By = 1.0/ slgm - :i;w s 0.0 »Y) {27}
Ba = 1.0 / Sigmal, = 1;{2 ® .01 wﬁ; £283
Py = 1.0 ¢ Bigme® = 1703% * 0,01 »%) §29}

The aoprlord varisnoe of undt weight is 1. 9. Tha
validivy of mm waight m&m gan be proven uaing & i
Sgusre bteasd of the g posteriord verisnce of unit welght
againet the g prised variance of wnit walght. The test
Indicatsd sgusl varisnces in €3 of 4% selscted interpolation
tasts. The validity must ba tewpared by the knouwledge that
the degyvess of freedon for the tesd iz ouly & {musbesx of
shasrvations ~ nusber of unknowns, 8§ = ¥ = 2R}

The intespolisted valuas for the andtenne phase venter sk
The tine of Lhs sspozure ars ayprossad ag followss

Agp = Roi1} + B mﬁgmm = time) +

B A% %%{*&:m m%g {3}
3} ¥ Speitdee, o~ timegd ¥
x}?{;fi{izimggg ’ time ¥ 3 e313
S {1} + R {2y {time . ~ Llumed ¥
gxiﬁse*{ﬁmﬁg i.i&%}gm * T §3R)

3 fingl note, the model used o Ude papar only
&memm& the asckesl trsjestory of *&:&m alrozadt. The
mothenatioal sodaling procesy sote a8 & filter, sepobhlng
The slrovads tradootory valng & second osder polvecmial. It
would be Inberesting to sxeninse the sxbtand of swoothing

NEEREVTTN
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which aotually takes placs. The sodsd is wvalissted by the
resuites Jllustrated In Tebde 1. This ssame mogdel was
indepandantly developsd by James Lucas {lucss 1989 and is
survently nesd within the Hatisnal Seodetls Survey.

AWTRENR FEASE CRUTER TRABSFORMRFION PO REFOSURE FTATION

The lonterpolated geccentyic pesition of the antenna
ghsse center at the syposurs tise can now e transfovsed
through the previcusiy deteruined sysbtes of spatial offeets
e the position of the sxposurs station. .

Rrrorve intpodoced by the shesrysd guantitiss ang
intarpolatieon modeal oxn be propagsted through ths sbove
gysten of interpolatisn sguations if the varlunves for the
ko parsesbers snd tise con be sedimabad.,  The warianges
covariance for the pareasebses i obtained frow the fnverss
of Lthe nrormel sgestion matyvix scaled by the a postexioxi
varisnge of unit welght. The ssibaate for binming srysy s
gbtained smpirically as follows:

I, Enowledoe of the precision for the 88 ¢ime tagy
which are recsiver dependent.

R Enowledgs of the uncectainty in tising dalay
batwonn the camers and oBF which s P8 receiver and oumers
seatan depandent.

3. Encaladgs about ths wnosrtainty of shutber tiadng
offest poasursment ab tha widpoint of shulter spending which
iz onmers dependent (Taylor 1884%.

Tha first two ervor pourcss sre insionificant ,
sossidsring the valoolty of the sivoraft and the stadbilivy
of the reosiver and tising clooks. The largesst contribubisg
Lactor is, thevefovs, the shutter timing offsst, This syyer
is currently sstimsted to bs £.0005 zen {Tacas 1889). This
sstimste @ill Jecrasse in magoitude as cawers menufecturars
rafine indernal Gining technloues associated with forwvars
wobion conpensation reguiressnts {(Coker 198%). The srroy
aptisate for the S8 positisn is glven 2 % On in planimetyy
and 4 on in alevation (Hader 1833} . These walues have been
sosaptad & true.  dssuning that thare iz no oovrslstion
hatwpan the §§§£ﬁi§ﬁs timing a0 wulknown parsgetess, 8
sosbinad vardance-covariance matriy can bs derived. The
derivation tan be found in the suthor's dissactation {lapine
P81y will ot ba devalsped at this time.

Several sssugptions sre nade sbout the casers ang
sircraft atditudes and the resultant contributisn teo tha
srror in the axposge station positieon:

& The onposire station will ke defined & $he sntrance
node o the lens systen of the caners.

B Verticsl photography is sssumed g puiori and rofined
during the servtrisngulation. The initial swing sngls
s setlmated by the avleuth bebtwenn two oonsscubive
antenne positicos and can be vefined as Inproved
Enowledge is obbained from ssootrisngulation.

OFRKOTI
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£« The pltah and deift sogles are seasured botwesn thw
airorafl and the camsxe. The pitoh and Srift sngles
rare Isve when the spetial offsobs wers seasured.

d.  The varisnos-covariances setedx for the suposure stabion
aan be propagatsd through the varisus sodels wsing a
Rrispd estinmabes of the pranision for the observationg.

The wsptenn: and casers csondinate systess are pights
handed as ace the three robsticns about the CaBera &x88.
Three rotations and thres transiations are vsad in s
transforsetics:

. The antams coordinatas &bt the tine of axposurs ars
corvarfed from WORNE4 rectilinesy to ellipsaidal
lxtitade, longltuds and elsvebion. The letitude {laty
and losgitede {lond ars then used to yobate the WISss
conpdinstes {nto an Bassd, Nordh, loesl wvertical
entad.

B. The covarisncs smatrix from the intsrpolation model
srrer propagstion dn sisilarly trsnsforned o obdain a
covarisnce malrix in the local warkios] sysbes.

L. The spatisl offset components betwesn the casers and
antanne gre then rotated nte the loeal csordinate
sysben andng the standard givbal fors. The potation
alaganty of Napds and dpifs are conbined inte & aisngls
sobation. Robationsl slsments of Ml snd plteh ave
alse copbined. He detersinstion of roll was made
during the fiight, so Oweygs is trested indspendantiy.

IT By ba aegued that e camers rotates shout & sat of
rachanioal glubals vhoss rotations) centsr may oFr nay not be
solnoldent with the exposure station. If thers is any
sucantrielty betwsen the ginbal rotational senter and ths
aapesurs sbtation, then the angles of sxbevisy orisstation
can net be algeshrelcoally seamed with the cheurved anglas of
pitoh and swing.  The scosutricity Siscussion will hegin
with the particular situation encountersd in HORAYs
zggiiafﬁian wherve pitah and swing angles are swall {less

a5 .

By design of tha RO-I8 cspers mount, ths optizal axis,
aboul which swing is npessured alse colncidss with the
verbioal axis of the sount, therefore swing and Xeppe angles
can be conbined without an socentricity coresction. Swd is
B the case JYor the plich angls, The exposure statisn hag
& vertical sepavstion nof ag@x@ﬁi@&t&&y 27 me from the glubal
origin {the gisbal center is probshiy at the camerats senter
of grevityl. The slzoradt plton yelative to the csmsrs
BOURE wan noasurss doring sctual Flight conditions amd is
refaxenved to the §imh&§&a A waxinog and generally constant
pitoh angle of 1.5 wan scasured and ooourred at the lowse
limit of the Cltsbion's opepebing spesd. The LCUNSHQUENORE
of nob taking the sceentricity inte account are as follows:

Herinun ploch errey = 0.02%% & 2infl.5% = 0.8007 =
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& displacement srror of the sxposure station of joss
than 1 =n in the Sirsotion of $light ds introdussd 1f the
stcanbricity corrvechion is neglected. In the nost genersd
RRSE, & oamere wowmt conmlste of a double concentrio twe
Srthogonnl axis glinbal. The mechsnival design of the
glgbals and the msgnitude of the rotation angles say dlotete
2 more thorsugh fswvestigation of the effest of the
soventricity.

_ The gisbal fors rotation metrix (Hecohant 18883 is
Toraed by the product of the thres independent rotations of
piteh roll and swing. Ths vrder of aulbiplication is
lzportant only in the guneral case menticned above, The
grder of retation for the spesifis case iz not ceitieoal,
sonsidering, the deadgn of the casers wount, magniluds of
Sy anplas {goasrally less than 2%, and the fack thed the
rotatione are belny trested in & pursly snalyticald
sypelication.

The conbioed rotation maleis would transfors survey
sovrdinates o phote coordinates. 2incs the spatial offsels
&re meagured In the phots syehss, the transpose of the
coakdined motedx is regulvsd. The product of the transposed
wmabriy times the spetial offsel veotor wislds valuas for the
apatial offssts In the survey sesbten. The spatial sffsete
may now be alysbesdoslly added o the dnterpolated position
of the antennz position at the time of sypopuve. The resulld
is » seb of 4F8 coordinstes for the sxposure station and the
sostadated sstinates For the positiosn prescisios.
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Figurs 8.3
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8.2

N C and GPS Information on Video

Qverlaying LOHA
imagery

The Compte IPP01 tnferfaces with several alsiealt LORAN
T iavigation recelvers {sos 8. 5.24). The Compx 1PN
peeriave e Sllowing LORAN © dute onto e vides

*  Jdettiudesnd longituds, displaved in digress,
mitnstes, and dechal minites

» m&?ﬂmmm&&m&‘hmﬁmm@ﬁ;ﬁ&&&?
¥ gdete

* Hoe {4 he. malitaxy fovenat), bo the néarest
secvnd

See the Compix LPYOT Operating Instrvictions foe
additionsd information on' the varions LORAN © recolvers
cosnpatible with the Compix.

5P8 Rocolvers

The Compix LPFO1 interinces with the Trimble Pathfinder
TANS, NovTre, sod TronsPalk 1 G628 svigation receivers
{see 8, 8234,

| The Comphs LPPOT overlays the following GBS data snto

he video magenyy
® track of e alroreft fivue heading in degrens
¥ ground speed fknotsfriph)

*altiode fnean son Tevel Mheiphit abive
slipsoid

® Gate
* Iptiode wntl longiude, displayed in degres,

winuter, aad decimal minutes, or degress,
minuies, serorads, and dechnel seconds
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Hi o H'thy Songis Video Baption 0
Serwaid”

* Ume [isplayed 11 24-hn, wilitny format.on
the ntemal ook, Grin GFS tme s the
ronaiver)

See the Compb LPPOY Operating Instructions o
rlerrontion oot how to set the dinplay parameters,

Figure 828  LORER C rucatvar

Figure 30 GPY rocviver
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08 Foveat Barcdes
Retdomal Poreste and Sanslend o Tase
T B, Flret Simssd
Boclldne, TX T

hy I cuerping 88 & remdte pousing ool awailable
grow.  Beoent chasges o thie jeotnology bave nads
wides 3 wishis seosce For the soguisition of fiesly {nforseiicy for
Pesoures stnepsaent spoifcetions.

It v dmpovient o wderataed the rols widengvedy can plaw in Sle
o S gl avenr reladed fo sadeddng  semdel surowy
spohnsioging., Forest Paest B rent (FEER hoe e responsibility
for the doteshisn, svaleatdon, aod somdeol of fosect o disesse
m&@ W m §§$£m§§ §§m§ SRERARRRONE o '\w mw&
roquine aatinstes of the locatisn mad intensisy of peet dasage o
plan pad coodent suppression or salvage progvess.  Often, these
sstieatan ave cbualued Droe ssriad Setwobive suvesys conductad for
Bhe pirponn of Slacovmedng peat culbrenky wen thay Tisst appase ow
grs dn the miwmg shapss, ol fo poniter changes.

Oftan these surwrt e flows e part of s ongdng aysbemstic
aondtoring plas. Hstovically, sexisl detection smuvveys have desn
of teo- basle mpes: {4} vissel shatuhesppiog sucvers, sad {2)

¥ i the techwdgue of Salfvewnting the swvss of
dunage onbe sage baeed on ohesvesdions By 8 peat
gpecialist flpiag in » el slvovefe. Sevdal sheichaemdug hes
baan the stet officient ol stomomiosl methed of fodenving sl
[PV ceragndsahle peat demage over lerge rewols fovest avess.
ing Is Mphly sdjsctien, owevery the vemditing duty osn
mmmmmmmwmwmmwmwmm
sonditdone under widick e date veve cbdained. B bwo skelcheagpecs
mvm&m.memmmmﬁmmmﬁsmmmm
the sy wiy. For this resson, sketcheupping shoudld be ropsedsd
pore a3 an vk then =¥ & mwct sclewes {Elats et al. AR,

Shen wn outbossd $8 dobssted, 40 caueel mpeel sad host  eew
identifted, and fta Jocation ds secked on the surwey mep.  Shetchesp
BeEveps sy wesd B oooond ooxtent soer Jelnlistiom g BPtaIity,
Jocats vow infastation aeene, Selecht sew and potentdisl pest pohisee
fer geound  sonlusiion. stewtdfy dessps  (otanedty  for asedsl
shotopraphds surveye, and poovide eaonnds of pest sutdcwsks and
Shalr sate of sprsad. Although aavosl shotohuap surveys  wwpply
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FRROUTTS BRUAEEE with ctrremt g seeful doformation sdout the
shatue of posts, sove relisbls teacts seneing technigues nowld
proids faproved dats o the locetlon and axiant of the pesy demsge.

m m&@sﬂw Lomenk m@ S8 seane mt&v&t@ TR ?‘m&% im
: mmemmmmmm curvend andine tedal lewsls of

g and wmerkalilyy foom pests.  Photos poowide & Ristoricsl retord
zﬁf‘m&: #otivity and beve been used o sondter SN rebw of spvsed
and toeads of & et owed s, Chandcel, Malsgicsl, &8 oltursd
restusnt satlods csm b suslueted using wseeial photosvashy
fetarrias e watation Seargs prsanied.

Hoeh serdal shotomewrety mﬁm‘&m iIn peat =

&mﬁm m&nﬁ s Tooad olasses <~ aspeing MWW msi sampliing
shotography.  Sepping rhotopesply 49 peoeraily uesd for sapsdng the
Sotel mm&: of & pest proldss (Salivsating polrsoss of demsgnl, o
sapolag 8 peat’s vapetatdon type. This type of photopeapdy wmuslly
TEETE &  Jagge  gfoonwl  seme & therefore  sosddsr e
shntadadarerelar o chemws  vEEdous  petlerms, rowads, sd
Sistadbuidon of e past m&&vﬁt@u Sawpling shotograpdy  da
Iy veed with some type o suvvey saspling desdge. This twpaw
: raghy 18 uted wden £6 I8 m spevetiteally feawibla or coed
effeciive to evalnate 100 parssnt of ey sves of conceen. &
saigifng denip viliadng sorial pholos oEn by seed W s&&m m
entinele of geet sidelity w0 the hota sutinnie DRn Sm stemsgiharnd
by ground seepling. S&m@ woBt sempling

lzepre phote ssules ; ;

sosh 88 Dres mmm* ifencifinble past QWW aad e §mwss
s, {(Myhee 39883,

T we of sedsd photograpdy w8 8 detentios sethod has cevbadn
sdemdeges snd 3 very weeful, Rt $% bas soms Sdesfantapse s
éiﬂm’ﬁiﬁmg The peduayy mmw“g of photograpdy &re they &
ervaanast (sape pgord Is possarved fov & polotednetise and ches
WWW Pooaides & Ruerow a&’ duvailad dnforesbion. Theough the
pay of photadaterpersiation ceclnizoss and squipesny, serdal phedow
car provides suve scosvaty fofommtion han shetuhoagping ssthods.
@m s}i‘ m gl Sissdvantsger of  oslng S0 loprehy e
shatchampeing {s e gh coet s the cemunt of iy roosived dn
W&W fila wand pedudte, dotevprebing shotew, and ivevsfersing
Information foce photon o 2 msp.  This delsy can svverely dspect
ayprression asd conteel decisdons,

mmmm in wides techuclogy was penersied witida Foreat Dest
anngumenk (PPN} &0 @ fvol to wohaoos sod mupplesent the szfstdeg
mmww survey tevhniges, o o FIX1 sue wlwee  sepdsd

¥ OoEurvere vy oot Bealng wdillesd See o 4 Pidap

In the mWS-1N00s soprovemants were sade dn Smepe  guality,
affordadiilty, ad potedility et e wides  souiteent
Daevenningly wiskie as 8 veasie sensing tool. o 1886 & tewt was
condocted  to svaluats the spersticns] Deasidilisy of & ouloe
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fnfrarsd {UIH} widen comers for foveat pesy probless,  The cssers
geed is this lesd wax o probsiyee (IR censes dwveloped by e
Undvsrsity of Biressots, od iz oow sschsied wnder the teads pase
Bloviaion®. The objectivs of this sssossnant e o Sctecsine §f
I8 wideo isepery ohbainsd with an slrborse widen casers i mm
af Setacting serisily wislkls tvee defolintion 208 oortality coma
§§ forest fatenie. T gweonl contlusions sere ppasend §’m e
ﬁz&m &F the widso fewmgery. shetchsep date, s ssvisi
ghat ghy. Flost. e Sgres of 4stail possdble 8 sexdog
clansts eaf Safddistice froe vides i siporisr &0 that obtaivabis vl
the shetehuapping Secdndgus.  Seownd, the poeditlonsl scowewmsy of
WW {m@ locebdone) of dossoh Jeeape soonare 3o be pronter when

e 3 vy (Ros e 8. 188}, The Sscouoaging wart of
mmammmmmwmwmmﬁ robs cawnra.  Bowsver.
sned ittty resnils e shtained frow Wis soussssemt st

3o 1588, Pllcwing Do § widee et previnely Slsoresad, BAG
peceaenl  oalentsd the stetus of ooesernislly swsilshle wides
pechnedogy tiet oould Do sdopled P slrbomme we  Juwr intendt wes
o sventueily Seplsy elfer systass o sultiple fi8id locatimme, 3o
e sesdedsted e evsluatisy I amwi&iy svallablise
ol -the-sbelf® rechnology. The svalustiite produced the foliowing
fefosmatdons

1 Mee aodid-atale cotsoas pelng chavped couple dtvien (OO0
SRR B0 Nparisy 1 b ConEreg.  Solid-stale CRISNRE BEPR
Tosd prome o donuge fros witreidon saldag thes sove suitedls
Lo pdeenadt pevation.

2. Soatlurad widen comsras ave svsdisbls et profuce highes

ety feagery by swdocdog blue Poow dsapw souios and
sibreticn Hhet sriss in adchoves opavetisaue.

3. A sew rocording systes called Super-WEE {8-VHS 18 now
gvallsbde. S-VHR hes seversl alverdsges vvee PR, dacluiing
dnpressed rexclution (30 linss of bavdzontal vesslin ims fox
SRS ve O Uises for THSE, feprovsd solor guality, and
ww gignaleta-ncise ravin @m@ jnensased band Wi:ﬁi‘.%ka

Braed o the ouw sdveoconenis o vides. TRE/EAD sersounsl Saveloped
N gistorngy w8 ?W anitabls for sdfivessing forssd past
panagtaent wnlications. This pachkege consists of s alsbomne widen
mm w@s&?&&m sodale 238 8 widen fnegs mocesalisng sohds (Hebre
sp al, 30903,

gﬁ?&% mm vmm mm mmmim sywbam doveloped by FRNBAG
conadstr of & vgrdety of aodpcrants that ke been ooseoltduted fate
sne phokugs.  Hany of these tonponents sog cossesudaily sesilabis
fron varlons wenforg, Shile & fov componests soartial o Idnidng
e syeien heve Doen Sevelopad by BN, The sponially Seadgned dtese
fuclode e widen g et slisotranin  Jusotdon boaw, o
spacfeideed oabling. Yo components ow sow baing tustts-gade
soupsreialiiy.

? Heabion aof Mm& pendunts fg Tor ocwnenisswe mly sd dous
net fagdy endtvsessnt by IO Porest Boredow.
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The alrvborne syntox hae besn developed wrd fleld tested uwing the
mi@m&: dMacusasd  latar dx this psper. Using eguipesat o
ponenty  oider  dhes  the  apecified  dtess sey  vemumit o

‘ dsage  guellny, op peohiems  with  fawgs

mwﬁmimmmﬁmmmlh&wmmm 1% cwn b
ol desaliately In sngwment spelicaticns. This ues ssn Bo s
sinple @@immﬁ&w&mmmmmwmimmma@m
e do shobchesppinag v the offlen. Taws wre, bowwver, Rowe
suphisticnted toads for using wider jsspery. ¥ has been wadng m
B aof Iloags Proossning Spstse [ENS), o prodect of Niven
oo, of Ldoondla, Bawske. N nes o s B8 W&m m:imm
0F% W m -‘ 3-““"?4?:?:?&"2-- ‘&ﬁ‘ﬁ% B m%&% OSSR g ?M mm
SEPOIEE & Wy of pridurel  deviass mmmg feitizava,
flottors, oalor polniens, sCenterw aud opddeal dlse $eives.

HIFS offece the sdeantage of balng side v oepture widdo fremss From
anes snd ooneetl e 1o s Sigitel fors.  In BAO'e case, mm
vy csptured se TIRGR fulss, bot other foossty eve suppovied. nes
the Srases sve stored as digital duages, Mm%g@m&ﬁmﬁ&y
W&t@&wamﬁmwﬁmﬁm ’ﬁwwi“mmﬁmmfs@m
: polvgens of psed sotividy ueisng & oovser oo O &wm

Thin sﬁmm &&m vao by aoved ecusily o w varisty of geogcep
infornetion syedewe For use sod swmiveis wilh otber dats. ‘iﬁmm &m
& naber of sthed inuge prottesing mvetue In e sudet Plscn with
sisiiny copaddidtdes {(Presil v 8. 3988

Y Sergone . ar aele sacont of evalvarise snd
mmxg S Wmm m:ig wmz.m e definite spliontioas @
forant pasd any st aotivitdse. The vides ayste g Sesigned $o
wmxm@ammxmeQQammmmwrm
shetchaspping survey flsbes.  This m&-&m&iw w1 alliow sowe useve
R Badoms Wﬁm& wi&& videography teohnodogy than they would
with sendal plotoprephy tenhamlogy {wmia&y § &y B feeh ?&mm&;
SRBEER mtmin m real aSrattass of fsolesendisg widsoorarhy
the fadd i fevad f the otildey of 2 reuste ssmmgmi :ms:m
hande of the Jovsl resturcy wpperidse thet koow ths countey aud the
mﬁiﬁﬁmﬁ

: ' seguisition aystes omurently o uss by BW
:i& m@m &F the Hliowisg componsnte, sach of shich iz easentist
o the oprratist of the aystes ad the sopdaition of video fwsgurys

The wides cumers dncivdes dhosd major fesbuvew:
{1 &%pax‘ ?@ TowuE m@:‘zﬁmg format, {21 sclidostate chiy sevave
soseiating of these dharprsomnlsd Sevises {IUD) sonssrs vesponaive
el oemwm, s mw Smm gl {9} & wadadds, highespaed
slastoonds shutier gyetee N relucing isege adite a8 Dlursing.
fesars moossacias Inclnde o soow Jang {38 with reaote coevend for
seming sad oepnEure o heisstion  sestaeds & slestyvenis

viewfindar, wd & todpsdespund slapter to attesh e covers to e
CHRETR bt
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Dasmern Botnt., The sound was deadgned ¢ Modd the comers in &
wertical  position  sver an mivorefy  omsers  hols: snd handls
sorractiong For Wp sad 818, aod Spife rotation.

wder. A& porteble B sesceder de wasd Tor secording
mmf ol sndis notes duclag te sission Rlighe.
Wiy Tomdtew. & m;iw sondter S8 uead afdle fe-flighy $o
chaftvn whet 18 being recorded sod to sdfest the cewevs few image
gunlite.

Fw £ BEr.  The alrboone widse syeten Deguires 1 woles BU
Y Ww., Roet  aivcealt have -0 slsctrics)l powsr s
repuize B upe of & 2eD0 o 1390 posery coovasLaRe.

Hewigatiog {LORAR}) wndt o & Qisbel Pesftioeing Sysoes 1P wedt.
T ciptisn uaratsr allcew v wdwr o mﬁw the Sebe, blaw,

Jatitady and Tongituds svoedfustes, ead tvuw headlng of the siroredt
ute the wides frsses ohen weisg 1OB8H.  S1ngt ma@smw
alsy b Slaplayed shen aology GBS, The overlaysd foforestion helps
the user losats and Interpeet b wises issgery after ths fisght.

Slavteleal Juvotion Bos. e juetion b wae Sosigned o halp
mmgﬁz mr of the vavigus osbles end coeponenty o the sirhorne

~ mmmmtmmmxmrwgw§wm&
38 Idad the vevions coaponents Ctopnther. Host of U
m&«im b somsereially svellshis m& &»ﬁmmmy hy emadoturers
semponatds, whils & few of the cables weve specinily designed.

%, Although savigetion syetons 9

SoEpoRang B viden systor, Sy B20e & very
W&w&&&&mm}m&xm¢ sl plare kwy rode & B ovsmall
sivhorss syster spovedion. There are b fypes of glscipowmis
mﬁw‘&m mm a:éw&: have beos tested IR Bhds eider systew -~
LEBANWL, rotndbanad radie revigpsaion spetew) soud BN, & seeailte
Fadia Wﬁm ad positionisy system. Neeizstioe syetoms ave
Tobed o the sapiing gonevping dhrough an BE-IR inteetuve.

Togethar these compotents soovide & compast and versstile fmaps
sogudadtdon septem.  They £i% seaily fnde almcet soy smadl, single
siging adrcralt beviug & S-iueh o lavger camecs hole. A8 the
syates peovides Insland fesdback v lmmgn coversge Rod quelity.
waern oah galokly beouss mﬂe&mﬁ 2 itm wee.

Fldeo technolopy l& repidly changlng: and new, sssrging tecimelogies
#E11 de & paet of the Dtums. 1nm P Seldiver an operstines)
mmg e states of BAN's I9H developmania reflect the syslos
Sisvossed baes.  BAD 130 comtinse w wWw sha atatue of new
w&ﬁm tecdmologier mef shen sporopcists, upprede the spsles sl
s the Beer's Bulde wiih supplesent Mmfm&im

' e Activitien

zss aedae M:imm e atrhores wides techiology & e £33
seganizetion Iweed. B t&a&&m&w toonsfar phags Bl aooue helssan
the techeslogy dSevelopessl phass and the ipleamtatinyioparaidonal

rhase. Geveral teohocdopy Svanefer setividdes Bues beewn initieded
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in oseder to facilitete the opesratizasl use of the sirborne vides
aomai i sretes,

PISEERent st Pecks S *g‘g @Mim Qm transfey mﬁ
mMmmm @&‘ mw mmimg & omEididated  poscurasesd
pociage ey ariablialed e e vwider {supe sopndsitdon somtne. e
‘W&g&m ki that the wenre of the vidse systen have

. & et wed that the yetes will Daotdon e §%
HER m&w and Piald teated,

Frior o the sstellishaant of the consolifeted prosurpeent peckess,
Duier spptess weew purchased with tecluiion! sssistance Pros B33, The
Fovagt fg}@m&w gomups who flest obtadsad the systess fncluds {sew
b e

b S /PP Fiald Office ~ 55, Peul, @

2 Wm S/%atl. Poreete In Toxse - mm R
. Pegter 87 FPE Pleld Offiem
&, Natioowide Foveesry Solic. B

tader the provurgemnt W astablished for Plocal yeer 1988, alz
&y&%miiwm mmﬁw&ﬁ Seldvaved o the Pollowing proups [sew

Ragion 2/7PH » Tenwvar, &0
M@m 3&&&% im‘ = Wi kdamn, AX

b3
&
g»w Mm § ?i&isi Gffise = Miw; ,
b m@m fffice ~ Durhes, B
2 Rlald (¥diee - Hovgantown, W
P~ Fort Oolling, €O

3’

8.
5 .

Figuen 1. Locotione of asdstisg sishborne viden systess.

] ssoond conmelideiad procuvesent package In Buiang evalusted for
W2, & eall lavber hes ot from the Wealdogton Office

iﬁimwx of Poosst Peat B %) oo Porssd Doseios woits
guesting inforsetion foom thes wd Chalr Stelde Sesperatars o
sﬁ%&m&m the lsvel of interset for 2 secnd procuremnt pockssn.
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¥ideo Usar's Tudde. Yo order o fecilitsle the cperational wse of
the alriorne wideo syaten by the usern, » User's Suide was prapaved,
Alrhough mosh ol the oeponents ave scooepasied by manfsolurerts
epipment aateais, st of the senufechuwrers do ood addvess sirdorne
aee Al sppldoations. The fired wacsiom {$raft acpyl of the
&lrborne Video Systes Uaae's Gudde wen weed i 8 fogtsnt radadng
ssgelm and =il be rovlasd, boesd oo uveerte ooumeuts, eod & Stmeld
sesdon will be svalladle in lete seeser 1900, The Desr's Sulds is
made 1 of N cheprer Senllng with the following mubject maverisd:

- S & alvborsy videography.

= x of the sdcbures vides systes,

= &&m&? @g m &WW * 3l mﬁ m&&g} -~
= Dasonipiion and oporadion of ssoh Henant.

=

R RN

SRR

w&mt@ﬁm&ﬁmwm
~ B o ooadush sidhors sousandons.

Wiee Teniadog. 8 wider tealofor sesslon wes Beld o Seoch 3982
o - e Forest Servics ity ofw porclused e syetess wler the
posivenant packags. &1 tradnens wese piven Rondseon awperiancs
with e complate apates. The doal wervelsm of the Ueer's Sulde was
Sepoesd 1o cach toaines & the contante of (e poide weee soveced ia
the irainiog sessiom.

Fisme for fotues teaining progesss sre beduy covedinetad with s
Satlonelde Povsgiry Sopllsedions Poogree (RAP) in Ssdt Lekw ity
Toah,  Seversl tradndoy soddss wme belng Jdscossed, with
proedding the weerall Forest Seevice txedining progres for sivborms
sifeciraphy d KA providing vtradndag o BOH wnite.

REE vUgn

afeboras siden techuodogy. The soonmplicteduts oF ow sueh Fanetiy
#EEL be Mecussed de thde paper snd Wil Rigdddshe the
Trplensntation and spplicatinns of ihe wides system. The Batiossl
Foreste and Ooanslznds i Toxes [NROT) enteved into seedad wides in
Samaney of 199 it the purchass of e alziwuss viSsn camers
‘wyates doveloped by TR, I8 sse felf that s pluseds sgersselh o
asvdal widespranhy wes they bast appraaeh to tebe P the BPOT, shish
would allow vardous ondes o be well slong the lesening ounve with

the adrboeny apeten tefors soonuetaring e JENEe RCOOCRERIRE SyaLew.

The SFOT waw able to eaplodt & teady sesouves of au alcoraft through
the Tws Stetes Forest Servige.  The Tesse Porest Sevvive fae &
Segnne AT alrorefe hat do spulped For sexdal photopvughy with &
Islen Happlog casers Systsm. This sads the sdptetisn of the wides
Fretes ouite sieplie.  Thevs Rk we  commonglsally ssde sunts
poailahle wt this Cime 20 @ olSE0 cewrs sound wan owwmteuctad of
TR fach plyeved, the casern mee sbteched do bhis moand, End the

LREENR wer then sideched o the Jedad csuery sowmt. This
sllowe the viden cemprefmount ssembly o b guldkly isensliled in
the sdeevafd. The deedps ds sodular oy osuy installstion sincs
sistralt usepe may alisenate bebwen sasial ghorogvuphy g sexisl
vidopgraphy. o & Sadly basis. & wiSso cwew, cooafaving oF a

N —
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widesgrapher and navigatar, can fnetall the sysdes in shat tesnty
sinoter and resows 1y dn lens tise.

It seosed Sppueent tn the BRUT that sovisl vidooprephy wes 8
W&m&& fiadd ol and soderiosk ils dsplsmsntstion mmmgiy\\
R Resoures m@m M&imk 18, Bilwarl. ¥ i seupomatbls fov
B W*g aarial widen P RUOETEE, Yot & neaRis m&&@ Tor HERYT
pepsceeml  thet covess Sfestalistios of the sgudgment,  slssion
Plandag, &8 f-Tlighe wifse opesutisng. £ “ground achosl®™ wus
han confuctad fur the Pooved wlth » widee tesw Pow sach steict
m &%&m&m@m I6 fe Blt het ssch wdt will best be e @

sradne ts own soeds, a8 thasefors, =111 Dess B sbis to plas
&m& m&m thule oun laapeey-

Teplementation 35 belng cervied ont i fncvemental sbess. The
Sepereisor’s Offire soquired e camevs  sysbes sad e fully
fanebional Image proceselsgy symtes, shich wes purchased in Bay,
I, a8 Be Plesd step mmmmmmg&tmamm
stavead and bopis acquiving fospery ood lesen e poocnsssy of (Rage
scalvade. I wen Soolded ther e Ruscures Conputer &me:{aﬁm asn
28 & bechminal aupport contaet Sor the individumd wmite as they sowe
nte full deploscatation.  The socend #0390 wmas o dlacs S-US
HNapsrfoscondery aad high reaclotion sonliory o sl of the wuid
Jovetiong so thet ey w0ald view elr o dsssery withou saking &
gpandal tedp dnde the Dwpersiace's UPFlse. & umple of wnles aes
pospasing &0 sebs the fagd wwwmmmmwww@m
saplondeg funding to poochess the full jsege procossing sydtes.

mwmmw&mmmwmmmaMmmMﬁW
fonl. Eﬁzm B s, even thowph I ver dowlopsd a8 e
frceed peal ranagaant el. 48 the HPET becoate Rurther fweeslved
e‘@iiﬁs m&i widbogre chy  snd  te  appldostions  for  rostuvos

BEGE théy &% mmm:mg het porcsstion, Kirhomms
vmwm i% w8 pansces B rather & ovdushle sdfuret bo Shs
sechnsiogiss &W is% place, sd pacleps wore  Isportantly,
sompiiswy e new tatnciogise ou the owlsos.

Thive hove baad winy home of widss jesgeey gethennd oo O BBCT.

. e whille n good dsal of thds Imegery haw deslt with Fovest pest
peokdews, $08 bes 48 a0k wolsdy lalted to that sotivigy.  Rewoy
sedk dn the IR e Dlowm videography adssdons.

Tralitdonslly, the NROT obtalss & Righ uslity set of aavisd
Fieiograpdy coverdeg 831 the BRIY lands dn Tones sbowd tnoe swery
@:&gﬁa& o ban pendw. Slosn SO (ndeneity itk shloh hewms Ineds mes
gerped and e stalux of sabursl otsurrenoes {f.e. Plve af fopwss
m‘e sotivitdas} 6 han boan sppsvent for & susber of yones that the
thotas Jagk cureetey.  The poobles with (he photograpdy syole can ba
sualioraked by the e of sevisd wideo.

The two Sossalends that sre sdsinfetoowd By the MNUT were totally
Llown with wideo & mmmmh & beesldng for be ey latsse in U

fessaiands’ senagmment. semsly bowsh dewaslon of goscing venge and
wnterabed aroaion.

& vooventicon sene wiw Floes o add Qw ladsoapy Seolidast &yl bis
&M"" m soplyelng ffopend povonesis v the robwestian &

sepgrassds.  The propossd selscidons save Lported Peos g OAD
:@mgm msiﬁ Slapisyed over the wides teage. This allowed for & some
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sosurate sppralsal of eath altetnative snd 2 e & sse IF e
dspsst of the propessd changee were dn conflist with the sotsal
siabud o e good as abown By 8 viden isege.

ST sluindfatars 2 wmabsr of Willdevosesss aod Scendy Svesy ther
raguirs aldpdifionst samte of soudtordog sles nsscl populstions
paam S e on the focvesse o 0w 8 epidssde lwvels.  In the paes,
T hew weed ldght alvoraft for the detection {aledchesppiog} s:ei*
Southarn Ploe Peetis (OPB) dofastetions and thes send peosds fmdo
the fladd o wuily e locstions sod obiadn ceebddn Infentstion
fnformatdon.  Bith xhe wee of wideo, B0V hes modifted this systes.
mw@mmw, mgmmwsmmvay@mm&
mwm Sonpae from the tepe & ihe QEowher, feerelareue
theee Jauges. ad e mbe pedolaticns &8 mm“ Tome By
mm wm@gm nushers of tvess infested, o pee-tonitisg in
soferencs o privads lands sadfoe endengered gpacissg m&ﬁme

T haoee @ bimber of Wy e pramilotdes aodedy O G0 popmlistion
goowth of the SN, lkewver hess aodols ondy selizate populatios
mabere.  They aue @Wﬂy patherdog viden daages of fofestetioes
a2 they wow and sre Soveloping veotors showing e setent of ihe
mmmm m PEOEORR SR than ba mlzsw& cresting an leasw
M &siim that woos tﬁwg baws g&m@m thin sy of jafovastion
R susber of fafestations, ey cen bapls o decolnp oosputer
sodels that »ll) mow socuvshely poedict fsfectatden dynasics.

Thers ave atiil other waes e the vides cedlvmology that NNEP avs
antdcipating. Que of thewe ds 8 systes for Uw Sorest Birs
Dlapatcher to be shle to oxdl W 3o fsage of sy ares voder the NNRP
sfafadateation, sdeply by podnting L0 & AU 00 & compubsr stoved
gy, ¢ better ald vy oreva in thalr somsss o thair flee
supprassion tastlios.

Sovgrenty  Res  Jdemowstveted ite  weofulnege s =
addi vionat m&m sovming ool Qo DusoUTOs SEREReTR.  The salw
sdvantaper o wider vway the prasesd shecdempping mobodes s
{1} widep lupe prosides & perstosnt reonid of Geditdons ss Shey
geist ab the ties of the swrvey, {3} wlieo pecording slindoeiss the
sdfentive svnlastdon of the obewrvar whils In Sldght, 3} Jusgewy
peowiden inproved posdthmal mocuesty o O Jate sollected, ®d
{81 vides proeides move soouvate setiwster of e srenl ssient
{acraagsl a8 seepeity of the pest demsge. The ssjor stvantapse of
wider over sanial photogprepdy soer (Y faegety §8 svallsdie o W@
vioned wnd sveluned the e day it d soguived, (9} wides oan be
gopaived wnder Bigh overoRst & ool cloed condditiane  where
Photoprady canoet b abtalzad, {3} the vost of video lmsgucy 88 fa
Jums then cooveatiseal frease photography, and 8] D widen operetor

can wisy “live” lasgwey o & mowvitew On 4w alvewelh soocurrent with
W@i&&m sakdng wides Iese wubises o ReeeR Sk to caeers
spestee adiivetad faterastively.

The teoleclogry is  Pelatiwaly dowpennive S sogulve and e
Fisid-laval petssomel with Little or w restls pensing heckground
can b tradoad uickiy &6 opeTals e spuirsent of folentiy.
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Lihogh the vidse dvelugueniad offorts st FPN/HAS have Gesn
oantered sround post manppemsnt aotivitdas, 3% IR spperust that this
mmzm bas o wider sengs of spplicatisns s uses for othes

gt Slscipiineg.  Aluost 28 000w these wnits
mﬁm sperationsl, 108 persomsad begen finding v sonldcatione
for the syetens. Wden lesgeey bas been somdred of othew vesouvcs
Interent and in ollitiom to thy e decostested by the Batfusl
PForsets ol Srassland in Texas, wideo shows potastisl sppldcstinne
for pab-fire valuatien i‘&m&m bacned grens), wetland swoping,
ipdaatesss  babitel, siody dhaendd asceseEant, e wilNidPs
S

In osuclusion, the fmportent polnt to be sade hevs is et no ooy
rects sonplug SyRiad oF methsd wiRd m& 813 serdisl survey posds
m ﬁma m@s&mmm¢ Sketclmapping, aevdel photogrmphy g

aeaphy sack baes thedr &@mmm oud Ssadventsges. The
gommm sanager ov spacialdst wut sdfeses the slrbomns dmdniges
m m sovwsy Seodnn aad S cesaliliag fofocesiionidate saguiced,

mmg pgiaup 5 Mg 3%&03* ﬁ&‘i"ﬁp W chogﬁt Mx i?&g»
fevdal &@mmm& In Fovest Jogesty §& Meosss Smovay Setheds
Fangl, B0 Roset Seewdon, Poest Bast B
dpplication Sootyp, Ford OGliss, 00, 1% .

S, &8, RoE Hiee, 3.8 Docturss, sod .8, Badenaw. 18E,
Asnasenent of & Sedor Rfraved mx& ?&&m Svetee for Fovest Insmlt
Setection. and Sexlustion, Froceadinge of Second Povsst Sevvice
m§§ Senadng Spplicatione wwmm, Siideil, L&, dpndl 3088,
Pabs B2

Bhee, B4 IBR. Sexial  Photopredty S Rovest  Pest
1¢.  Tu Proosedings of Second Povest Ssevise Hewotw Bunsing
mlimtim Conference, Siidedl, B4, Apvdl 1N, po. 153182,

Behow, Bades Lade Srobas, snd i';‘ay’%ig Smmptsee. B0, Alvhomne Vidso
Todonlogy.  In Peovesdings of Thisd Forsst Servies Neaots Sensing
Heplications Smdepenon, Tuooson, 88, dondl 1999, o -394,

Bhee, §§‘,§w L.H. Sompiar, aad L&, Unabase 3ESL. &im
Soopvaply ~ & Fobenidal Tool S Rescuroe Bunsg

% 8f Sescvres Techeodony ¥ Sraposdun, ¥8
¢ I, pp. BOGGER,

Poeall, 8., sl &3* Bybee, 158, In Prass. Sonitoping Bosest

mko ﬁgﬁo '3

Serdth smith Adcbuwe Videoprapdy, Poooedleg of HNES Donference,

Capberes, Avstealis, é‘m&s&?‘m im*
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oR xm MANAGERS

ﬁmi 'é%" é‘&g yhre
5o

> o
M@&@i&ﬁﬁm sﬁmi ‘ TR AT A
Attborne mm%gww&g%gm' mgmmj is being
{ for use by feeel pesd managers in the USDIA Forest m
o she of fen W? M@m s alvhorns ' Serwlen. .
W & video g oy

Talevislin o video Satin wsmi seanies
my }%am §% s m& ummil recent yaies

Emm i vﬁém s sfed Mﬁm &m& e
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mg@wm@mmmmwmmmmm 3 mm
atappers will oecon be sxpenie 'mmwmmwmmmym
shatch mupping should be regeeded more 88 anast
e leln otal, 1553

ugpr Ry aneused foreoond eureent yeardefoliation and mestality,
g nfeatation avess, detect new and potential pest probles &wgwmﬁ
svaluations, stpstify damage intensity for aeddsl photo surveys, and provide
histostcal revoedhs of fnsert oulbreste sud thele rate of spresd. Most of s work
fs dooe when lnsect aetivity and e saolant dame g I at the peak of visille
symptows, waally judged E‘sﬁrm&m change.  Although annual sketch map
rutveys supply rescsece managers with current soed veeled nfration about
thastatus of paels, move rellable fechovigues oonld provide imngm datsnnthe
locaBon and extent of the pest damsge

“Bavsuse of improvement In ismg@ wailty, &R
v‘%ﬁm &gﬁg}m@m MQ i .

«z‘:n:x‘xi: aad m@ﬁi}’*
yﬁ%mam&mgm Video
08 08 % soith bether isaﬁm&ﬁm for

_ 3 gy
ngmw gmb&m w

mmm%ain ploe m«gs xwmiiﬁy fn W yoming and fm& m@ ma?gmigx
Lo {&%mmg&&i Teeo garwral covndu

&;ﬁgﬁ Flrat, the ¢
fetistion from viden b m@&ﬁm tr that o
%&M@g@m Wmmm

SOFEE anagnnent ﬁmam Ht* y should not be
vi@mﬁ m myi&mmm for aerlad gzmm@saghy but can be subsiituted Hur
photography where the nesds do not demand the guality and cost of
gv ‘1~“'5:‘>f0‘ hy. There ave nueyy resouete sclivities where remole seraing s

pholugraphy dats are not buing wsed, primasily due to oost. These gaps
sould ’m;e e by uslng slvboree videography mm;;m
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wy b m‘gﬁmm that mm it aﬁmﬁw 38 an &eﬁ&ﬁm
25 hjg sl camers spelens aw mmi el

E\\ Em@w Is available mmwg ma%&&ag video M&ﬁ&ﬂy useful in
srnest (L., fires, ﬁmﬁiag, Py

o mww *’igw‘* fmagery on & moniive (o the alroral
guted ,mﬁgmemmmmm

Livhorre video provides gsmgﬁmmﬁ W&%m& Feon e videots
m&@mi Fornat for conputerizad Invege processh ¢ e

mmg&am & Ei !
&ﬁ@gﬁ@ﬂ%ﬁ&m&%m@}u

R W

&gmm called ‘S@m §3i {%«%}, S««Wﬁ o agi;%mﬁi 8 :
resant systa, incud wrensed resolution, W td

i’d improved sigoal gﬁnﬁamm m@mmmﬁmm@ﬁ“ ﬁy
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Hovad o0 e new sdeacements in vﬁm PRM/MAG pemonns!

devalopment of a9 sirborne viden P began
mansgement applivations. TH
mim Mxﬁe mx@m oy )
ﬁm&ﬁ?@iﬁy the &Q&G Bt Smm@ Preg

mmmmwm@m@m@&%mwwmmmgw
Mm&@%wmm@w&%mw@ﬁw&g&{@mw
slectronic shutber: gys&m fore mﬁwﬁag izxm,gg mﬁw anel bluning, and [

mwwmmm@m Ynk sl conpenenis

{nverters needed o neaich Wm& o demands b ‘
alroradl sl postadis

e pesitionsd dute &8 well s e,
AR R m ﬁw Mm \ S sy g

S mmmﬁaiiywaﬁ@bkmg@iXmmﬁg&\wm
paee devaloplog techerdques to addoees vides misalon Sight planedag
m&m sperations ke sase use of the alrhorne video system,
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& nexd for allevralive imamy sopses foe detecting ‘
pust insect damage %&a& been recognized by the USDA Forest Service.
FPMMAL has sesponaded by svaluating video tchanlo gy and by develuping
meN@M&Mm&W&ﬁm&Mmm«& in the Held,
3}}3&33‘ ke Includes a dats &c:g@s&&i{m sm‘-:vf 3% 8N
recoeiay, mondbor, caption ge Yot FCS e
&%ﬁ 2 ’Giﬁ%ﬁ? m Procesung

Svaben R Mmm
&i@ of &m Powast Servive Remote Sensing
- Bidall, LA, Apell 1988, pp. 243050

T ﬁﬁ}ﬁm &éi@& thm and W, Suwenpes

RESOURCE TECHNOLOGY %0

Second International Sympostom on Advanced Technelogy
in §§m§ Hesaares mmmmi

Georgebown University Couference Center
Washingtan, DG

Noveraber 13 - 15, 199
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REMOTE SENSING FOR
RESOURCE INVENTORY,
PLANNING, AND
MONITORING

The Second Forest Service Remote Sensing
Applications Conference

Held at

The National Space Technology Laboratories, NSTL, Mississippi
| and

The Holiday Inn

Slidell, Louisiana

April 11-15, 1988

Sponsored by:
United States Department of Agriculture, Forest Service

National Aeronautics and Space‘Administration,

National Space Technology Laboratories

The Institute for Technology Development Space
Remote Sensing Center

Remote Sensing and Photogrammetry Working Group (A-2),

Society of American Foresters
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Iee &, Goshas
and
Carl ¥, Sespher
Forast Pagt Hoosgessnt/Sethody dppldostion Sovep
3828 K, Huiberey S3.
Fort Collins, ¥ 805

ARETRACT

Sirboone vidsography ig ansther potentisl remote sansing fool
For restuees nanagers. Alchorne viden techmology i presanily
belng ecvalustad and ¢ Lotal syatss is belng developed for uss by
forsnt pest osuagery In the .8, Porest Servive. The psclage
anpaisty of o mador components v~ an sdeoborse  widso  Imags
soguistition systen and & wides  fmsge anulysis  system., This
sackiage could beve wider use in rescarce sensgesent discipiinss
ot than forsst pogt wasagasent.

Slrboene wides dmsgery 4y 8 potentisl ol for rencurse
matagery Jdeeling with forsst pest sotdvities and probisss, It
provides 8 new sechendss for acguising  timely indormation to
sngess and svaluate the stutus of rescurces and for identifyving
and aoaltoring probles arens,  This techrology slso shows peosiss
for applidsaticens I other rascanres swnasgesent dosaians. In forest
peut mansgesent, sirborne videsgraphy i oot wlewed an replucewent
for serdsd phobogrsphy., but osn be substituted for photogsaphy
shery  the needs do mob  demawl  the gualdty sd cost  of
phutography . Thore ave wany  veourte setivitdes shers vomats
senwing end aerdal photugraphy dats s nat bedng used. Thesa
gaps woupld e f1ilsd by isdddatiny sishorne  wideogesphy
tochaigues. This paper Jdesesibes  the adrdowvns wideo  dsya
soguisition ard snalyads package oirrenlly belasg Seveloped Y the
Methods Appliestion Srcup, Fovest Pest Honagemsnt {(FREINBAGY of ihs
HE0E Forsst Seaxvice.,

The sdvantages of sirbome video gvsr conventional seddsi
photographyfnonesy sysbomy aver ‘

{1} the lemediate swallsbility of isagery

{2} ecrrvoreproofing, iIn that what iz reourded onn be  viswed
in Flight s the wides sonitce

{31 provisicn B¢ a stoaightforsand pathweny  From tape oo
digital forsal for computerized image processiag

{8} the Iover ooet of widee comerssfvidectape velstive to
that of casstas/fils ueed i cooventionsl photography

{51 dmproved ssocass eate in soquicisg the desired coverage
2t 8 gleen podnt in tiss {sspescdslly impoctsat whers
neerrow blolngical windossd sare inmvalved}.

o
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Foresd  Past Monogesent dne the .8, Porest Sevwinsg  dx
svalusting  dmagery o supplement  the currest shetoh  sapping
techadgues used For Socont pest surveys, Iodtdsl lexts  weps
condunted with & colar infeaved olded cumevs over fsst aresy
cuntaining sountals plae bestle wsortality In Wyoming el Fovest
tend caterpilicr defnddation {r Binnesots {Muveon eb al., I1988).
e geseral conclusdons wers sppasent Foom the esssdsation of the
videw lmsgery, shetoh map date, and sexdal photogvaphy.  Firss,
the degree of detadl pousibls In sapplog closssg of defalfstion
from widew {v supenior te that obtaingdde vis fhe sketeh sapnisg
tochaigque.  Seommlly, the positicnsl scousgey of polvmong  {wup
Iocstiong} of instoy domage spoesrs o be grosber when using widso
Imagary. The discoursglg part of the fests was the oo
rasolution of the color infrared tubse camera.

An svaluntion was recently conducted to determine the status
of onemercdadly aveilable widno sguipsent nose on the sorket that
could e adapted for adicrborne gss.  This svadusticn produced the
fxilowing loforastian:

{1} oesw m0lid skate {ohip/UoD) casecas arve superiot o tube

sameras for depeoving peselutisa
§2) shuttersd «ideo coverss ave svailables  that produde
higher quality imagery plus roduss insge weticon/biue and
ifration problems thet may selse in sichomns syatems
WS recorders asd tape will soon be supplesented by a
aew  reocrding aystes callsd Soper-URE {(§-0HE3),  S-yms
hag several sdvantoges over the prosent system, swong
thenm Incressed pesclutdon, inproved color quslity ang
improved sigoal-to-toize ratde theough increased hand
widih,

iy

Pt
LA
g

Based o the Pisdings of this svslostion, FPY/SA0 persormel begas
Saveloprent of s alvborse viden psicksge sultable suitasbls fop
sddressing  forest pest soanagewent applicstions. Plaored for
dalivery in Spedng, 1981, ithis pachage consists of s airshorns
video sogisition soduls and 8 wideo lmege sanalvels sodule,  Yie
Comptrwnds ave desoribed in the following sectivns.

ATRDONNE VIDES DGR SOMBUISTTUE SToms

The asirbopne wideo date soquisiticn systsm  gusenblis
FPR/BAG vonsiote of the folioceing compnnemin:

b
oy
3

Video Camazn
The major festuwres of the camevs are {al SRS foumal, {B) thoes
charge owplad devics {C00) sevsors, snd {8 bhigh apeed shubtey
systan for  soducdog image  sotios aad biuesing, and {9)
remote~ounireiled zowe lens.

i
ortahis B-VBS resonder wdt fn wsad for recorsing both audio
and wideo dabs.

5
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Viden Mondton

A small mositor {s wwed dn-flight for both olwerving what s bafeg
sanonded and o sdiust by cawers for issge guadity.

dsxilliacy ¥auipuent

This imchudes all cobling to lak/osonect 81l conponents ssd the
power oonvertars and inverters neaded o match aquipsent power
demands  ho  power souveex (iR alvcraft sl purtabls  power
snppiing}.

Caption Gensrabur

This iy powides g linkage betwsen the viden camereravorder and
an adsgeadlt mevdgatdon systes.  Theoough this doksge, positionsd
indorsation {lstiteds, Josgitads, adveradt toank o hogseingt cas
by recoerded oo videe fromes and dn slocouomputer Rext filss.
Elorooonputer seftware (IBM M-based] controls e saaner of
recording these deta on vidsotspe,

Eleotronis Savisstion Sait

A IOBAN-C navigation syaten omn pooedde positicual dats an well s
time, dabe, anf stroeaft hesding thesugh so BS-I32 intesface o
the caption ganerator,

Texdmdgues e belng developed o sddvmus wides mdssion Slight
planming  and  adebovnse operatios dn coder fo Sscilitate  the
aperativnal ptilizstion of the sdohoeme viden sywtem.

FIOHD AR SNAETSIR STYETENR

The product of 8 suocsssfel wides mdssion is a videstapels}
combalindng the sreal owverage nveded for 8 roscurce manasesent
spplicstion. The first step In using these dats s to review the
extivme teps, making oote of the beginming sod oldsg poicts of
seck flight ldne velatdve o the VOR's Sime nr Prasescunting
metern,  Sodin foforestion recusded fa-Pflight s partdesiesly
relpful for (Hestifying thess polnts so well as an indiecstisg
savigation errvors sndfor featurse Bo by noted,

Oace  the  tape  has  been  peviewed, the procsss of
{nterpretation car begin,  Thers abe wany wuys in shich video
imsgery oo be used ¥ sonagessnt spplicatisms.  The sicplesy
spprowch A8 o visw the wideotape and sheteh festures of {ntevest
drectly on ¥o boodoopy wape or sylsy overisys.  The positdonal
Information sesonded on the wideoframes i used as an ald o
eating 8 pavticulsr frame oo the raferesncs  mup {useslly a
topegraphic mapl. No spocdal sguligsent bepond e S~UHS  reowrsier
sl sonitor from the dats scquisition moduls ds veguived, sitbough
photeistecprotation aldey  san B wsed o sopedite Lo
interpretaticy  proosns. Templaten aun B dosstructsd  that
approximaty the sreal coversge of & wideoframe of & pactimniae
swath width., This ool can help the intevpreter in swolding
double interpretations and sstisebing the pogition of @ Pesture
seary o the soolior compaded te the aligoed tomplste Wy o mag.
Soalng for weasurding the approxisate sizs asd sesas of Pestures
for w papticular swath widitly oo alzo be used.
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Kiomocompubters spudpped with special imsge wsptuve graphics
boardes  and software  provide & pletfors  for  dnderpreting
Infursation frow eideo {magery In & format suitable for geogssphie
indorsation systoms (SIS} spplicadiong. Rinoe past and tesoures
inventory surbops tend b oover Iavge geogvuphic avess, sumerous
lmpges =ust be captored fene widestape  fate Sigital cnwpater
filew,  FRM/BAMw survey of svellsdle deage processing sofiware
inddeated that although theve were sany lmage peocessisg pankages
o the macket, nune wose ospabls of orabbing lesgs nusbesy of
Frames wlth o ondforn codlap betwesn Prases.  However, moat Luage
capiuzs board wadwrs stpely soffwars Libracien for uge {8 coding
Isage caplure progesas.  The ATEY Truevisios librasies for the
TARGA ldoe of ismege sapture hoseiy wers used o wreite s prsgTam
rallisd AUTDGRAR., AUTOORAD csn peefors the folloking functions:

{1} csptovs imsges witd » wser~defined sndlsp a PLight limm

a8t & dime
{3} spoeocisstely ghoreference esch image using positiornsl
faforsation  decived  Pope 2 wisdeo  sission-planning
progres {sise profuced by FRRAGY or IORANAC coordinate
Information vecorded durdsg the sdssion

{3} vemfent hw iseges 8 sn sppooxddwate  NoriheSouth
Sfeection

{4} prepave the caplured Imsges for  dnclusion o #

cooputerdeed Indexing wraten oalled Hyperindes.

The ceplursd Ineges goe stored in the TANGA Pile forest, whick nan
¥ sanily ictegrated dnto & nusber of {mage snalysis pacheges Poo
subseguent processing.

An mertioned sarlier, & viden sdssicn produses a lavge suwber
of images that sequirs  intespestebion o address the donived
regouIte panagawent grohlam. Soce cach optursd viden frame s
stoved 4n o Individesl cooputer fils, & sechenfsm Por indexing
and retvdeving the fles In 2 officient sanmer in desivable. Por
forest paat sanagemest whe, some  ype of I PCloompatille
platform wes desived, The Hrpseledex soduls of XIPg {Map and
Tsege  Frovessing  Spstes, Mlerolssges.  Tm, ) sew positively
evalusted by FER/MAN ax & low-post sod officient means of Indexing
® wide rwge of geographic dats, including scoemed  owes,
photopraphs, and slides, veotor data lmported Foes diffoesst OIS
formats or Jecived Pfooe  dnterpretations, wides snd satellite
Jasgesy, sad datebases.  Hyper@ndesed famges and information ase
reteioved frowm an obfert hleovasohy By selsoting a faatuve of
fnterest In the cuersnt Sdsplay with & olick of the somputer
souse,  In FPM pest suevey spplicsifons, fodemed wides inegesy ix
vetpdeved by olicking on a location within scanned  topsgraphic
maps.  Onoce o lesge bes bose vetvdewed, $3 ix possihle to sevell
wy, doewn, and soross flight Tines wxing the serow keys on the
keyboard.

&
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Bypecindes San alssy b ased b perfors guick padnt loostion
Entevpretations of pest Jdessge frow videny lmageey. & plict
pendect e anderway o Texas will use the syabol overlsy festure
of Hyperindex t© mark gouthern ping bastle spot locations using &
§ solor syobol schems {each eolor representing the sswesdity of the
subbesak 3 terms of nunber of tvesy infested). ach spodbal is dn
turn ifnksd to » record dn g dstebese, provciding o sooBosism for
anterdng. votedoving, wd spduting swagement {nfoemation relinted
£ thal spot. e gozl of the aspplicsticon ds o provids
faxt~hurnattand hardoogy prints of feegery andior saps of pest
locations for use by orses during govumd survers and oonteal
opsrabisey.

Othayr Toptuves of MNIFD osn be exploited fo isprove the
gquality aod accurecy of gecpraghic data interpreted fove vides
imspery, Por o osxaspls,  the AUTOGRAR progoms andy sppooccimately
georefersnces  dmsges abt the  bime they agse septured  from
videotaps. Oesoreferencing of wideoframss can he dsproved by
adding comtrol points o iseges or By uwisg & prooess called
veohie warping.  Tha laber penvssy dovosdvey plobting caddibraitad
wgtor wbhiscts on top of widen ingges. wavping thex o iy the
fmege, then spplyisg the resuiting geomedry o oowrect the Dengs.
The ssture of widen isagary  doeg orsate  problsws in the
spplication of thesy wseibody. Sinee wideo stuoveys ars often flswm
#o that an fodividual frase oovers & vary saall plece of prousd,
Identdfeing control podntys or features sultable for wasping oan be
guita 8 ohallenge in bdeavily Sceestad  sveas, FPN/MAG wild
exptdms to safine  incflight georefersncing techuiguss {by
Inesrporvating glodal positioning technology sodfor covrectisng e
e and it of the wivorsft do owerent LORAGC sethodoelogissd so
that they can adeguately substittte fur conteol polnt and waeping
mebhods .

Firally, dusge provessing softwars pockages such as NIPS
pically includes sethods for interpreting polygonal infovmation.
esxtimating the avsas of festurss, sad/or exporting and lsporting
the wesulting Information {itn (I8 Jdutabames. Isterpretatisn
methods may ke sy siwple sy dosving sround s Featuwes usdng @
SRR ¢ Alternatlvely, soloesated and semdissutossted  inage
slassification tsobnigues Con be sppilsd that use dats on oolow
signutitcas and feostore alze fo dateepret olasses of informabing
from fwsgary. It ig wooth moting that grest cestion swst be taken
when sppliying subtomeded wmd sesi-sutcmated  olsssification
teciudgues o losges  derived  froe avaosed photogrsphs and
vidaotape., The ool signature of 8 5 pseticular Fasture in the
center of the Ilesge oay b quite Hfferwat than e samg. typs
feature Yrumd on the {1ty sige. Typioslly, sn inberpretaticn vool
whioh providers elsmests of attovabed Lssze odewxdflontioy matbody
in & froowt perdtdieg & high degree of intersction wigh the user
{allowing subjcctive intexpentetions of fow fsatures ase W@
addedideloted fron o partinaler nisswificetion! fs desieabls for

o Lnterpreting widec Loagery. The Peatupe Rapping procsss withim

Wt
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NIPE I3 a ose swxasple of an Interpietation  tool with  thess
copabiiities aod was In faob desigred specificsily to address the
challsnges posed by video lomsgery.

&% stated esrlier, thers ave s wmwbsr of hordware  sod
software  platfooms avallable thet capable of handliing  wides
Isugary.  The squipsest aud softwere described $n this Sooument
were  avaluated, develsped. snd  selected  wiih  forest  pest
sanagenent  spplicabions in sind, FREAAR odll  continte o
svaluate available techaologisg S soguiving and pronsesing video
inagery and adapt the wodules of the vides psckage as reguired.

& need Tor sliternative ivegewry souroes for detecting and
enloabling forest pest insect dasege bhag been recognizsd Ry the
U.8. Forest Service. FPPR/BAG bhas respouded by sxvvalugting video
technology and by developing an alrboms video poclages tHal osn be
sand by forest pest sossgers in the Piald.,  This packege inoludes
2 dats sogpuisition sodels {consdsting of wideo camers, ceoncder
sd eorditor, and & sicrocoaputer-sontralied captisn gensrater and
gesgrsphic mwsitivodng cosponent) and » video dmage processing
module  {providing wmethods for weousl sad  computer-assisted
interprotation of fovest cesourpes and pest domage frow vidso
data}. This packegs will be cowpleted in Rpeing, 1021,

The suthors wishk to thank sur cooperators {(Don Bunter and
Blocheel Reotel st the Nationsl Boslogy Besearch Center, 1.8, Fish
sod Wdlife Sesvicos, Foet Colline, 00, for sssisting in the euply
developpent of the sivborne viden packuge.

Bonwon, A8, 1988, Acsessment of & Onlor Infraved Aewial
Video System for Forest Ingect Deteotion and Buslustion. In
Proceedings of Second Forest Servics Beaote Senxing Spplications
Conference, Shidell, L& und NSTL, M8, April 1988, wo. 22-053.
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One Source. One Search. One Solution.

SAMPLE SURVEYS FROM LIGHT AIRCRAFT
COMBINING VISUAL OBSERVATION AND VERY
LARGE SCALE COLOUR PHOTOGRAPHY

ARIZONA UNIV,, TUCBON

JUN 1982

LS. Department of Commerce
Nationad Technical Information Service
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One Source. One Search. One Solution.

Providing Permanent, Easy Access
to U.S. Government Information

The National Technical Information Service is the
Nation’s largest repository and disseminator of
government-initiated scientitic, technical, engineering,
and related business information. The NTIS collection

includes almost 3 million information products in a
variety of formats: electronic download, online
access, DVD, CD-ROM, magnetic tape, diskette,
multimedia, microfiche and paper.

Search the NTIS Database from 1990 forward
More than 600,000 government research information products have been added
to the NTIS collection since 1990. All bibliographic entries for those products are
searchable on the NTIS Web site at www.ntis.gov.

Download Publications {1897 - Present)
NTIS provides the full text of many reports received since 1997 as downloadable
PDF files. When an agency stops maintaining a report on its Web site, NTIS stil
offers a downioadable version. There is a fse for each download of most
publications.

For more information visit our website;

www.ntis.gov

y L

f:w‘ . U.S. DEPARTMENT OF COMMERCE

N m " Technology Administration

% ﬁi j National Technical information Service
" Springheld, V& 22181
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SAMPLE SURVEYS FROM LICHT AIRCRAYT COMBINING VIBUAL
CBSERVATION AND VERY LARCE SCALE CULOUR PHOTOGRAPHY

¥, Morgoo-Griffivhes and T, Hare

Fls

Ecolyatems Lid,
Nairobi, Keora

G

»
%

. Parten

Of¥ive of A‘iﬁuLands Studisa
tniveraity of Srizons

Tueson, Ariszona

AMPO02058

SBSTRACT

”““i The Systematic Recomnalssence Flight
{ERF}Y fs a sanple savvey nﬁcﬁwlque
ntiiiﬂing*Vl«aax nbssrvatimn aud smasll-
format aerial photography taken fryom low-
fiying aiverafe, The collevtion ung.

aasigﬂ'ent of data to &« sampling d
gllows for its compllation snd Integra-
tion with ancillary data, beth polpt-
auh grideveforans d.  New *ﬁtﬂ aa tgbies,

N

wiieh can be derived From SBRY
ar;,lery dapa, ars conplled lﬁ & highly~
structured datshase that provides & cost
affective sw eohnique for develaping
countries. e

rf

1o TECHRICAL

Revonnalissance Filight (SR} 4¢ & sample survey techolgue

The Systemstic
for quantifrivg the sparial distribution of land sse paremeters through s
combination of visual cheservacions snd wertical photography from low~ §‘vimg,
Elgh-wing Iight wiveraft. The alvorasft fliss pavellsl trausests aergss &
apudy arga b a8 ground apeed of syound ?f% ¥ilometera pey hour and at a height
of some 122 metves above grouwsd levwel., Visual observations ave recovded con~
Lkﬂ&&““3¥ asﬂrg thve length of ecach transect, byt are divided fnbtu suscessive

h\uﬂits on the basls of slapsed time or distance. One or morve vertical
ample pha*ﬁyrapha ave takan within sach subuniy, and all dats resorded during
t W osurvey are svoss referenced to an individual trangesi/subumit,

Wich Eh% SﬁF method the alreraft is csurQLeTy Located glong the selegted
transects by 1ng @ navigation systew that tunes inte the worldwide network
uf OMEGA ,vL fﬂ»l& bezcons,  Bach subundiy along sach tramssct, therefors, can
e agegy ataly located in spage, The SBY thus yvields a set of data points,
gxoly. of whiQV is aceuvately geoveievenced,

838
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An BRF wuorvey Ls always cerried out within the framewnrk of a sampliing
geid; aad eﬁbh gata point ¥ subunit) fs assigned Lo an Individosl grid cell,
Thy Uudversal Transveaﬁa Mercator Orid (UTMY tg widnly vsed for : Uhh vaw gling

frames singe it is @ worldwide standsrd grid ¢ ;@taw which 15 projected wasily
onte ¥avial photographs or other cartographic/themarie data souvoes.

L.1 VISUSL DRSEEVATIONS

Fisusl oheervaiions supply must of the iniarmatiaﬁ one snieosl nusbers and
characteristing, both livesroshk and wildlife, as well & aet of gena*ai
chisrvetions on the land use setcingi Tor vondunt syst atac wisual racerding,
obyaTvarsy siLLaug in the rsgr geavs of the aiverafr ctn xnnauslv »?aw a 15Um=~
wide sampliog stripg that is ﬁom«rcatﬁ% by rods sttached to the giveraft wing

o s later brane
] u;x&a L Jibr&ﬁ5u$.h between suoos S‘iva wnb ﬁits,
fe species ave tallied by esuburdis
chlique phohe chrough window) for

Frruts. Thc %b%$rvvvﬂ vacord all their ohesrvatisne onte tape £
qupai aiong wilth fiw

onesbic %ta k and wiidid
aﬁxmaks iz bﬂ?ﬂgfmﬁh@& {

AY 8 lstar d&te,

Experienced observers alse cap record a wide range of guantitative and
qualitatlve.inzarmﬁtian on iand ade chavacteristics, colvivarion methods,
serplement types, phyvsiognonic and phennlogie chavasterisvies of the vepera-

vion, and exosion phen

1,3 VERTICAL IO AERIAL PHOTOGRAPHY

ives heken along the leugth of each
nse. Typically, one ssmple photo-
w freguency can be increased over

The veartlesl, 35w colous diaposit
*ranwcsr provide most of the dsta gn 1
graph s taken in exch subunit, sl
araus of particular inverest.

1ly swmmted Glympong -2 camers, fitted with an Howm lens and
Loade gh spead Ektashs ama Film, images approximafely & hecteres at
a fly of 12%w above groupd level for an 1m@gL seale of aspproni-
e el The aectual haight above ground level of sach photograph is
Yaoay raday altimeie* at the moment of exposure s¢ that sozle and
ared “n can be controlled individually fov each frawme.

The pelour diapositives are mgnually analysed after vertical pro ect?on
at 10x enlarbemea* oate. 8 Jhom x dew doy %rid for an interpretation ca @ nf

£73G, Data are chiafned ft ow an L8em x licwm {oner “’r"a“**et&*iﬂw area

iz

conprised of 160 celle of Zom % 2om, each of which contains fonr ”anﬁaulp )
locsted dota, Bach dov has &% ﬁquiv. ent ground disweter of approximetely Im,
whitls sach grid nell hss an egulvalsst g‘cnxd area of 183 Kw

Thres types of dars varisbles ave obtained from the Ve soloer dlspes-
foives: asun“, area, snd oless, Oovont deda syve simple enumarations of
shiscty on the colour sliides, such as hudse ncompounds, bulildings with
tharched and tin roels, water tepks, cavvle dips, stock compounds, dndividual
tress by qpec 2g {W&n&ﬁ, haokah, cnffee, hanana), and ervosisn pullfes with
asscelatng &ard nse,  Area dare ave estimates of the proportional aves of
eread land use typas on the photography, Thess datg nan be obtained fox
wd;r active noltivation v different crops and orop nombinasions; arsas
ds of differvant sizes ov diffeveny mechods of cultivation: land ;ak@ﬂ
cads, tracks, houses, vontour stripg and sther Winds of on- and of

rastructurse; land au&er falloy or active fovest wanagement; gamspy

sh sepgion,

woady vegetation: and area alfected by gully or sheety

Q
124
»‘1\
i

mE 3FpRCL
fwstion {hoe,

{
Y
o
lags date are obhtained by classify
!
&  SOntouy

i
oy he enpvironmant such as sai
182dY, or soil cousevvabion {Lsyra

PN R

840
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1.3 ASCILLARY BATA

&ncillafy datas can be integrsted inte tha SRF data set frow a varlety of
sourses, iscinding maps, ground survey, and a@ditlanaT Grbi*alfsubornita*
imagery. Map data can fnclude administrarive uwnits, Iecsl slope angles sndfor
Tandfare, rainfall and olimetic data, soll wype, d\&taﬁ»&& Lo nesrest service/
veberinary centyefhealth gcene reemarkaz cen~~eema§aw road, and vegetarion zcna<
Ground survey date can include farmdng syat ems, populati on ﬁensz*g and struc
bire, srop vxelﬁb and measurenents of srosion rates and intensizies, Sate1~
litefalr ?h““c data can include existing land uses, past land uses, and wresa
of changing land use int&“s& Vs

1.4 DATA COMPILATION AND INTREGRATION

Both 3r161na; avd &nﬂ&l‘afv dats sollected in the course of an SRF
survey are in either “polne" or éfi& form, Point data are Individead
sanples or obsexvations collected at preciszely determdned peints in space;
while prid datsa, which are wmuch more aparse, are devived from the classifica
vion of individual TN grid squaves by pavsicular avgeibutes such as rainfall,
mean siops anvlc, and elevarion., Siocs avery sawple peoint is na%igned to &
particelar prid cell ocantaining & precisely-determined set of sample poluts,
data are frealy trvansferable betwaan points and grids, Tﬁng, a grid cell can
be chavacrerissd on the bas{s of some steribure measured at all of the serple
polnes fal*gn& sithin it, while the polots assigned to & grid enll van be
chavacterized by any atrribute defined for tha grid cell as a whele.

Lthough soms data typey do nost 211 natarally into the pofnr;§r3d
classi;zma tion, they can still he aceommodated in the dane ser. For example,
sach point can be clasal zfaa aseording 6 an sduwinistrative division or
Landsat image seratus inte whish 1t falls, Similarly, population census dats
zan be gec%*mwda*ed by ﬁiasQifyinv fhe r@l“bs by the vensus it in which
they appear, and by assigning to them the wvalue provided from the census unit,

Onoe the data ave conpiled fntoe polnt or grid form, new data varlables

csn be orsated from any combisation of criginal variables, Vor example, the

effsotive aeaaxtv of ilvesiock can be expvewﬂaé 3% a densiny of livestook on
L&&d avallable for grazing, whi h is aerive” from land avea less active groap-
lamd, forest land, and lsad *axnn up by infrastrusture. Similavly, the
eft:“~$gay Ql lawd MABGZLNVENE . CaG ba &sxagsad by exprassing the sves of on-
and off-farm infrastousture which is supporting esch haectare of &CthB*y
eultivaraed iawd Pinally, dn those rare cases for vhich the rvelevant davs
are svaialhxle, e«op y{pgda can be calevlated from wearnured crop aveas welighted
by environsental and management fachors.

2.  APPLICATIONS
2,1 GEBERSL

The lack of systematic land use data in & spatial contexp is a wmajor

gongtraint to afficient development planning. While orbital level vemots
sems~1g techniques are veluadle for the compilation of swall scale/coarse
rexture lund cover informaetion, the finer deralls of land hu&banmrv and
pzoauaust,y ave very expensive to acquive &b & regicnal seale. The SWF pro-
widea & coap~affective salu&ian e this problem throngh the compilation of &
Bighly structured data bdass within whie ;pwa‘op“enr projects can he desd snﬁ@,
fﬂpieﬂ?ntex wnad mmn%“arrd, spacifically in the context of saallboldey rural
spricalvural gsyavems In the developing cowntvies,

7.3 SEASCNAL PATTERNS OF MIGRATION

The seasonal patterss of vesourcs shundanve and urilisstion can be
determired by repeating SRF surveys ab evitical times of the year. In the

ot
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s
35,008 wat impast avea of the Jongledl Tanal, Southerw Quﬁzﬁ, thrae SEF
3 2 :
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2.3 LAND USR LRVERTORIES

An intensive SRY survey of Machakos Dlstriet, K Taad uss
inventorles within gach div&n*aw, iogaviow, and subi 14,006 Bn®
study avex. Soms 88 3graw>£e“s of land u@s aﬁd Y0NS fied and
mapped fram the ﬁn&lyﬁtv of &,.300 35mm vergical saepl {(Figure ).
In addizion o lan lnven A~ves thhxn.sanh dml . Land use
an#lyses were made £ gro~glimatic zoves, maioy so alope
angles and watershe d A se»&m@nt Hud Sid v the

antirve district,
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2.4 RURAL ACRICULTURAL TAND USE PATTERNS

The characteristies of land wase within 2 ¥m on either side of 52
recantly cowplated vural aceess roads {(RAR) in Xenya were gquantified hy
intensive JRY survey with £light lives spaced 1 ¥m apart and sasple photo-
graphs spaced 500m apart. The sample of RARs, vhich covered the sative
snvivepmental spectrum of Yenys, rvanged from arid, marginzl agricultural land
ro areas of high agriculrpural povential, The gradisnt of land use from
shifting aprisdalture o high intensitl howmerceial favwing s olearly demon-
strated by ranking the road aress on the percentage of land under active
pultivation {Tabkle 13,

Table Y. Land Use Characteristics of Rural Access Roads

Nembar of RiBs (50 Rud 14 11 14 9 3
Regourees
Culrivation/Em® (Ha) & 18 26 6 &9
Compernial culsivation % 2% 24 &3 52
Dultivation/Pallow 2 i 13 14
Livestosk units/Ked 40 91 101 a7 65
Woody CoverfKal 37 12 17 11 16
Population/Setrlement
Population/Kn® 59 140 183 264 294
Buildings /Km” 43 38 108 127 136
Buildings w/tin reof % 21 28 33 34 50

Land Managenent

Overhead/Bm® (Ma) 5.7 8.7 9.4 6.9 111
Caltivation/Overhead 1.1 1.8 2.8 3.2 L. &
Per Caplta Resources :
Pevegona/Bullding 1.2 1.4 1.6 2.0 2.1
Parsens/Ha Cultivation %.0 .6 7.8 7.3 5,8
FersonsiLivestock Ualt 1.3 1.3 1.8 4,0 3.3
PersonsfHa Wondy Cover 1.3 74 1.9 2.2 30,3

Seurde: Data drawn from 32 vural ascess roads throughoyt the Republic
of Kenya, each sample area approximately 50 Hm~,
Rural Access Roads Impact Study funded by NORAD

2.3 LAND OVERHEAD

The proportion of land that nust be set aslde for on~ and off-farm

infrastrunture and support can Ye a majer constralnt to the alisolute level

of production. In Mschakos District, Xenya, land overhead rises steeply as

& Ffuperion of the aves of ecultdvantion per square kilometre. In this hille
and well-terraced area, land s effectively sacurated for cultivarion at a
cultivation intepsity of 80 pereent, The SR¥ survey dats show thatr less than
I pernent of the land i cultivated abt an intensity grester than 50 percent
(Figure 47.
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Journal of Biogeography (1988) 15, 149-156

Aerial point sampling for land use surveys

M. NORTON-GRIFFITHS EcoSystems Ltd, Nairobi, Kenya

ABSTRACT. Aerial point sampling (APS) is an aerial survey method for
quantifying land use patterns specifically among African smallholders
where the tiny size of the fields, the incidence of intercropping, and the
highly varied cropping calendar, all reduce the effectiveness of more
conventional survey methods. In an APS survey, vertical sample 35 mm
colour diapositives are taken at intervals along flight lines at an image scale
of 1:7000.

The colour slides are analysed by downward projection on to a desk-top
dot grid at an interpretation scale of 1:700. Crop areas are given by the
proportion of dots falling into a crop class, expressed as a per cent which is
equivalent to hectares per square kilometre. Densities of objects such as
houses are found by dividing the numbers counted by the area analysed on
the photograph.

Ancillary data, such as climate, landform, soils or population density
can be easily integrated into the data set since the position of each photo-
graph is known with considerable accuracy.

Statistics are rapidly produced in sectorial or cross sectorial form for any

set of reporting units.

Introduction

EcoSystems Ltd (ESL) has developed aerial
point sampling (APS) as an aerial survey method
for quantifying land use patterns within the con-
text of regional planning. The specific motiva-
tion for developing APS was the African
smallholder farming system where the tiny size
of fields, the wide incidence of intercropping,
and the highly varied cropping calendar, all
reduce the effectiveness of more conventional
survey methods.

Conventional large format photography
suffers from two main drawbacks. Firstly, costs
prohibit the use of scales large enough to resolve
the intricate patterns of smallholder land use.
Secondly, the climatic ‘window’ during which
high altitude photography car. be carried out,

especially in East Africa, rarely coincides with
the stage of maximum crop differentiation and
usually coincides with the post-harvest period.
Satellite systems, which are often promoted as
a useful tool for smallholder land use monitoring
and mensuration, suffer the same drawbacks.
Imaging conditions are often poorest at the
times most suitable for surveys; while resolu-
tion, even of SPOT, is still inadequate to pick
apart the intricacies of the landscape. For exam-
ple, in Kenya the median field size for all cereal
crops is 0.2 ha which requires a resolution
approaching 2 m (Bowker, 1985; Park, 1981).
The APS method overcomes these problems
in two ways. Firstly, by flying relatively low
(between 400 and 1200 ft above ground level)
weather conditions, even heavy rain, rarely
interrupt the flying schedule. Secondly, the

149
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method uses very large scale, sample colour
photography.

The equipment requirements for an APS sam-
ple are modest compared to more conventional
photography. Minimum requirements are for a
light aircraft with a vertically mounted 35 mm
camera with a bulk back and a radar altimeter
for monitoring height above ground level (agl).
Colour diapositive film is used which can be
developed commercially virtually anywhere
with a 24 h turn around. ESL uses a Cessna 206
with twin vertical bulk backed 35 mm Nikon F3
cameras, a radar altimeter, and an OMEGA/
VLF navigation system.

Sampling

Aerial point sampling is a three-level system of
flight lines (primary units), vertical point sample
photographs taken at intervals along them
(secondary units), and sample estimates of land
cover taken off the photographs.

A typical APS survey will cover between
20,000 and 50,000 km?. Although the primary
sampling can be random or systematic, stratified
or unstratified, ESL has found in surveys cover-
ing over 1.2 million square kilometres that
unstratified, systematic sampling consistently
provides the most useful data.

This is simply because in most regional
development contexts all parts of a development
area, and all aspects of land cover, are of equal
interest and importance. Furthermore, the
results from an APS survey will be required for
Districts, Divisions and Locations (equivalent to
County, District and Parish in the United
Kingdom); and for catchments and sub-catch-
ments; and for agro-climatic zones; and for
strata of land potential. Therefore, since no
single sampling frame will meet all these survey
objectives efficiently, the practical advantages of
frameless (systematic) sampling far outweigh
the theoretical advantages of statified random
sampling.

The primary sample intensity is therefore con-
trolled by the median size of the smallest set of
reporting units. In Kenya these are usually the
Locations which average around 200-300 km?.
This requires a spacing of 2.5 km between flight
lines with the point sample photographs every
kilometre along each flight line. At our typical
photo scale, this yields a primary sampling frac-
tion of 10% with a secondary sampling fraction
of 17%.

Vertical photography

The vertical point sample photographs are taken
on high-speed colour diapositive film. Flying
height and focal length of lens are selected to
give anominalimage scale of 1:7000 (e.g. 50 mm
lens at 1150 ft agl) and a ground coverage of
4.2 ha. However, the exact height of the aircraft
is recorded each time a photograph is taken, so
that the exact scale can be calculated later. At
this nominal scale each photograph covers about
4.2 ha and on average there will be one sample
photograph for every 2.5 km?,

Georeferencing the sample photographs

Each photograph is now treated as a point sam-
ple, and fixing their exact location is essential to
the whole APS method. Every time a photo-
graph is taken, the distance along the flight line
from the start point, and the distance left or right
of track, is recorded from the OMEGA/VLF
navigation system. From these two parameters it
is possible to plot the locations of each sample
photograph on a map overlay to within 200-
300 m.

Typically a 1:250,000 scale map overlay is
made showing the position of each of the sample
photographs. This overlay is then used to assign
each individual point sample to any stratum,
such as a District, Division or Location; catch-
ment or sub-catchment; soil type; climate zone;
or UTM grid cell. This is done simply by placing
the overlay on to the appropriate 1:250,000 scale
base map of the stratum boundaries.

Once a sample point has been assigned to a
stratum such as a Location or a soil type it can be
associated with any characteristic of that stratum
such as population density or inherent
erodibility. The APS method thus provides a
powerful tool for integrating a wide range of
ancillary data into a land use survey.

All data associated with the sample points can
now be used to create statistical estimates for the
different strata, for example for each District,
Division and Location within the survey area.
Estimates can also be made for individual UTM
grid cells which can then be mapped in a cell
format.

Ground truth

Since the bulk of the land use data from an APS
survey comes from the interpretation of the
sample aerial photographs, ground truthing is of
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obvious importance. The first stage is for the
interpreters to fly on the surveys and make notes
of the crops, intercrops, vegetation and other
items of interest that they see, and in particular
whenever they see something that they do not
understand. Next, these areas are visited with
the aircraft as soon as possible for a closer look,
which often suffices to solve the problem.

All ‘problem areas’ are none the less noted on
to a master map, and after the main survey is
completed the aircraft visits each in turn making
low passes so that the observers can clearly see
the crops and intercrops. The problems are
again discussed, and solutions and interpreta-
tions proposed. Finally, a helicopter is sent out
to visit the few remaining problem areas about
which the interpreters remained uncertain. Low
hovers, and landings, are made until all conflicts
are resolved.

Photo interpretation procedures

For interpretation, each colour diapositive is
projected down on to a desktop dot grid ata X10
enlargement to give an average interpretation
scale of 1:700. The semi-random dot grids con-
sists of an array of 18 X 12 cells of 2X2 cm in size,
in each of which are randomly located two dots
of approximately 1.5 mm diameter, equivalent
to 1.05 m on the ground at the average inter-
pretation scale. The photo interpretation is car-
ried out only within an inner interpretation area
of 16x10=160 cells containing 320 dots, thus
overcoming interpretation problems associated
with the edges of the field of view.

Count data are simple enumerations within
the inner interpretation area of objects such as
house compounds, buildings with iron sheet
roofs, buildings with thatched roofs, or even the
numbers of individual plants or trees. In general
the 50% rule is followed, which specifies that
50% or more of the object being counted must
lie within the inner interpretation area to be
included into the tally.

Area data are measurements of the propor-
tional area of different kinds of land cover, the
proportions being expressed in terms of the
number of dots falling within each land cover
class. Area data are obtained for individual
crops and crop combinations; for the canopy
cover of the natural vegetation; for the land
taken up by roads, tracks, houses and other
kinds of overheads; and for fallow land. The
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50% rule is again used to decide if a dot should
be included into a particular area measurement.

Qualifiers are recorded on a presence/absence
basis, and are used primarily to describe the
status of land management, the methods of cul-
tivation, and the occurrence of terracing or
contouring.

The procedures followed during photo inter-
pretation are designed to control the accuracy
and consistency with which the interpretation is
carried out. The procedures are iterative, and
included the following stages: (i) Pre-reconnais-
sance survey to qualify the range of crop types
and crop combinations, natural vegetation
classes, etc., that might be used as individual
photo interpretation classes. (ii) Initial selection
of interpretation classes, examination of a range
of colour diapositives to check feasibility.
Classes are subsequently added/deleted,
merged/split, and an initial key is formulated
which defines the important visual, textural and
other characteristics of each interpretation class.
(iii) Testing the interpretation classes with a
further selection of diapositives, cross checks
and discussions between entire photo interpreta-
tion team. (iv) Final selection of the interpreta-
tion classes. (v) Ground truthing involves all
interpreters flying in the survey aircraft, addi-
tional low flights over problem areas, and final
checking by helicopter. (vi) The senior photo
interpreter continuously monitors the perfor-
mance of all the photo interpretation team, to
achieve consistency of results.

Typically, some 100 non-overlapping photo
interpretation classes will be selected. These will
include perhaps 60 classes covering agricultural
land use, 15 classes of infrastructure, 25 classes
of natural vegetation, and always a
miscellaneous (dustbin) class. Other classes
might describe land management, erosion, and
soil/water conservation activities.

The interpreters record data directly on to a
data sheet which allows quick and efficient visual
checking, and a skilled interpreter can process
between 30 and 40 slides a day. The data are next
transferred onto 8-bit microcomputers (such as
Osbornes) using dBasell, before transfer to
Olivetti M24s and dBaselll for processing.

The survey estimates

The survey estimates provide densities and total
numbers within defined areas such as Districts

1340



152 M. Norton-Griffiths

and Locations. Densities express the numbers
per square kilometre of, for example, houses or
woodlots, but when applied to crops they
express hectares per square kilometre which is
equivalent to percentage cover. Total numbers
(or hectares) express the totals within the
defined area.

The survey estimates are calculated using a
derivation of the ratio method, which is designed
for unequal sized sampling units and which
eliminates the influence of sample unit size on
the sample estimate and the sample variance. It
is known as the ratio method because the esti-
mates are derived from the ratio between the
amount of material sampled and the area
sampled, in other words the density (Jolly, 1969;
Norton-Griffiths, 1978).

In this application of the ratio method, the
individual flight lines are treated as the primary
sampling units. The basic calculations are set out
below. If we consider one crop at a time, then:

z=the area of each primary sample unit (flight
line)
y=the number of crop hectares enumerated
along the sample unit (calculated from the
individual point samples)
R=total hectares counted/total area counted
=the average density
=3y/3z

The survey estimate is then found by:
Y=R-Z
where Z is the total area under survey.

The precision of a survey estimate is calcul-
ated as follows. Let:

s,2=the variance between the numbers or hec-
tares in all sample units

s2=the variance between the areas of all sam-
ple units

s,,=the covariance between numbers or hec-
tares and the areas of the sample units

Then the variance of a survey estimate is:

Var(Y)=N(N—n)/n><(s,2—2x'Rxs,,+R><s,2)
(note the negative sign of the covariance term)
with a standard error SE(Y)=/Var(Y)

y,z and R defined above; n is the number of
sample units in the sample; and N is the total
number of sample units from which the sample
was drawn.

There is a second term to the variance of the
survey estimate derived from the variance
between point samples (i.e. photographs) within
sample units (Norton-Griffiths, 1973). For-
tunately this term is very small and contributes
no more than 1.5% of the total variance. It can
therefore be safely ignored.

The 95% confidence limits of a survey esti-

TABLE 1. Standard errors of survey estimates (expressed as per cent of the estimate)

Ha/ Area (km?) %
2
km 50 100 200 400 600 800 1000 2500 5000 >5000
002 95 68 50 36 30 27 24 17 13 11 8
004 68 S0 36 27 23 20 18 13 11 9 3
006 57 41 30 23 19 17 16 11 9 8 3
0.08 S0 36 27 20 17 15 14 11 9 7 2
010 45 33 24 18 16 14 13 10 8 7 6
020 33 24 18 14 12 1 10 8 7 6 9
040 24 18 14 1 10 9 9 7 6 6 7
0.60 21 16 12 10 9 8 8 6 6 5 5
080 18 14 11 9 8 8 7 6 6 5 5
1.00 17 13 10 9 8 7 7 6 5 5 9
200 13 10 9 7 7 6 6 5 5 5 10
400 10 9 7 6 6 6 5 5 5 5 7
6.00 9 8 7 6 6 ] 5 5 5 4 3
8.00 8 7 6 6 ] 5 5 5 5 4 2
10.0 8 7 6 5 5 5 5 5 4 4 5
20.0 7 6 5 5 5 5 5 4 4 4 7
40.0 6 5 5 5 5 4 4 4 4 4 4
60.0 5 4 4 4 3 3 3 2 2 1 2
80.0 5 4 3 3 3 2 2 2 2 1 3
% 10 19 29 14 10 5 3 6 3 1 100
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mate can be calculated by multiplying the stan-
dard error by the ¢ value for n—1 degrees of
freedom. These confidence limits can then be
expressed as a percentage of the estimate itself.

The precision of any estimate from an APS
survey is influenced by the absolute size of the
sample and by the size of a stratum. A sample of
50 units will always be more precise than will be a
sample of 25 units, whatever the sample fraction
while, for a given sample fraction, an estimate
from a large area will always be more precise
than will be an estimate from a small area. The
precision of an estimate is also influenced by the
overall abundance of the attribute under survey.
An estimate of a crop with 10% cover will always
be more precise than will be an estimate of a crop
with only 5% cover.

The influence of these factors at our typical
sampling intensity is shown in Table 1 where the
columns of the Table represent areas of different
sizes (in square kilometres) such as Districts or
Locations; the rows of the Table represent mean
densities of attributes such as houses and crop
areas; and each cell in the Table shows, for a
given mean density and area, the standard error
(expressed as a percentage of the mean) of 95%
of all survey estimates. Table 1 thus provides a
simple look-up table for assessing the precision
of any survey estimate.

Data manipulation

One of the most important features of the APS
method is the flexibility with which data can be
integrated within a spatial context. As described
above, this is achieved by fixing tiie spatial coor-
dinates of each sample point to an accuracy of
250-300 m, the operational accuracy of the
navigation system in the survey aircraft. Once
the coordinates of each sample point are known,
they can be assigned to any spatial domain
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imposed upon the data. It is also possible to
calculate the distance between each sample
point and any other defined point in the survey
area, such as a crop store or a major road.
Recombinant data variables can be created
from any existing variable in the database, either
singly or in combination, and with or without
ancillary data. A simple example is afforded by
soil types, for once a sample point is assigned to a
soil type it can be characterized on the wide
range of soil attributes associated with that soil
type. A second example is given by the ‘Total
Area Under Cultivation’ which is found by sum-
ming all the individual crop and intercrop areas.

The control of bias

Errors and bias in aerial surveys are two very
different things. Errors, by definition, are ran-
dom and their cumulative effects cancel out.
Errors affect the precision of a survey estimate,
and are quantified by the standard error or confi-
dence limits of a survey estimate. In constrast, a
bias is an error in a consistent direction whose
cumulative effect does not cancel out. Biases
affect the accuracy of a survey estimate, and
must be controlled if accuracy as well as preci-
sion is sought.

Biases can arise through the design of an aerial
survey, from inaccurate maps, from the way in
which an aircraft is flown, or from the analysis of
the sample photography. There are three
aspects to the control of biases. Firstly, design
the survey operation to minimize biases;
secondly, hold biases constant throughout the
survey; and thirdly, identify the major sources of
bias and, where practicable, correct them.

Systematic sampling is known to give
unbiased estimates so long as simple precautions
are taken when designing the orientation of the
flight lines. It is, for example, conceivable that

TABLE 2. Comparison between GNS500A position fixes and map

references
Absolute East—West North-South
error error error
No. of comparisons 300 300 300
Mean (m) 380 250 240
Standard deviation (m) 210 200 180
Standard error (m) 12 12 10
Nominal accuracy (m) 261 185 185
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the flight line spacing might harmonize exactly
with some feature of the landscape. This
possibility is minimized by orientating the flight
lines so that they cut across the dominant relief
and drainage features in the surveyed area.
However, the variances of the estimates from a
systematic sample are always biased in an
upward (positive) direction. Estimates from sys-
tematic samples are therefore always more pre-
cise than indicated by the calculated variances.

Bias can arise from the way in which the
aircraft is flown, from inaccurate navigation,
poor speed control and poor height control.
However, the flight information collected during
the survey is used to test whether such biases are
present, to estimate their magnitude, and to cor-
rect them before the data are analysed.

The GNS500A navigation system virtually
eliminates bias from gross errors in navigation.
The accuracy of the GNS system has been tested
by comparing the GNS lat/long readout
recorded when the camera was fired against the
lat/long derived from map sheets. The photo-
graphs were first plotted on to up-to-date
1:20,000 scale black-and-white aerial photo-
graphs before being transferred to 1:50,000
topographical maps. On a sample of 300 com-
parisons, the mean error in the GNS navigation
system was found to be 380 m (Table 2), which is
almost certainly an overestimate.

TABLE 3. Correction factors for mean slope angles

Slope angle  f (%) Per cent of Correction
(degrees) photographs  factor*
0 7 10 1.0000
1 21 22 1.0003
2 18 17 1.0011
3 14 14 1.0026
4 12 9 1.0046
5 7 7 1.0073
6 4 4 1.0105
7 3 3 1.0143
8 3 3 1.0188
9 2 2 1.0239
10 1 1 1.0297
11 1 1 1.0361
12 2 1 1.0433
13 1 1 1.0512
14 1 1 1.0599
15 1 1 1.0649
16 1 1 1.0798
17 1 1 1.0910

Source: Machakos Integrated Development Pro-
gramme Survey of Agriculture and Land Use, Febru-
ary 1981, 4200 35 mm diapositives.

* At mean flying height of 418 ft agl.

The height above ground level of the aircraftis
recorded every time a photograph is taken, so
that the scale and area imaged can be calculated
exactly. This removes any bias from inaccurate
flying. However, if the aircraft is in a straight and
level altitude but the ground beneath it is slop-
ing, the area photographed will be larger than

TABLE 4. Recounts of houses and structures from 35 mm diapositives

No.of Meanof Total Total Per cent Mean of SE (%)
frames  first houses on  houses on difference  second counts
counts first count  second count
126 1 126 128 +1.6 1.02 9.6
63 2 126 136 +7.9 2.16 7.2
83 3 249 262 +5.2 3.16 6.3
32 4 128 135 +5.5 4,22 5.4
21 5 105 112 +6.7 5.33 6.8
26 6 156 163 +4.5 6.27 7.2
8 7 56 59 +5.4 7.38 6.4
18 8 144 151 +4.9 8.39 3.9
16 9 144 147 +2.1 9.19 3.4
8 10 80 80 0.0 10.00 3.2
8 11 88 90 +2.3 11.25 3.8
4 13 52 53 +1.9 13.25 35
4 14 56 56 0.0 14.00 3.6
4 15 60 62 +3.3 15.50 3.6
4 16 64 65 +1.6 16.25 3.2
4 19 76 76 0.0 19.00 3.8
4 27 108 11 +2.8 27.75 1.9
429 4.24 1818 1886 +3.7 4.40 2.5

Source: Machakos Integrated Development
Use, February 1981.

Programme Survey of Agriculture and Land
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that calculated from the height above ground
level. The slope of the ground relative to the
altitude of the aircraft is therefore another
potential source of bias.

Table 3 shows the slope angle of the ground
under the aircraft for each of 4200 sample photo-
graphs. Also shown is the ‘correction factor’,
namely the amount by which the area of each
photograph calculated from the height above
ground level must be multiplied to take the slope
into account, assuming that the direction of any
slope was parallel to the direction of flight. Over
the whole set of photographs, the mean correc-
tion factor is only 1.0080, so the influence of this
source of bias is negligible.

In general, bias from photo interpretation is
minimized firstly by training the photo interpre-
ters on the interpretation key being used, and
secondly by carefully monitoring and checking
their performances while the photographs are
being analysed.

The presence of bias can be detected by
carefully reanalysing a sub-sample of photo-
graphs, treating the recounts as giving the more
accurate information. Table 4 shows the results
of recounting the number of houses and other
buildings on a sub-sample of 429 photographs.
Over the whole sub-sample, the recount gave a
figure of 1886 buildings compared to the original
count of 1818 buildings, a difference of 3.7%.

The most important data derived from the
35 mm diapositives are the estimates of crop
areas, cultivation and other aspects of land use.
Table S presents an analysis of a recount of 116
‘areas’ measured off a sample of 35 mm diaposi-
tives. A total of 258 recounts were carried out,
on areas ranging from less than 5% of the field of
view to over 50% of the field of view. In no case
are any of the recounts significantly different
from the original counts.

Aerial point sampling for land use surveys 155
TABLE 5. Recounts of crop areas from 35 mm
diapositives
Crop  Original counts Re-counts
cover Mean SE »n Mean SE

(%) (%)

0-5 16 3.2 66 37 32 4.5

5-10 23 7.3 39 51 73 27

10-15 12 12.6 37 29 127 22
1520 8 16.3 1.7 19 163 1.4
20-30 26 22.9 23 57 233 2.5
30-40 14 37.2 22 30 369 1.5
40-50 7 46.7 24 13 46.1 2.0
>50 10 63.9 53 22 63.1 3.5

Whereas the data in Tables 4 and 5 test the
consistency of the photo interpreters under
operational conditions, a controlled experiment
was set up to test if there was any bias in the
estimation of sizes and shapes arising from the
design of the dot grid itself. Seven areas were
chosen (Table 6) ranging from 92 m? to 3670 m?
at the average interpretation scale, the expected
number of dots ranging from 1 to 40. Each area
was counted in seven different shapes in which
the ratio of length to breadth varied from 1:1
(Shape A) to 1:25 (Shape F). Shapes A—E simul-
ate fields, while Shape F simulates long thin
linear features such as roads and hedges.

Fifty dot counts were carried out on each com-
bination of size and shape (Table 7). The first
important result is that none of the estimates
show any bias, and in no case is the mean esti-
mate of a size/shape combination significantly
different from the expected value. Furthermore,
the standard errors of the estimates are all accep-
tably small. The dot grid is therefore providing
acceptably precise and apparently unbiased esti-
mates of areas of different shapes. Indeed, a
two-way analysis of variance (Table 8) shows
that the shape of the area is having no influence

TABLE 6. Shapes and sizes for testing dot grid bias

Expected dots: 1.0 3.5 8 13 20 29 40
Hectares: 0.01 0.03 0.07 0.12 0.18 0.27 0.37
Square metres: 92 321 734 1193 1835 2661 3670
Dimensions of shapes (m)
All 10x10 18x18 27x27  35%35 43x43 52x52 61x61
B 1:15 8x12  15x23 22x23  28x42 35x53 42x63 49x74
Cc1:2 Tx14  13x26 19x38  24x48 30x60 38%76 43%86
D14 5x%20 9x36 14x56  17x68 21x84 26x104  30x120
E 1:11 3x33 6%66 8x88 10x110 13x143 16x176 18x198
F 1:25 2x50 3Ix107

Note: Dimensions (m) of each shape A-F are approximate.
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TABLE 7. Results of bias test on dot grid

Shape Expected dots
1.00 3.50 8.00 13.00 20.00 29.00 40.00
All x 1.06 3.72 8.00 13.14 19.68 28.14 39.20
SD 0.76 1.01 1.26 18.60 3.64 472 3.19
SE 0.11 0.14 0.18 0.26 0.51 0.67 0.45
SE (%) 11 4 2 2 3 2 1
B115 «x 1.02 3.52 7.84 13.28 20.47 29.26 40.16
SD 0.84 1.20 1.62 1.80 2.10 2.66 3.09
SE 0.12 0.17 0.23 0.25 0.30 0.38 0.44
SE (%) 12 5 3 2 1 1 1
c1:2 x 1.18 3.54 7.60 13.24 20.33 29.24 39.80
sD 0.94 1.22 1.56 1.42 2.46 2.95 3.39
SE 0.13 0.17 0.22 0.20 0.35 0.42 0.48
SE (%) 1l 5 3 1 2 1 1
D 1:4 x 1.18 3.60 7.62 13.00 20.52 29.50 39.98
SD 0.94 1.34 1.61 1.84 3.05 2.96 3.10
SE 0.13 0.19 0.23 0.26 0.43 0.42 0.44
SE (%) 11 5 3 2 2 1 1
E 1:11 x 0.96 3.50 7.56 12.78 19.58 27.84 39.82
SD 0.86 1.49 YRy 2.89 3.61 5.29 5.63
SE 0.12 0.21 0.31 0.41 0.51 0.75 0.80
SE (%) 13 6 4 3 3 3 2
F1:25 x 0.98 3.62
SD 0.91 1.82
SE 0.13 0.26
SE (%) 13 7

TABLE 8. Two-way analysis of variance of sizes
against shapes

Source ss df ms F
Size 6017.7 6 1003.0 10030
Shapes 1.5 5 0.3 3
Residual 2.6 30 0.1

Total 6021.8 34

Data from Table 7, seven sizes and five shapes (A-E
only).

at all on the number of dots being counted; the
only influence comes from the size of the area.

Conclusions, and costs

The APS method has evolved over the last 6
years in response to requirements from East
Africa development planners for regional level
data on land use and land cover. The method is
now widely tested. It appears to be very robust
and able to deliver usable data on a wide range
of land covers within a wide range of reporting
units. The ability to integrate ancillary data
within the photo database is an additional
advantage.

Costs are difficult to generalize upon since the
costs of labour, aircraft and film varies widely
between countries. But in Kenya a typical APS

survey in 40,000 km?, with a sample point den-
sity of 1 per 2.5 km?, analysing some 200 land
cover variables and fifty ancillary data variables,
reporting on twelve major strata and producing
some 100 coloured thematic grid cell maps, will
cost in the order of US$6.00 per square
kilometre. This cost can be as low as
US$2.00 per square kilometre if very few varia-
bles are analysed and as high as US$10.00 per
square kilometre if the survey results in a major
database creation and installation.
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Rectification of Digital Imagery
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ABSTRACT: Different methods can be applied to generate digital orthophotos. Three commonly used approaches are
analyzed and compared in this paper. They can be applied to rectify both digitized aerial photographs and satellite
scenes. These methods are polynomial, projective, and differential rectifications. The first two are defined by analytical
transformations between image and orthophoto without considering the geometry and orientation of the camera. They

are approximate solutions. The last one models the physical reality of the imaging process by means of the collinearity

equations and corrects for relief displacements. For eliminating distortions of the camera system, additional parameters
were included. This proves to be necessary when images are directly taken by video cameras. All three methods were
implemented on a workstation and were tested with digitized aerial photographs and video images. By overlaying GIS
data over the digital orthophoto, the quality of the rectification is checked. To determine the planimetric accuracy of
the results, the coordinates of targets were measured in a digital orthophoto and compared to known map coordinates.

INTRODUCTION

THE COMBINATION OF REGULAR LINE MAPS with aerial pho-
tographs is desirable for many applications. While line maps
usually consist of topographic elements such as roads, build-
ings, and rivers, many features important for disciplines like
geology, archaeology, forestry, etc., are missing. However, they
can be found in aerial or satellite images. In order to be able to
exactly overlay images and maps, their geometry has to be the
same: that is, an orthogonal projection of all points of the ground
to a reference surface. This process is called rectification, and the
resulting image-based map is the orthophoto.

Recently rectification methods have gained more significance
due to the fact that digital maps (stored in a geographic infor-
mation system, GIS) are to be combined with digital imagery.
To make sure that they are overlaid at the correct locations,
both have to be related to the same datum (map projection).
Many image processing systems designed for digital mapping
and remote sensing provide routines that perform this rectifi-
cation procedure; it is sometimes called geo-referencing or geo-
coding. The mathematical models applied range from simple
affine transformations, utilizing higher order polynomial and
projective transformations, to differential rectification with re-
lief displacement correction.

The last method is of particular importance if a surface model
~ of the landscape has to be created. Because digital images and
digital elevation data are both related to a planimetric grid, they
are basically stored in the same way: as matrices of gray or
elevation values. Digital rectification assigns a gray value to
each grid-element of the digital elevation model (DEM), so that
both elevation and density of the surface are stored at the same
planimetric location.

This paper investigates different rectification methods, ex-
plains the modifications necessary to apply them to satellite
imagery, and tries to point out the advantages and setbacks of
each. Practical examples show how the planimetric positions of
points vary in the different orthophotos. Differential rectifica-
tion is enhanced by additional parameters in order to correct
for lens and film distortions. This is important if video cameras
are used for data collection, as well as with satellite imagery to
model deviations of the orbit.

Only a few authors have covered digital rectification in recent
years. The first system for digital orthophoto generation using
scanning microdensitometers was presented by Keating and

PHOTOGRAMMETRIC ENGINEERING & REMOTE SENSING,
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Boston (1979). This system replaces the optical projection of a
small slit through zoom lenses and dove prisms (applied in
analytical orthophoto projectors) by electronic sensors that dig-
itize small parts of the image, a processor that positions the
sensor, and a film writer that directly exposes each pixel on the
film. The basics of digital rectification are explained by Konecny
(1979), and are discussed in Baehr (1985). A very interesting
method has been implemented by Jansa (1983). He uses linear
prediction to recitfy Landsat MSS images in a dense network of
control points. Digital rectification is an important module of
digital stereo workstations (Mueller et al., 1988; Hood et al.,
1989). Systems of that kind are mostly based on commercial
image processing systems, and allow one to combine digital
orthophotos with vector data of a GIS.

TRANSFORMATION OF DIGITAL IMAGES

To transform a digital image by an analytical function, one
can pursue either a direct or an indirect approach. The indirect
method takes each pixel location of the result (e.g., orthophoto),
determines its position in the original image by the selected
transformation f, and f, (Equation 1), and interpolates the gray
value by a given resampling method (Figure 1a); that is,

indirect transformation of point (x', ¥')(1)
from the result to the original image.

x=f (', Y)
y=f &, ¥)

where

Xy

’ ’

X,y
HFCLECQ)

pixel coordinates of the original image,
pixel coordinates of the result, and
transformation functions.

O]

1 -
original

result original result

{@ ®)

Fic. 1. Indirect (a) and direct (b) transformations of a pixel.
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On the other hand, the direct method starts from the pixel loca-
tion in the original image, transforms its coordinates into the
result, and places the gray value to the nearest integer pixel
(Figure 1b).

The direct method only assigns gray values that are given by
the original image; therefore, the contrast and density are not
changed by the transformation. However, it might happen that
some pixels do not get any gray value, which means that they
have to be filled after the transformation in a second pass through
the resulting image. The indirect transform assigns a gray value
to exactly one pixel in the result (an integer coordinate pair). It
has to be computed by interpolation from the original gray val-
ues. This is necessary, as the location of the pixel which was
transformed into the original does not correspond to an integer
position. The process is called resampling. By using the indirect
method, the gray values are altered in dependency of the re-
sampling algorithm.

The resampling method is chosen with respect to the accu-
racy, contrast, and resolution required in the result. The ideal
resampling function is the sinc-function (sin(x)/x). It cannot be
applied practically, as an infinite number of pixels would have
to be convolved with the original image to compute one gray
value of the result. Therefore, it is approximated by simpier
resampling functions. The most popular ones are listed in Table
1, which compares the size of the convolution window and the
number of multiplications necessary for the interpolation of one
pixel.

For most applications bilinear resampling yields sufficiently
good results. The cubic convolution gives a better contrast than
bilinear resampling, which smoothes the original gray values.
Nearest neighbor resampling causes step patterns in almost
horizontal or vertical lines; however, it is the least computa-
tionally intensive method.

THREE RECTIFICATION METHODS

Three methods were investigated for this paper. They are
commonly used in image processing systems, and represent
only part of the spectrum of approaches available.

PoLynOMIAL RECTIFICATION

The transformation between the original and the rectified im-
ages is done by polynomials (Equation 2). That is,
xIT A yl = fx (xl’ yl)
xTBy =f, & ¥)

X

y

@

where

x,y are coordinates of the original image,
x', y' are coordinates of the rectification, and
A, B are coefficient matrices of the polynomials.

x'T=(1,x, %% x'% ..)

yl'r — (1’ yl’ y12’ yl3, .")

Ago Aoy Agz - boo bor Yoz ---
A= Ay A1 A1z --- B = bio byy byz -
i Ay O3 822 --- by bz bz -

TaBLE 1. COMPARISON OF THREE DIFFERENT RESAMPLING METHODS.

Method Window Multiplications
Nearest Neighbor Resampling (1 x 1 pixel) 0
Bilinear Resampling (2 % 2 pixels) 4
Cubic Convolution (4 x 4 pixels) 110
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This method corrects for distortions of the image relative to a
dense set of control points. The order of the polynomial de-
pends on the number of control points available. The more
control information one has, the more accurate the result of the
rectification will be. This approach is completely independent
of the geometry of the imaging sensor, so it can be used both
for satellite images and aerial photographs. Due to the poly-
nomial transform, the original image is shifted, rotated, scaled,
and squeezed so that it fits best to the given reference points.
This is the reason why the method is most often used for sat-
ellite images, whose geometry and distortions are sometimes
difficult to model. Moreover, the relief displacement due to the
topography of the Earth is relatively small compared to the
flying height of the satellite and does not influence the result
significantly.

Although polynomials are very easy to use for rectifications,
they can cause problems and errors in the transformed image.
They do not adequately correct relief displacements, nor do
they consider the special geometry of the imaging system. For
the inexperienced user a high-order polynomial may seem to
provide a perfect fit at the reference points, as the residuals are
small; however, due to undulations between the reference points,
large errors could be created. The biggest advantage of the po-
lynomial transform is the fact that all distortions of the image
(due to sensor geometry, relief displacement, Earth curvature,
etc.) are corrected simultaneously.

PROJECTIVE TRANSFORMATION

The projective transform describes the relationship between
two planes (Figure 2). It is defined by eight parameters (Equa-
tion 3), which can be derived from four object points lying in a
plane and their corresponding image coordinates. The elements
of exterior and interior orientations are not needed, as they are
implicit in these parameters. This method is typically used to
rectify aerial photographs of flat terrain or images of facades of
buildings.

ax tay +a
X =
ax +ay +1

___blx’+bzy'+b3= .
ax +cy +1 £ &y

=f,y)
3

where 4y, a5, 3, by, b, bs, €1, C; arE the projective parameters.
The projective transformation can be modified so that satellite

imagery can be rectified. Satellite sensors, such as SPOT, only

capture one line of the image at a time. Therefore, we get a

)

Fia. 2. The projective relationship be-
tween an object and the image is defined
by eight parameters which can be deter-
mined from four control points.
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line-perspective relationship between the ground (plane) and
the image (Figure 3). Each scan-line has a different perspective
center, and one can assume that all are tied to a straight line
approximating the orbit. If y is given in the flying direction and
x represents the pixel in a scan line, the projective transform is
modified to Equation 4. That is,

_mx +ay +a
Toex' toy +1 @)
y=bx +by +bs
Due to Earth curvature, one can hardly define a plane area

on the ground which can be related to a satellite scene by Equa-
tion 4. Even for very flat terrain the Earth curvature cannot be

h
FiG. 3. Line-perspective relationship between an ob-
ject plane and a satellite scene.

original image

X, Y.2)

— ] orthophoto

digital elevation model

Fia. 4. Each three-dimensional surface point defined as a pixel of the
DEM is transformed into the image to find the density from a digitized
aerial photograph. This gray value is assigned to the orthophoto raster
at the same pixel location as the DEM point.
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neglected. Therefore, this method has little practical signifi-
cance for satellite scenes, but could be applied for airborne line
scanners.

DIFFERENTIAL RECTIFICATION

The term differential rectification has its origin in the approach
of rectifying small parts as of a photograph at a time. Conven-
tional analog or analytical orthoprojectors do this by optical
image transfer. A tiny slit is moved over the orthophoto, while
its corresponding part in the original image is found by shifts,
rotations, and scaling. For digital differential rectification, each
pixel is separately transferred form the original image to the
resulting image using the indirect approach (Equation 1).

A digital elevation model (DEM) is needed to correct for relief
displacements in the image. It is assumed that the DEM is stored
in the same format as the digital image, i.e., as a raster of digital
values, which in this case expresses elevations instead of den-
sities and are 16 bits long (compared to 8 bits of gray value).
The DEM has to be related to the map projection of the resulting
orthophoto.

In the digital case, the objective of rectification is the assign-
ment of gray values from the aerial photograph or satellite im-
age to each pixel of the DEM. After the rectification, both elevation
and density are stored at the same (x, y) location. This is basi-
cally similar to the concept of groundels which has been sug-
gested by Helava in connection with the automatic derivation
of DEMs (Helava, 1988).

To determine gray values, we follow this procedure: The three-
dimensional coordinates (X, Y, Z) defined by a DEM pixel are
transformed into the image by the collinearity equations (Equa-
tion 5). At the image position (x, y) the gray-value is interpo-
lated by one of the resampling methods. The density is stored
at the X, Y location of the digital orthophoto, which is equal to
the position of the DEM point (Figure 4).

. mX-X) (Y - YDA Z -2 _

L K X A Ya Fra =2y Y 5)
- _chz(x-xn)"'rzz(Y-Yu)‘*'Vaz(Z"Zn)
V=Y T X =X + (Y = Yo + rn(Z — Zo)

=f & y)

where x', y' are equivalent to the map coordinates X, Y.
To perform this transformation, the following parameters have
to be available:

® the interior orientation of the camera: x,, y,, ¢,

® the exterior orientation of the camera: X,, Y,, Z, — perspective
center, R a rotation matrix composed of w, ¢, k-rotation angles,

® the pixel-spacing of the digital image in camera units: p,, py
(mm),

® the cell-size of the DEM pixels in ground units: g,, g, (m),

@ the reference coordinates of one DEM pixel in the given map-
projection (usually the left upper corner of the DEM file).

If SPOT images are to be used, the mathematical model has
to be modified to line-perspective geometry (Equation 6). That
is,

Ef’u(x"xio) + (Y - Yo + % (Z — 24 = L&y
A =X + (Y =Y+ (Z~Zo) 7 ®)

h(X — X + th(Y =Yy + rh (2 - Zy
Hs (X = Xi) + i (Y — Y + 7k (Z - Z1)

X = -

0=-c¢ =f &y
where x; is the coordinate in scan-line i, orthogonal to the di-
rection of travel, and x,, y, = 0.

Basically, the orientation parameters of each scan line are
different. However, due to the smooth motion of the satellite
along the orbit and the relatively short time it takes to capture
a full scene, neighboring, perspective centers are highly corre-
lated. For most purposes the change of the exterior orientation
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parameters can be approximated by linear functions (Equation
7). That is,

ke
1

= X, + kxy;

<
[

=Y, + kyy;

N
|

= Zo + kzy: @
o+ ky

£
I

¢ + ki

hs
1

K=K+ ky,
where

Xm— Ky
Xk

exterior orientation parameters of line i,
exterior orientation parameters of the
center-line of the scene,

linear coefficients of the exterior orienta-
tion, and

Y: line number (coordinate component in the
flying direction).

Kk

In this case, there are 12 parameters of exterior orientation
for each image compared to six for regular aerial photos. Ad-
ditionally, the Earth curvature has to be considered with sat-
ellite images and small scale aerial photographs. The reference
of the orthophoto is a map projection related to the Earth el-
lipsoid (e.g., UTM, Lambert’s Conformal). The coordinate triplet
(X, Y. Z) of the collinearity equations, however, is related to a
tangential plane touching the ellipsoid at the center of the image
(Figure 5). Due to the large coverage of a satellite scene (60 by
60 km for SPOT), the differences of the map and plane coordi-
nates cannot be neglected. The largest influence appears at the
elevations (Z-component); at the edge of the satellite image the
height-difference can be more than 70 m, as compared to a
vertical accuracy of about 10 to 20 m. To transform a pixel lo-
cation (¥', y') of the orthophoto to the original image, one has
to go from the map coordinates (Xy, Y Zns With Xy = x', Y
= y') to the tangential plane coordinates (X, Y, Z), and from
there (X, Y, Z) to the satellite scene (x, ¥) utilizing Equations
6.

(X, ¥)

Fia. 5. Correction of the Earth curvature in satellite
images and small scale aerial photographs. The map
coordinates Xy, Ym have to be transformed into a
Cartesian system (X, Y, 2).
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IMPLEMENTATION CONSIDERATIONS

As every pixel of the orthophoto has to be processed sepa-
rately, computation time is a major concern. It can be largely
reduced by optimizing the image transformation. Multiplica-
tions must be avoided and substituted by simple additions. This
is done by taking advantage of the incrementation of pixel lo-
cations at the resulting image (orthophoto).

As an example, the projective transform (Equation 3) is used;
practically, this technique can be applied to any transformation.
With the indirect approach we take a pixel of the result, com-
pute its corresponding position in the original image, and in-
terpolate a gray value. Then we proceed to the next pixel by
adding 1 to the x-coordinate. The left, upper corner of the or-
thophoto has pixel-coordinates x' = y' = 0; the transformed
values are given by Equation 8; that is,

X0 = 431 (8)

] Yoo = by/1
Then the next pixel of the same line (x' = 1,y = 0)is trans-
formed by adding a,, b, to the numerators and c; to the denom-

inator of Equation 8; no multiplication is necessary (Equation
9). That is,

o + a;
o= L1 ©)

b, + by

Yio = o + 1

For each following pixel of this line the same three additions
are done to get the location in the original image. When we
switch the line (y' = 1), we start by adding a,, b, and ¢, to the
numerators and denominators of X, and Yo, respectively. Thus,
the transformation of all pixels of this orthophoto can be per-
formed without a single multiplication; of course, the division
of the projective transform is still necessary.

COMPARISON OF METHODS

The three methods have been implemented on a workstation.
The whole orthophoto production, consisting of the orientation
of the images and the rectification, was done digitally. First,
the image coordinates of control points were measured on a
monitor employing a cursor and a mouse. The reference points
on the ground were digitized from an existing map. The para-
meters of each transformation were computed from these mea-
surements. The residuals of image coordinates after the
adjustment were displayed as vectors on the screen to evaluate
the quality of the points and to eliminate blunders. Afterwards,
the transformation parameters were used in the rectification
programs. For differential rectification a DEM was available with
the same cell size as the orthophoto. It was captured from the
original aerial photos on an analytical plotter.

Figure 6 shows different rectifications of a part of an aerial
photograph, which was digitized with an EIKONIX camera at
a format of 1024 by 1024 pixels. Image (a) was done by poly-
nomial rectification, image (b) by projective transformation, and
image (c) by differential rectification. The streets and lakeshores
were digitized manually from an existing map and overlaid over
the orthophotos. The polynomial approach shows the largest
displacements, while both the projective transformation and
differential rectification fit very well to the digital map. It seems
that the ground plane of the projective transform is tied to the
lakes, thus showing almost no deviations from differential rec-
tification.

CORRECTION OF DISTORTIONS

The accuracy of differential rectification can be further im-
proved by extending the analytical model. Parameters (Ax, Ay)
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Fic. 6. Comparison of different rectifications of the same
area. The images have been overlaid by a digital map.
While the polynomial transform (a) caused very large dis-
placements, projective (b) and differential (c) rectifications
are very similar, as the relief displacement has only a
small influence due to the large flying height.
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were added to the collinearity transformation to correct for all
kinds of distortions of the digital image. This is especially im-
portant if CCD and video cameras are used for imaging, as their
lenses are of lower quality than those of metric cameras and
show considerable distortions. The coefficients implemented are
correcting symmetric and asymmetric radial distortions, tan-
gential distortions, as well as affinities (Equation 10) (Konecny,
et al., 1984). They can be added to the image coordinates of the
projective transformation and the collinearity equations. They
are obsolete for polynomial rectification, as most of the coeffi-
cients are correlated with the parameters of the polynomial.

Ax=a, x (r—ro)+a, x (P—13)+a3 x (°—13)
+a, x (71} +as x cos 2a+dag ¥ sin 2a—a, ¥ cos 2a
—dg ysin 2a—4q X (10)
Ay=a,y (r—r)+ay (P-rd)+as y (=15} +a,y (719
+4a5 y cos 2a+4g y sin 2a+4; X €OS 2a+ag x sin 2a
—2y Y+ X
where

4, ... @, are additional parameters computed by the bundle

adjustment,

1, 1, are the radial distances from the principal point, and

« is the angle between the x-axis (horizontal) and the direc-

tion to the image point.

To prove the effectiveness of these corrections, a video image
of a two-dimensional test field was rectified with and without
the added parameters (Figure 7). The target locations were mea-
sured by least-squares template matching in both rectifications
and compared to the correct point coordinates. The results are
show in Table 2. The mean accuracy of the points in the rectified
images improved by a factor of three to about half a pixel in
both directions.

CONCLUSIONS

Digital rectification methods are gaining importance due to
the fact that images must be combined with digital maps in
GISs. The higher the resolution of the images, the more sophis-
ticated the rectification method should be. All possible distor-
tions caused by the imaging sensor can be corrected during the
rectification to obtain best results. The comparison of three dif-
ferent approaches commonly used in image processing systems
proved that a differential rectification that corrects both for relief
displacements and camera distortions yields the best results,
and should be used both for aerial and satellite images.

This method not only generates orthophotos, but it actually
finds the gray value of each DEM point and stores it at the same
location. Thus, a digital surface model is created which contains
elevation, density, and maybe other attributes (such as expo-
sure, slope, temperature, etc.) at each position. These different
layers of raster data are given in a geo-referenced, orthogonal
projection, and can easily be overlaid by vector data stored in
the GIS.

Moreover, both orthophoto and DEM can be created at the
same time by digital image matching. During the matching pro-
cedure the gray value which has to be assigned to a given Io-
cation is available twice (in the left and in the right image).
Therefore, the mean value could be used. One might even de-
velop more sophisticated methods that determine which of the
gray values yields a better result, and thus solve the problem
of occlusions.
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Fic. 7. The digital image of a testfield (left) has been rectified (right) with and without corrections for distortions.
The improvement has been quantified by measuring the image coordinates of the two rectifications by least-

squares matching.

TABLE 2. STANDARD DEVIATION OF POINT POSITIONS IN DIGITAL IMAGES
RECTIFIED WITH AND WITHOUT APPLYING ADDITIONAL PARAMETERS

Standard Deviation (RMS Error)

Additional Parameters

x y
Withopt 1.65 1.73 [pixels]
With 0.56 0.63 [pixels]
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The Australian Institute of Cartographers is hosting a conference focusing on the role of cartography in
monitoring and managing the nation’s resources. Conference themes include:
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Point Sampling Surveys with GPS-logged Aerial
Videography

Obtaining sufficient geographically unbiased data for verification and validation of
vegetation communities is one of the greatest challenges in developing vegetation base
maps for the Gap Analysis Program. These independent data are essential for classifying
the Landsat Thematic Mapper (TM) imagery used in all Gap Analysis projects and for
assessing the accuracy of the vegetation maps. Low altitude aerial surveys, combined with
video data systems that tag each video frame with geographic coordinates from a global
positioning system (GPS), provide a cost- and time-effective method for obtaining high
resolution data on vegetation communities over large geographic areas. The Gap Analysis
Program in New England is using this technology in conjunction with the hyperclustered,
multitemporal Landsat TM imagery distributed through the Multi-Resolution Land
Characteristics Consortium (MRLC) to produce its vegetation map of southern New
England (Slaymaker et al. In press).

Acrial point sampling was developed to characterize the land cover of a region by
interpreting a distributed sample of large-scale aerial images (Norton-Griffiths et al. 1982,
Dunford et al. 1983). The Arizona Gap Analysis Program used this approach first to
interpret its statewide Landsat TM coverage (Graham 1993), using aerial videography in
combination with GPS-logged time code. The Arizona project used a Super-VHS camera
flown at 2,000 ft above ground that covered 0.5 km at wide angle and zoomed to 15x
magnification once every 10 seconds to collect a point sample image 30 m wide. The New
England Gap Analysis Project modified Arizona's pioneering system by using two Hi8
band video cameras attached to a portable mount that can be operated from any highwing
Cessna. The mount is clamped to the open window frame, then cranked out and adjusted to
vertical with a bubble level. The video cameras are mounted vertically beside each other.
One is set at wide angle, the other at 12x zoom, providing a swath of 30 m wide large-scale
imagery down the middle of 0.4 km wide-angle coverage when flying 600 m above ground
level. This approach provides more flexibility than a single camera in both the selection
and density of sample points. Geographic position data are recorded in-flight from a GPS
unit to a laptop computer using Geolink software. Flight lines can also be entered into this
system for navigational purposes and will appear in correct relationship to the plane's
position on the computer screen during filming. Time code is "sipped" from the GPS data
stream by a Horita GPS time code generator to provide a matching SMPTE time code for
the video tape recorders. SMPTE time code is the standard audible timing signal recorded
to the audio track of professional video. Horita's time code generator substitutes GPS code
for the normal internally generated signal, allowing each frame to be matched to a
geographic position. In our system, time code is recorded directly onto the video images as
well as the audio track, simplifying the synchronization of the two tapes during playback.
We flew 10 - 24 km spaced transects of all six New England states (3,000 km) in the spring
and fall of 1994, so as to capture both phenologies of our deciduous forests.

The video tapes from these transects are used to select and label sample Landsat pixel data.

8/7/2008 11:02 AM
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Two TV monitors, one each for the wide angle and zoom videos, are set up beside a
computer monitor showing the corresponding portion of the Landsat image. The GPS flight
data are overlaid on the Landsat image as vector points that can be queried for their time
code, allowing the video frames to be matched to that image. As the video tape is
interpreted and plant communities identified, specific pixels in the Landsat image are
tagged with their forest type or vegetation class. These points are later extracted as a set of
attributed coordinates and used as training sites in a supervised classification or, as in our
case, systematically modeled for a set of inference rules to relabel the hyperclustered
classification. Each selected pixel takes only seconds to tag, and we collect 18,000 or more
points per image in a stratified sample by region and by topographic slope. One quarter of
the sample points (stratified by vegetation type) are set aside and later used to access the
accuracy of the final vegetation map. The remaining points represent only 0.06% of the
total pixel population of a Landsat image, but this sample is sufficient for modeling of the
probable vegetation types of each spectral class under different conditions of terrain and
spectral mixtures.

The models for each vegetation type are developed with a set of Excel templates. The
contingency tables sort the sample points by slope/aspect, frequency of appearance within a
vegetation type, and the characteristics of their immediate neighborhood (25 pixel block)
within those vegetation types. These data are then used in another set of Excel templates to
construct inference rules that relabel each Landsat pixel to its most probable vegetation
class for its location and spatial context. The templates are available on our World Wide
Web (WWW) home page (see "New England GAP Analysis" at
http://tove.fnr.umass.edu/gaphome.html, or ftp://tove.fnr.umass.edu/pub/gap), along with
complete sets of our rules, a more detailed explanation of the process, and our initial
accuracy assessments, which indicate a near 90% reliability for the seven forest types tested
so far.

Technical assistance, including on-site workshops, acquisition of aerial video coverage, and
assistance in setting up video interpretation stations, has been provided to a variety of Gap
Analysis projects such as Colorado, Florida, Maine, Montana, Oregon, Tennessee,
Vermont, West Virginia, and parts of California, as well as new applications of GAP
methods in Madagascar, Mexico, and Portugal. Several GAP state projects now have aerial
video camera systems and are using them cooperatively with other states. Contact Dana
Slaymaker at the University of Massachusetts at (413) 545-4853 or
dana@tove.fnr.umass.edu for additional information or technical assistance on aerial
videography and interpretation of multiseasonal hyperclustered TM data.
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ewonrmcrvs | Resource mapping projects in remote areas often face a difficult
@nsusscRBE | chojce between spatial resolution and economics. Imaging
satellites offer relatively low-cost coverage for large areas, but
they have insufficient spatial resolution for many applications. On
the other hand, traditional aerial photography techniques acquire
much higher resolution images, but are extremely expensive.

An international conservation group, however, has teamed
with a U.S. researcher to fine-tune a low-cost GPS-logged aerial
photography technique for a forest monitoring project in
Madagascar. The process uses a standard 35mm SLR camera, Hi8
video cameras, unmodified Cessna aircraft, and commercially
available image processing software to create geo-referenced and
rectified digital photo mosaics with 1.5-meter spatial resolution.
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Mapping Challenges in Madagascar

In the past 50 years, rice farming on Madagascar has steadily
crept up from the coastal lowlands into the dense tropical forests
that lie on the escarpment of the island's central plateau.
Because many of these forests are protected in reserves, the
Madagascar government asked Conservation International (CI), a
non-profit biodiversity conservation group in Washington, D.C.,
to assist in the conservation of these reserves in partnership with
local communities. An important part of this program is their
effort to map and monitor the encroachment of farming.

The CI program focuses on the Ankarafantsika and
Zahamena protected areas in northern Madagascar, and is part of
a national Environmental Action Plan intended to improve
environmental quality, as well as protect the diverse ecosystem
and endemic species of the island. In recent years, Zahamena
and Ankarafantsika have been threatened by the slash-and-burn
practices of local rice farmers. CI is working with farmers to get
them to understand and respect reserve limits, while also seeking
to find development alternatives to forest destruction.

Tree clearing is illegal in the reserves, and it requires a
permit in most other forest areas. Farmers often enter reserve
lands unknowingly or without realizing that they require permits
for clearing elsewhere. Monitoring this situation has proved
difficult for authorities because the clearings are usually quite
small, often less than a hectare, and located many kilometers
from the nearest road.

CI's role is to help monitor the rate of illegal clearing, and to
work with farmers in nearby villages on soil preservation
techniques, rice storage methods, and sustainable agricultural
practices. But right from the start, ecologists participating in this
project knew that they faced the challenge of mapping a large
area at high resolution, all with a limited budget.

Project leaders at Conservation International contacted Dana
Slaymaker, a researcher of renewable resources at the University
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1355



Earth Observation Magazine

2 0of4

http://www.eomonline.com/Common/Archives/2000jan/00jan_corbl...

of Massachusetts. He has developed a low-cost digital photo
mapping procedure for application in U.S. biodiversity inventory
work and international resource management projects. Mr.
Slaymaker was thereupon contracted to bring his portable
mapping system to Madagascar.

A Low-cost Air Photo System

Prior to the first air photo mission over the 53,000 hectare
Ankarafantsika Reserve, project participants compared the cost
of the 35mm system to that of an Africa-based aerial survey firm
that would employ a large-format camera and modified aircraft.
The cost to acquire, process, print and scan the 35mm photos
was calculated at US$6,850, while the commercial firm would
have charged US$41,200 to photograph the same area.

Every element in the GPS-logged photographic mapping
system is commercially available except for the camera mount,
which is a custom-made brace capable of holding one 35mm and
two video cameras. The mount attaches either to the window
frame of a single-engine Cessna, or to the co-pilot seat rails once
the seat and door have been removed.

Other key elements include two Canon Hi8 video recorders
used simultaneously, and a pair of Nikon N-90 35mm cameras
with quick releases and 18mm wide-angle lenses, employed one
after the other as film rolls are used and reloaded. Kodak Royal
Gold 100- or 400-speed color film is preferred, depending upon
lighting conditions. Two standard laptop computers and an
airborne GPS also play important roles while in the air.

Most system components are interchangeable with other
similar commercial products, with the exception of the TNTmips
image processing/GIS software from Microlmages of Lincoln,
Neb., which was chosen for its unique mapping capabilities.
Therefore, all rectification, geo-referencing and mosaicking of the
35mm images was accomplished in the field by using a Pentium
desktop computer equipped with TNTmips.

Acquiring the Photos

Prior to takeoff, participants planned each mission to include 60
percent photo overlap within a flight line, and 30 percent
sideways overlap between flight lines. Photos were taken about
20 seconds apart, with time enough to switch cameras as each
roll of film ran out. In Madagascar, the researchers flew the still
photography at an altitude of 3000 meters, dropping later to a
lower altitude for the videography.

While the aircraft was in flight, the GPS was linked to two
software packages, each one on a different laptop computer.
Geolink software (GeoResearch Inc., Billings, Mont.) controlled
navigation by graphically displaying the aircraft's location on a
map of pre-planned flight lines. The pilot simply flew up and
down the lines as shown on the screen. The second software
program, a homemade package called "foto," triggered the 35mm
camera's shutter at the programmed coordinate locations. Foto
also recorded the time and exact coordinates of each acquisition.

Once these photos were collected, the pilot descended to 150
meters for video acquisition. Guided by the navigation software,
the pilot then flew a second set of flight lines and acquired video
footage that lay precisely in the middle of the sideways overlap
zone. Both video cameras rolled simultaneously, with one of
them set for wide-angle and the other set at 12X zoom. They
were linked to a Horita GPS-3 time-code generator, a device that
prints the GPS time and frame number on each video frame for
accurate correlation to the GPS coordinate data, thus precisely
locating each video frame.

In U.S. biodiversity inventory work, the aerial videography
was included in this technique as a ground-feature sampling
method for vegetative cover mapping. The wide angle covers an
approximately 200-meter swath, collecting about a four percent
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vegetation sampling rate of the project area at the spatial
resolution of one-half meter per pixel. The 12X-zoom video
records a narrow swath down the middle of the wide-angle
coverage at a resolution of two centimeters per pixel, which is
sharp enough to identify most individual plant species for
biological inventory purposes.

In the Madagascar application, wide-angle video was
primarily used to geo-reference and rectify the 35mm frames.
The video served as an excellent and inexpensive
geo-referencing data source, since the geographic center of every
frame could be precisely located with time and coordinate data
from the GPS. This allowed the researchers to extract control
points from the video to rectify the still-photo frames.

Processing the Digital Photos

The ultimate goal of the Madagascar project was to develop
accurate, up-to-date maps that would assist Cl in its forest
conservation efforts. Fully rectified digital photo mosaics of the
Ankarafantsika and Zahamena Reserves were created from the
video and 35mm images. The digital mosaics were loaded into a
GIS so that researchers and local officials could identify
deforested areas, thereby planning development programs for
each appropriate village. Hard-copy image maps were also
printed and taken into the field by researchers.

Creation of the photo mosaic was conducted on-site in
Madagascar using the image processing software, TNTmips. This
package was chosen specifically for its ability to display many
types and combinations of raster, vector and GPS log files in its
reference window during geo-rectification-a crucial capability for
this procedure.

At the end of each day's flying in Madagascar, the film rolls
were taken to a one-hour photo shop that produced 4x6-inch
color prints. Back at camp, these were scanned at 2700 dots per
inch using a Polaroid PrintScan 35 Plus to create 2500x3800 pixel
images, which were then imported into the image processing
system. An outdated paper map of the reserves had also been
scanned into the system, a visual reference for the technicians to
use during the registration and rectification process.

Several windows of data were open simultaneously in the
image processing software: the scanned raster map with overlaid
flight lines, 35mm raster photo frames, and video frames. The
video frames were not imported into the image processing
software itself, but instead were digitized with a video
frame-grabbing package and then displayed with that software as
an overlaid window.

Using the flight-line photo centers as a guide, the technician
placed the first digitized 35mm photo image from a specific flight
line into its approximate location on the base map. The GPS
points representing each video frame were displayed in the
reference window as a series of points labeled by their time code.
The technician then viewed the video until he found a frame that
had an identifiable feature at its center, such as a bush or a tree.
Then he found the same corresponding object in that portion of
the 35mm photo image.

By clicking on the object in both the 35mm image and the
video frame, the technician created a control point, one with a
known coordinate from the GPS file. With hundreds of video
frames available for a single 35mm image, he then followed the
video path up and down the 35mm image, repeating the
feature-matching process and creating a rectangle of control
points. This collection of some 15 points rectified that first 35mm
image, with great accuracy, to precise GPS coordinates. The
technician then added the rectified 35mm frame to the reference
window so that the next frame down the line could be precisely
matched within the mosaic.

The next frame down the flight line was then brought into the
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geo-referencing window with its overlap area already trimmed
and ready to be pieced into the mosaic. The technician proceeded
by geo-referencing this, and subsequent 35mm frames, both to
the video control points and to the rectified image above, thus
creating a continuous image mosaic. This was yet another step
where the capabilities of the image processing software proved
crucial. The TNTmips offered the unique ability of allowing the
technician to place the rectified frames into the reference
window, so that all subsequent frames were rectified to them.
This further allowed the mosaic to be built as the geo-referencing
proceeded.

The technician continued down the flight line,
geo-referencing and rectifying each photo image and then adding
it to the mosaic. When the end of the flight line was reached, the
process began again with the next flight line, but this time the
sideways overlap area of the previously rectified line was used to
further rectify the frames.

Studying Results and Mapping the Future

Working at a speed of about 25 photo frames per day, the
researchers ultimately built a 450-frame mosaic of
Ankarafantsika. Two such mosaics of the reserve were created
during two separate acquisition projects in 1996, and 1997. The
project staff processed these mosaics into their GIS in order to
find new clearings and to begin developing a land cover/land use
database of the reserve,

For Zahamena, individual photos and smaller mosaics were
also generated for comparison to black-and-white air photos that
had been acquired above the reserve in 1992. These older photos
were scanned and displayed in TNTmips in juxtaposition to the
1996 mosaics. In areas where change was detected, technicians
geo-referenced the old photos with the new images so that new
clearings could be precisely located and mapped.

The image processing system digitally calculated forest area
that had been lost over the four-year period. It revealed a one
percent to two percent annual loss in forest cover, a much lower
rate than when the CI project had begun. Areas with
higher-than-average levels of new clearing were targeted as
priority zones for future project action.

Conservation International has since assembled its own
GPS-video logged system with Mr. Slaymaker's help. The process
has been employed with several other CI projects in Mexico,
Peru, Ecuador, Brazil, Botswana, and the Ivory Coast.

In 1999, the participants expect to reunite in Madagascar to
study a modified version of the technique. The University of
Massachusetts researcher has added a pulse laser that will collect
terrain elevation information along with the still and video
frames. If successful, the researchers hope to generate a
three-dimensional view of an area in southern Madagascar.
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Abstract

This paper describes an ongeing colleborative rosearch program between the Computer Science
and the Forestry and Wildlife Managernent Departments st the University of Massachusetts to
develop cost-effective mcthodologies for monitoring biomass and other enviroumental
perarneters over large areas. The data acquisition system consisis of a diffevential GPS sysier,
3 3-axis solid siate nettial reference systery, 3 speall format (7inun} aovial survey camera, two
video cameras, a laser profiling alilrneter, and a PC based data recording system.  Two aerial
survey techriques for determining blomasy are discussed, (me primarily based on video and
the oiher relying additionally on the 3D tervain models generated fom the aenal photographs.
fn the frst technigue, tragsects are flows at 1,000 feet with dual-camera wide angle and zoom
video, and & profiling laser operating at 238 He  The video coverage is used to ideniify
imdividual tree species, and the laser profiler is used to estimate tree heights, The seoond
procedure builds on this approach by taking scquences of 70wm photographs with an 80%
overlap along a second higher aliitude flighs line at 4,008 foet. Detailed 31 terrain models ave
then generated from successive pairs of images. Several state-of-the-are computer vigion
algorithms axe discussed, including the ITL systems, whick is an interactive ground oover
classification systern that allows an operator fo quickly classify the large areas i 8 real-lime,
and Terrosi, which is 2 highly robust 3D} terrain medeling systera. The work described o this
paper is i a preliminary phase and all of the constituent techuologies have not been fully
integrated, we nevertheless demoustrated the value and feasibility of using compuier vision
techudques to solve covironmental monitoring probliems on a large scale.

* Spousored by Genots froem the National Science Foundation (EIA-9726401) and the National
Fish and Wildlife Foundation (#8085}
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1 Imfroduction

The Computer Science {85} and Forestry and Wildhfe Mansgement {(FWM)
Diepartments at the University of Massachusetls are engaged in & thres-year NSF
grant to develop cost-effective, automated techmigues o mowitor forests and other
matural environments. Our long-tenmn goal s to antomate and improve cavironmental
monttoring techniques currently employed by TWM through the use of & vanety of
compater vision fechnignes, includmy 3D torrain reconstruchion, classification, and
auwtomatic video mosaicking techrdques,

Bicmass estimation is an ieportant application domain for this work, The UN
Convention on Chmate Change held at Kyolo, Japan in 1997 established 3 framework
for assigning coonomsic value fo carbon sequestered in biomass.  The effective
mmplementation of the treaty depends on developing costeffective metheds that
aceoately establish the biomasg of tropical forests. Because of vast amonnt of forests
that maybe affected by thiy treaty, current labor intensive in-site methods that meke
extensive use of permanent plots for estimmitng bomass { 1], {2] are not feasible,

To extend coverage and simplity data collection, a range of techuigques are beoing
svaluated that utilize the general approach of extrapolating fnfbrmation fom small
ares point samples {e.g., permanent plots}, o high-resolution transects ohserved from
iow-altitude aerial surveys, o low-rceolution, large area analysis derived from
sateliite images. The focus of our current work is op studving the effectiveness of
classifing vegelstion using sarrow sirips of hiph-resolution video (6.1 m GSI3,
wide-angle video, laser altimeter profiles, and 3D termin models geperated from
suall format aerial photography (0.5 - L0 m G813

L. Historical Perspeetive

To fudfll the torms of the Kyole freaty the 1 S, Government asked for volustary
efforts on the pant of American industries to comply with the goals set forth in Kyoto.
As part of an offort 1o respond fo this challenge, the Amencan Eleciric Power (AEP),
PacifiCorp and BP America in collaboration with The Nature Conservancy {TNC},
Fundacidn Amiges de la Natusleza (FAN), and the government of Bolivia, have
established the Noel Kemplf Mercade Climate Action Projcct. Approximately
633,000 hectares of forest have been withdrawn fors logging or agricultural
development and added to the Nocol Kempfl Mercado Natonal Park in northeast
Bolivia. To determine the stending forest biorosss of this region, TNC contracted
with the Winrock International Institute for Agricultumsl Development fo develop a
stratifisd sample of ground sites where individual trees coudd be measured over time,
Staff from Winrock and the Noel Kenpif Mercado Natura! History Museuns in Santa
Cruz ostablished 625 nested plot sites n Bve bagie vegetation sirata. Bach aite was
divided into two concentric regions ~ an inper region with a $-meter radius, and an
outer region with s 14meter radivs. Io the inwer region all woody stems with @
dlamster at breast height {(dbh) greater than 3 om were measured; and in the outer
region alf steros with dbh greater than 20 om were mmeasred. These dbh values and
tree counds were then extrapolated to a per hectare eostimate of standing biomass for
the region using standard alometric equabions,
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Setting up 625 plots in a tropical rainforest with few access roads was a major
costly and time consuming undertaking. With the vast amounts of forest subject to
carbon sequestering under the Global Warming Treaty, it became obvious that manual
sampling techniques are not practical. To reduce the amount of labor and extend
coverage, the Electric Power Research Institute (EPRI) contacted with the University
of Massachusetts to develop low-cost, robust methodologies to measure biomass.

2 Approach to computing biomass

Our initial focus has been on evaluating two aerial survey techniques for determining
biomass, one primarily based on video [10] and the other relying additionally on the
3D terrain models: For both setups a Trimble real-time differential GPS system was
used to collect position information to approximately 1 meter in X,Y,Z, and a Watson
Industries 3-axis solid state inertial reference system were used to collect orientation
information to approximately 0.1 degrees in role and pitch and 0.5 degrees in
azimuth. To enable temporal registration of the various data streams, time codes were
added to the data during collection. A time code generator was used synchronize the
video data; which was recorded on a VCR, and a time code stamp was added to all
digital data during the recording process.

In the first technique, which we refer to as the 2D approach, transects are flown at
1,000 feet. The instrument package consisted of the GPS, inertial reference system,
two down-looking video camera (one with a wide angle lens and one with a telephoto
lens), and a profiling laser altimeter. Figure 1 shows an example of a video sequence,
and Figure 2 shows an example of a geo-referenced laser altimeter profile. The wide-
angle camera covered a swath approximately 320 meters wide, with 50 centimeter per
pixel resolution. The other camera was set at 12X zoom, covering a 26 meter wide
swath at 4 cm per pixel resolution, a sufficient scale to identify individual tree
species.

Fig. 1. Product of dual camera videography. Zoomed imagery tracks a swath
down the center line of the wide angle coverage and can be matched by
corresponding time codes.
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The second sampling procedurs builds on this approach by taking sequences of
photographs with an 80% overlap along 2 second higher slitude flight Hoe at 4,000
feet. The bmapes were faken with 2 70mm Hasselblad MWX photogrammetric
camnera.  Detatled 3D termin models were then generated from sucoessive pairs of
iznages. An Infergraph SBE. workstation was used io build the stereo model and the
Uihass Terrain Beconstruction System {Terrest) was used for image matching and
differential rectification.  The oxcessive overlap was necessary io maintain
radiometng consistency between fames,

Tochndques were fosted by processing & preliminary data set collected in
September 1998 over @ mixed hardwood/conifer forest area al an AEP test cile in
Crookeville, Ohio. Thirty-one plot stics were establiched along two transecte and a
per hectare biomass ostimated {or cach.  Half of the plot measurement sofs are
presenily being used fo calibrate the resulting video strips and 303 terrain models.
These resulis will then be tested against the remaining sies o determine the relative
sucoess of each approach. A mores extensive fost over rauch farger area is planned in
Bolivia this sprimg, to be conducied tm the Noel Eempif Mercado National Park
expansion zone i Boliviz. That survey should provide roore accurate ostimates of
biomass at a considerably lower cost.

NAGGDC e CON N, MmN

£ Tawwen

Fig, 2, An example of 3 laser sltimeirr profile
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3 Three-dimensional Terrain Modeling using Terrest

The ability to generate accurate, high-resolution digital elevation maps (DEM) is
essential to our environmental monitoring strategy. On a low-resolution scale (5-
30m) DEMs provide important topographic information, such as elevation, slope and
drainage patterns. ‘On. a finer scale (1 m or less) DEMs can be used to count
individual trees, and/or determine 3D textural qualities of the surface.

The UMass Terrest system was designed to automatically generate high-resolution
3D terrain models from aerial images when the viewing angles become oblique
(incidence angles greater than 45 degrees), and/or when the camera separation
becomes large (base-to-height ratio exceeds 1.5). The system incorporated several
specific features that increase the accuracy, robustness, and utility of the system [7],
[8]. Figure 3 shows an example of a terrain model generated from a pair of images.

Figure 4 shows a 768 x 768 pixel section of the DEM and corresponding ortho-
image taken from the center of the scene shown in Figure 3. To test the reliability of
detecting trees in the 3D terrain model, two groups of four interpreters evaluated the
DEM and ortho-image. The first group marked bumps in the DEM and locks for
corresponding evidence of a tree in the ortho-image, while the second group
identified trees in the ortho-image and looked for corresponding burnips in the DEM.
Both groups found a reliability of at least 95%.

The Terrest system has recently been enhances to fuse information from multiple
overlapping views (typically 3-6) [9]. When more than two images are available the
system first produces separate DEMs from each ordered image pair. The system then
fuses the individual DEMs using a robust method to produce an optizal ferradn madel
consisting of a DEM, a geospatial uncertainty map, an ortho-image, and a set of 3D
texture maps (see Terrain Classification below).

e

Fig. 3 A rendered view of the ortho-image draped over the DEM
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The technique relies on two key factors for generating robust 3D termain models,
{1} the ability to detect unreliable elevations estimates, and (2) the ability to fuse the
reliable elevations into a single optimal tervain model. The technigue is based on the
concept of using self-consistency measures, first introduced by Leclerc et al., {4, 5]
to identify unreliable points in a distribution. The focus of their work was to obtain a
quality measure for point correspondences, Thelr algorithm obtained a probability
distribution by counting the number of corresponding image points for cach object
point that is consistent with the viewing geometry within a specified error limit. We
exiended the self-consistency concept to the problem of detecting unreliable clements
ina DEM, generated from stereoscopic image pairs,

The geospatial uncerizinty, occluded surface patches, and false matches are
inferred by analyzing asynumetries in the elevation and confidence level estimates
produced by reversing the roles of the left and right images during the image
matching phase. If Z45 is the DEM generated with image A as the left and B as the
right, and Zg, is the DEM penerated by reversing the roles of A and B, thes
anomalies in £y - g, can be used to calegories DEM ervors. Unreliable elovation
estimates, characterized by large values in Zyg - Fna, may result from suwrface
discontinuities, non-Larshertian surface patches, such as water, and occlusions. For
regions where Zay and Zpa agree within a predetermined range, the geospatial
wnceriainty can be inferred directly from the variance of (Zan - Zpa). Consequently,
an clevation estimate is said to be self-consistent when 7,5 - Zg4 i8 below a threshold,
The self-consistency threshold is set as low-ag possible to assure that all elevations
arising from falee image matches are rejected.

Figure 5 shows the results of & multi-image fucion. The processing started with 4
images, which resulied in 12 elevation estimates per pixel in the output grid. We then
applied the self-consisiency methodology and labeled each elevation estimate ag
retiable or unreliable. We then averaged all of the reliable estimates are each pixel to
form an optimal DEM,

ge

Fig. 4. The DEM and orhto-images used to test the reliability of detecting trees.
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Fig. 8. A rendered view of the fins! 3B terrain model {Jeft) and the wumber
of self-consisient eptinantes used {6 compute each elevation

4 30 World Texture Measures

We have recently shown that classification performance can be significantly
improved by adding to the uvsual 213 image texture measures [3] & sot of new 3D
texture measures [13]. Our concept is that 3D textures are a function of recurring
patterns caused by physical coarseness, roughness, and other characteristics of 3D
surface siructure, and that certain intermediate resulis generated during the process of
generating 2 3D ferrain model are related to the 31 textures. We derived fowr 3D
texture measures and wsed them in the ground cover classification problem. We
found that 3D textures significantly iraproved the performamce of a standard
classification system. The experiments in {13] showed that including 3D texhmwe
features improved clagsification skill fom 72.3% o 83.4%. We believe the
impheations of these findings for terrain fature extraction are far reaching.

The 3D texture features are derived during the image matching phase i the 3D
reconsiruction process. During tmage matching lefi-right pixel correspondences are
determined to & fraction of 2 pixel width, As 3 resuli, the statistical properties of the
pixel correspondences are sensitive to the microstructure of the surface (3D structure
at length scales approximately equal to the ground sampling distance}. The fouwr 3D
fexiure features ave: {1} The confidence level assigned to cach correspondence; (11}
the varisbility of confidence levels within a 17x17 window swrounding each
correspondence; (i} the deceleration length for cach correspondence; and (v} the
variability of deceleration length within 2 I7x17 window sumounding cach
correspondence.

& Yerrain Classification using ITL

Qur classification system is based on the Interactive Teacher-Learner (ITL) paradigrn
{8}, which employs a feedback mechanism between the operator {the Teacher) and a
state-of-the-art real-time decision tree classifier (the Learner). The user roeeives
feedback by ipteractively specifying traiwing instances {using semi-automated
graphical tools) and then secing the effect that his/her actions had on the classifier.
An efficient state-of-the-art decision tree classification algorithan, which is ronwing in
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the background, continvonsly updates its classification parameters, and displays its
resulbts in real-time.

It is mmportant to contrast this epproach with the standard methods of spesifying
training data. Typically, large numbers of pixels are lzboriously hand-labeled to
ensure a statistically valid sanple. A large amount is selected because the user does
not kuow what 18 a sufficient training size and which waioing instances are
informative.

By overlaving the classification results on the scene in false color, the user can
imunediately see the impact that their celections on the classifier. This provides the
human wainer with instant foedback asg the classifier assimilates new traiming data,
Rather than hand-labeling large numbers of pixels as input traiming dala v offhine
process, an operator traine the classifier by giving much more wfbimed ncremental
training instences, e.g., correcting mistakes or defining mew subclosses that are
necessary for disorimination in the particular confext.  In this way natural user
interaction leads to the judicious selection of a small amount of very important data 1o
the training process.

Figure 6 shows & comparison between a scene classified using the FTL syster and
conveniional batch processing, in which all the raining data were sclected in advance.
The results of the comparicon are shown in Table 1. The test was run using 17
features (12 standard 2D co-ocourrence features, 4 35 texture features and the ortho-
image). The percent correct were similar except that three orders of magnitude less
training dats were requived with the ITL system.

' g 3 N Tre
17 features N\ Frees
~ 32 Ce-gecnrranee {Haalick et al 1573 grass
~ 4 3P Testure Festures (Wanget al 1997} - bare groun
Intensity W shadow

N

.

Oriho-dmage Batch Modes {771 intaractive
Resulis {ITL}

Fig 6. Comparison befween ITL and bsaich mode processing
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v i ITL Baich
Mouse Clicks 30
Tratning Examples 274 16818
e Correct 85.1 86.4
Tree Nodes ; 25 71

Table 1. ITL vs. batch processing evaluation.

To make the feedback mechanism between the feacher {(user) and learper
{vomputer) practical, the ITL system reguires a classification sysiers that efficiently
updates as the users selects new training instances. The Incremental Tree Inducer
(11 decision tree developed at UMass [11], [12] was selecied for this pupose. In
addition to being one of the most accurate implementation of a decision tree, IT1 is
capable of updating an existing decision tree withoul rebutlding the tree siruchure.
Thus, when the operator selects new training instances, IT] updates the existing tree
imstead of rebuilding the decision free. In addition, ITT uses only those features that
contribute o the decision making process. As z resull, there is no need to guaranice
in advance that any pacticular festure will be usefid because the decision tree
methodology will only select those features that improve the discrimingtion between
the user-defined trainmng classes. Thus, there is 0o need o validate a priord the bty
of features.

Conclusions

Although this work s in a preliminary phase and all of the constituent technologies
have not been fully integrated, we have pevertheless demonstrated the value and
feasibilliy of ustng stae-of-the-art conapuier vision techuiques {Terrest and I¥L} to
solve environmental monitoring problems on 3 large seale. In the near future we plan
i wntegrate ferrain modeling and classification so that some skilled fn Forestey but not
necessarily photogrammetry or computer science will be able efficiently exiract
relinble envivonmental hnformation from video and assial phoiography.
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ABSTRALCT

A growing mumber of law enforcement applications, especially in the areas of boarder security, drug enforesment and anti-
terrorism require bigh-resclution wide ares surveillance from unmanned air vehicles, At the University of Massachusetis we
gre developing an aerial reconpaissance system capable of genersting high resclution, geogrephically registered forrain
models {in the form of 2 seamless wosaic) in real-time from a single down-looking digital video camera. The efficiency of
the processing algorithms, as well as the simplicity of the hardware, will provide the user with the ability {o produce and
roam through stereoscopic geo-referenced mosaic fmages in real-time, and o automatically pencrate highly accurate 3D
terrain models offfine in a fraction of the time cwrvently regquired by soficopy conventional photogrammetry systems. The
system is crganized around & sot of intepeated sersor and softeare components. The msirumentation package is comprised of
several inezpensive commercial-off-the-shelf components, incloding a digital vides camera, & differential GPS, and & 3-axis
heading and reference systers. Al the heart of the sysiom 5 2 sef of seftware toods for image registration, mossic generation,
gea-location and alrcraft state vector recovery. Hach process is designed to efficiently handle the data collected by the
imstroment package.  Pacticufar attestion i3 given 1o ninindzing peospatial orrore at cach siage, as well as modeling
propagation of crrors through the systeny, Preliminary results for an whan and forested scene are discussed in detail

Keywords: Terrain modeling, Three-dimensional reconsivuction, stereo, mosaie generation, acrial image interpretation

1INTRODUCTION

The long-term goal of the UMass gerial inaging research program iz o provide soplisticated and practical means of creating
high-resolution, content rich 31 feoain models Gom serial images.  An important component of this program is the
construction of an instrement package and sofware systemn that generates stercoscopic geographically registered mosuic
maps i esl-time fom & seguence of digital fmages. The successfigd nplemendation of this project will have far-reaching
henefits for 3 diverse group of remoic sensing applications ranging from basic research to law enforcement.

The rapid growth in digital imaging technology has led to a wide variety of commercial-off-the-shelf {COTS} highwesolution
digital cameras, For the fird time, 1t e possible 16 inexpensively geoerate sequences of closely epaced, spatially crisp, non-
mterlaced, mmdiomeirically calibrated images. The noise, jitter and color incousistency inherent in videp ave no longer
prablem. These new generation of imaging systeros will suable reportant apphcations that were not feasible a few vears age.
In this paper, we develop the idea of producing geometrically acourste, geographically referenced, three-dimensional ferrain
msdels in the form of compact mosaics ag » fundareental struciure in processing large amonnds of digiial secial images. We
will deseribe owr existing digital video based system {7111}, which has been operational for two years, and bnefly outline
cr plang for a new fully dighal, realtime system.

i Enail: {schultzihansonjchaywardirisemanistotlelzhu @os orass.edy, telephone: (413} 345-2746
* Email: dana@ for umasc.ede, telephone: (413) 543-2748

Paper: 42324-08, SPIE Bnabling Technologies for Law Brforcement Boston, Ma, November 5.8, 2008
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2. SYSTEM CONFIGURATION

A photograph of our cwrent system is shown in Figwe § and 8 schematic diagram of the setups is shown in Figure 2. The
IDAJOY 3YSISNe COMpPonents are:

e A 12 channel real-time differential GPS (Trimble AGGPS receiver and an L-band Omnistar and GPS antenna) for
collecting position information;

e A 3-axis attitude and heading reference system (Watson Industries AHRS-BA303) for collecting orientation information;

s A profiling laser altimeter PLA (Laser Atlanta), which gives instantaneous estimate at 238 Hz of the height of the
airplane above the surface;

¢ Two Canon XL1 mini-DV camcorders. One camera is fitted with a Canon 5.8-88mm telephoto lens and the other with a

Canon 3.4-10.2mm wide-angle lens. These cascorders use a 3-chip design (red, green, blue), which resulted in

excellent color separation, and a progressive scan readout architecture, which eliminates even/odd field blurring.

A time video time code generator (Horita) for synchronizing the video data;

Two digital video recorder (Sony DV-G900);

A data acquisition computer for collecting GPS, heading and reference, and laser data

A navigation computer for helping the pilot stay of the predefined flight path.

Fig. 1. A photograph of the UMass digital video Fig. 2. A bock diagram of the UMass digital video
acquisition systera mounted on a Hghtweight aircraft, acquisition sysiem,

The telephoto camcorder provides information about the appearance of specific objects, while the wide-angle camcorder
provides information for generating the terrain randel,  For typical applications, the telephoto lens is set to acquite images
with 4-10cm pixels, and the wide-angle lens is set to acquire images with §.5-2.06m pixels, which result in 2 350-1500m swath
width. The profiling laser altimeter (PLA)} can be used 1o acquire detailed elevation profiles when the aircrafl is flying at
1500 fest or less above the ground. The camcorders, PLA and AHRS are attached to a rigid mounting system, which was
attached to the side of the airplane. This ensures that the angles measured by the AHRS gave the precise orientation of the
cameras and PLA. To ensure accurate position messurements, the XY, Z-offsets betweon the GPS antenna and the cameras
was measured after the antenna and cameras were instalied in the airerafl.

The video camerns produced & continuous video strean, which was recorded inside the airerafl on the two Sony mini-DY
recorders. The Horita GPS time cods generator convert the GFS timdng signal 1o 3 dighal forro that was compatible with the
digital andic channel of camcorders. Thas, by feeding the digitally encode sudic twough the cameorders we were able o
vecord GPE time nformation on the audio tack. We also recorded the digitel audio on the data scquisition computer. This
gave us an independent mackinereadable relutionship between frame noeber and GPS time,

The GPS data provided several functions, inclading velocily compensation for the AHRS, synclronizing the video data by
S &y o . o p o
adding tmdng information o the aondio track, and ravigation. The (PS data were recorded divectly on the data acquisition

computer as well,  As configered, the GPS had an absobste accuracy of approximately 1 meter horizontally and 2 meters

Paper: 4232A-08, SPIE Enabling Technologies for Law Enforcement Boston, MA, November 5-8, 2000
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vertically, In addition, the AHRS provided us with precise orientation nformation to an accursey of §.1° abowt the two
borizontal axes, and (.53° about vertical axis {(azimuth). The position and orientation mformation was used to initialize the
bundle adiusiment procedures for determining image ooentaticn.

The data streams from the PLA, AHRS, GPS and thme code generaior were recorded throagh the gerial ports on the dats
acquisition computer. Because each serial port received data at s difforent rate, the program that read the serial ports and
write the data to disk adds & time stamp o each dats resord. To simplify dals analyses, v & post-processing step, the aw
data are interpolated so that the various data fields are coineident with the profiling laser altimeter data {the instrument with
the fastest sampling ratel.

3. BIGITAL MOSAICE AND TERRAIN MODELING

The keoy to the success of our system i3 3 method for genersting seamless geographically registered mosaies for a siream of
igital images, and techuigues for generating acourate 31 terrain models from mosaic mages. & mosaic i3 constructed by
seguentially pasting together 3 sequence of images o form a cingle large image that bas alf of the content of the original
image sequence. For sach new frare, as much as $9% of the mage may overlap the mosaic. By discardmg the redundant,
overlapping image segments the mosaic forms a very compast ropresentation of the rsw image soguence. The amount of
eompression i a fonction of the overdap between frames, which in twrn depends ou several factors, including the fame rate,
airoraft speed and altitnde, and the feld-ofview of the lens.

Mosaics are consivucted by sequentially adding new image frames to a mosaic model (4], This is done by first computing the
geomettic relationship between the new frame and the previcus frame, which hag already been registersd to the mosaie
model. Next, the registration parameiers for the new fame are estimated by taking into socount the incremenial translation
and rotation beiween the two frames. Once a new image is registered to the mosaic model, a strip from the new image is cut
ot and pasted on i the mosaic, The provess then repeate for the nexi image in the seguence.

3.1, Geographic registered mosajes

YVideo mosaics are routinely produced on inexpensive PCs and commonly employed in aerial image appHeations, Current
state-of-the-art techmaues for producing video mosaics rely on image-to-image regisimation. If, i addiiion, a termin model
gxisty, these lechnigques have been extended to include mosaic to model registration {3]. We refer to these mosaic generation
syetems ag “froe mosaiss” because at the time of mossic genertion they only satisfy optical matching and are not consirained
by any geographic mfbrmation,

Unconstrained {free mosaic} techniques incrementally build mosaics by rogistering cach additional frame to the existing
mosaic. Although these technignes are officient, with the addition of cach new fame they introduce small registration exrors,
which gquickly acoumslate over time. Afler a fow seconds these ervors will accummlate so the total registration error is on the
order of several pixels.

Recently Zhu, ot al [I6HIT] developed a “georefercoced” mosaie tochnigque that miuhuoizes registration ervors by
constraming the placement of each new frame to be consistent with the known position and orientation information returned
by navigation instrumenis. The technigue uses orientation and position daia from a GPS, AHRS and (f available) the Iaser
altimeter to determine the proper placement of the mage center of sach new frame.

As part of NASA’s Large Scale Bicsphere-Atmosphers Experiment in Amazonta {(LBA). The University of Massachusetis in
colisboration with the University of California, Santa Barbara colisctad over 10 Terabyies of digital video sequences over the
Amazon River Basin. Part of this coverage was over the Smithsonian’s Biological Dynamics of Forest Fragmentation Project
{BDYFFP) study area. Our principle objective of cur participation o this project was to produce high-regolution base maps of
the Snuthsonian study aress {14 151{16]. Because of perpetual cloud cover satellite and high-ahitude acrial muwveys were
not capable of mapping the area, especially at spatial resohtions reguired to identify ndividual tree and small forest gaps
associated with fllegal logging. For the fist tme, we were able to produce a base map {(shown in Figure 3) with a 1.75m
pronnd sarapling reschition that covered an area of approximately 45km by 15k, with an absohsle regiciration error less
than 30m. In addition, for a selected number of sections stercoscopic mosaios were produced, which enabled researchers o
estimate ree orown dinmeters for a bomass sstimation study {12313,
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Fig. 3. An exaople of 3 bigh resolation {1.75 meter ground sampling distance) mosaie map built np from
cight overlapping mosaic strips. The fll mosaic map (at the top of the paged 5 25,113 = 5,040 puels,
the msert is a small 761 x 749 section that shows three overlapping mosaic strips. The sirips were
deliberntely not color balanced 1o show the aligmuent acouscy in the acmss irack divestion.

Yanyh
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3.2, Siereoscopic Mosaies

A sequence of images taken by 8 moving camers captures the 3D structure of the underlying terrain,  Objects closer to the
camera will appear to move through the scene quicker than objects futher away, Therefore, it is possible to recover the
terrain topography by cstimating the iranslation {(motion parallax) of objocts through two or more sequential images. These
paratiax shifis are lost in the mosaic process because only one view of any poind on the surface is relained In the mosaic.
However, by constructing two moesaies — one formed from the leading edge of cach new frame and ope formed from the
trailing edge of each new frame — the panaliax infornation
can be retained {51 Figure 4, shows a disgram of how
stereoscopic mosaics are raade. 1t iy interesting to note that
for this configumton, the sterecscopic effect is
independerd of the atreraft altitude. This happens because
the sterec baseline is egual to the aireraft alinnde times &
constant that depends only onthe Beld-ofview of the lens.

e two images or twoe reosaics are genended from two
viewpoints, a digital clevation map (DEM) can be
recovered as well. We have implementing two raethods for
creating DEMs from g digital image sequence. The first
recovers the topography directly fom  siersoscopic
mosaies. While the sscond create & series of DEMs for
sequential image patrs and then mosaie the individual
DEMs. The principle advantage of the first method is that
irmplerserdation of 3 reabtime mosaie generation program
would enable viewing the three-dimensional struchge of
the surface in real-iime by siraply looking et the left and
right mosgaics on a stereoscopic display. The principal
disadvantage of this approach is the discontinnities in the
mosaic that arise from discontinuities in clevation.  An
exammple of a stereoscopic msaie pair is shown in Figare S,

Fig. 4. {top} The left mosaic is assembled from the leading The second approach i conceptually eguivalest i

edge and the right mosaic from the trailing edge of each generating a long sequence of DEMs and ortho-images.
frame. (botiom) The position of a point on the ground is Although this method will produce seamless mosaics
found by triangulating from iis position in the left and right without warping, it is computationally more expensive, and
mosaic. requires precise knowledge of the airorafl pose (lncation

and orientation) for each fame.
1.3 Three-dimeunsional Terrain Modeling

in either case, the UMass Terrsin Beconstruciion System (Terrest) will be used o exiract the lerrain slevations.  The Vorrest
gysiem sutematically generates high-resolution 3D terrain models from serial images, even when viewing angles become
oblique (incidence angles greater than 435 degrees), and when the camera separation becomes large [8§{10]. Recently, we
extended the capshilities of Terrest to include the sbility to estimate geospatial uncertainty (Le., elevation errors), detect
coclusions and other anomalies, and fuse elevation sstimates genemted from maltiple views into a highly acourate and robust
digital elevation map [7H{18]. The Terrest system has been proven to be highly robust in extensive testing and evaluation
across many spplication domains, and has been selected by the National Imagery and Mapping Adodnistration (NIMA} in
their recent Pathfinder 2000 search for new tmage analysis tools in Dol application environments,

The ability of Terrest to produce robust elevation maps under difficult condition is illustrated in Figure 6 which shows a 768
= 768 pixel section of a DEM and comresponding ortho-image generated from au serial view of 2 bardwood forest. To tost the
relinbility of detecting trees in the terrain model, twe groups of four interpreters evaluated the DEM and ortho-domge, The
firgt group marked bumps in the DEM and looks for corresponding evidence of & tres in the ortho-image, while the sccond
group identified trees in the ortho-image and looked for corresponding bumps in the IEM. Both groups found a reliahility of
i least 35%.

Paper: 4232 A-08, SPIE Enabling Technologics for Law Enforcement Boston, MA, November 3-8, 2000

1373



3D Rendering Relative Meight

Pig. 8. Anexample of & left and right stereo mosaic generated from a digital video sequence taken over a
Bolivian rainforest (fop). A 3D readering of the canopy (botiom-left} and a relative height map (bottom-right)

were produced using the Terrest system.

DER Ostho-image

Tig. & A DEM (Jeff} and ortho-fmage (tight)} of & hardwood forest. There is 3 95%
agreement between bumpe in the DEM and trees 1n the ortho-imags.

The Terrest system has
recently been enhances to fuse
information from multiple
overlapping views (typically
3-6) [8]. When two ore more
images are available the
system first produces separate
DEMs from each ordered
image pair. The system then
fuses the individual DEMs
using a robust method to
produce an optimal terrain
model consisting of a DEM,
an ortho-image, and a
geospatial uncertainty map
that gives error bounds for
each elevation estimate. The
technique is based on the
concept of self<consistency
measures, first introduced by
Leclerc et al., (1998a,b) [1][2]
to identify unreliable points in
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a distribution. We extended the self-consisiency concept to the problom of detecting unrelisble olements in a DEM, and o
cstimating the mean and standard deviation of the clevation disiribution.  For example, if 4 overlapping tmages were
available, 12 DEM could be gensrated by processing the srdered image pairs (3-3, 2.1, 1-3, 3-1, -3 This would result in 12
elevation estimates per pixel. The selfconsistency rasthodology would determine if an elevation estimate were reliable or
uareliable. The mean clevation and standard devistion would then be computed from all reliable estimedes al each grid
position.

4, FUTURE DIRECTIONS - TOWARDS A REAL-TIME DIGITAL SYSTEM

A successfil and practical UAY imagiog systers must be capable of aequiring, and transmitting or storing images over 3 wide
srea. Conventional video snd film acrisl imaging systems are not well sutted for UAV deployment because they generale
remendous amounts of data that are diffioult fo transmit, stors and prosess into goographically registered terrain mwodels. To
meet these demands, we are building a real-time, fully digital system. We are enbanciog our cwrent design by lmproving
both the systern hardwars and compuiational efficiensy,  Our new, real-time, system is based on a set of algorithms that
create continnous stabilized mosaic images for a segquence of digital frames taken by & moving camers, and continuously
ppdates the sstimated afrerafl slate veotor (ooation, ovdentation and velocity). When operational, the system will be capable
of automatically producing high-quality, multi-spectral, 31 terrain model over large areas.

By far the greatest volume of data is attributed to the digital boages, For example, 2 Mghreschulion (7586 »« 568 pixels) video
cainera geneaies three simuliancous fwnes {red, preen and blue) at 30 Hames per second. This results in approximately 37
Mbyies of data being genersted every second, Because as much as 99% of sequential insages overlap, & real-time mosake
generation sysiem wonld resull I a data compression of 1T,

The key to building a real-time termain modeling svetem s the ability to generate georcferenced mosaics in real-time. There
is a considerable fiferatire on real-time mosaic generation {415 and there are commmercial systerns capable of generating
real-time mosaics {such as the Samoff Corporation PYVT™ vision herdware and VideoBrush™ software systems}.  Although
these systems operate in real-time, they produce unoonstrained mosaics and are Hnited to standard video formats.  Thus, the
focus of our current effort centers on developing algorithma that predict the precise camera losation and orientation in wealb
time, Qur approach is the use of a real-time extended Kalman filtering (EKF) techuicque that assimilates the instantaneous
siroraft orieniation, position and veloolly from the GPS and AHRS sysioms; and then io incorporate the real-fime pose
mformation into & real-time version of the UMass georeferenced mosaie generation software,

To further reduce the data rate and improve the spatial and spectral resohution of the system, the mint-DY camcorders will be
replaced with digitel cameras, which offer several advantapes over digital cameorders, including:

s Non-comapressed, non-interlaced digital images. Each frame is equivalent to a digitized image of the temain. Thig
format avoids motion bhurng from the inferlace read ont aschitecture, and the coler fidelity loss infroduced by
compression schemes associated with commion video formats, such as NTSC, Hi-8, wmpeg, jpeg and min-DY,

e Fxternally triggered olecivonic shutter. This enables the system to elirainate vrmecessary processing and storage of
images by controelling the time between frames. B also allows the aysiem o synchronize instruments, generate the

optimal amount of image overlap, and collect mages over specific looations,

A beamsplitter design. By placiog a bearnsplitter that separates the image into discrete-spsctral bands behind the lens, a
single camera can collect 2 3 or 4 band multi-speotral image in which the individual bands are perfectly registered.

When operational, the system will transmit stereoscopie, georeferenced mosaics directly to the ground receiving station,
where the mosaicy can be further processed by spplication specific algorthms, such as DEM and featwre extraction. Ow
cwrrent plans call for an initial fest fiight of the real-time system in the spring of 2001
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ABSTRACT

This paper desoribss an ongoing coliaborative researsh program between the Computer Science and the Forewry and Wildlife
Management Departivents at the Univewsity of Massachusetis to develop semi-antomatic, cost-cffective methodologies for
monitoring environmental paramsters over large areas. To meet these challenges we built & moderate cost system coraprised of off-
the-shelf instruments, including 3 differewntial GPS, o 3-axis solid state stiitvde and heading reference system, two mini-DV
camcorders, a small format acrial suevey cammers, 2 profiling laser slthmeter, and 2 PC based data acquisition system.  The quality and
format of the video and digitized photographic dats were chosen to provide high quatiey input to several state-of the-are computer
vision algorithms for 3D terrain wmodeling, and grousd cover classification. Although the work described tn this paper s in a
prefuminary phase and all of the constituent technologios have net been fully tegrated, we sevestheless demonsivated the value and
feasthibity of using the system to solve covironmental mounitoring problems on & large scale.

1 ENTRODUCTION

The Computer Science {5} and Forestry and Wildlife
Management (FWJM} Departments st the University of
Massachusetts are engaged in a three-year NSF grant fo develop
cost-effective, aufomated tochpiquss to mouitor forests and
other natural eavironments. An important long-terme poal i to
antemate and dmprove soviroumental mounttoring techniguss
currently employed by FWM through the use of a varisty of
compuier vision fechnigques, including 31 fermrain reconstynction,
clagsification, and automatic video mosaicking techniques,

The specific application presented in this paper foouses on
sxtimating blomass for aerial inages, This work was motivated
by the UN Convention on Ulimate Change held at Kyolo, Japan
in 1997, which ostablished a framework for assigning sconomic
value 1o carbon sequestered in biomass. The effective
implementation of the tréaty deponds on developing cosi-
effeciive methods that accuraiely establish the biomass of
ropical forests, Beoause of vast amount of forests that maybe
affected by this treaty, curront labor intensive in-sin methods
{Brown of ab, 1984 and 1991} are not feasible.

To extend coverage and simphify dain colloction, a mnge of
techoigques are being svaluated that uiilize the genersl approach
of extrapolating information from swmall arca poini samples
{e.g., pormanent plots), to high-resolution transects obsorved
frot low-altitude asrial surveys, o low-resohition, large avea
analysis derived from sateltite images. The focus of our current
work s on studying the offectivenssy using sivips of high-
resolution video, wide-angle video, laser altimeter profiles, and

3D temein models penerated fom smell format  aerial
photography for esthnating the type, guastily, size and health of
froes in g forest.

2 APPROACH TO INSTRUMEMNTATION

e inttial focus was on evalnating two aetial survey technigues
for detenmindng bomass, & low-aliinde (<508 moters) systers
based primarily on video {Slaymaker et al., 1996}, and the high-
altiade {1008 — 3800 meters) systom which relied additionally
on sterco images {o genorate 3D temrain models.  Por boh
setups, 3 12 chonnel realfime differemtial GPS {Trimble
AGGPS receiver and an L-band Omwdstar and GPS amtenna)
was wed fo collect position information and a 3-axds agtitude
and heading reference system {Watson Indusiries AHRS-
BA3G3) was used 1o collect orientstion information. In
addition, the low-altimde setup contained a profiling laser
altimeter {Laser Adants}, which gave us the instautansous
height of the awplane above the canopy.  To enable {ewporal
registration of the various data streams, time codes were added
o the data during coliection. A dme code penerator {Horita)
was wsed gyachronize the video dats, which were recorded on g
mind digital video recorder {Sony BV-GOGHI), and a tine code
stamnp was added 1o all digital data during the recording process.

A photograph of the low-altitude setup s shown in Pigure 1 and
a schematic diagram of the low and high-alitude sctups are
shown in Figures 2 and 3. Both systons employ of & dual video
system {(wide-angle and zoom)  The zoom camera provides
information about the appearance of spocific trees, while the
wide-angle system provides information for detenmining the
spatial distribution of iree species and sime {3 sample of

¥ Bpomsored by Grants from the National Science Foundation {HIA-9726401) and the National Fish and WildHie Foundation (98-

085)
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collocated wide-angle and zoom video are shown in Figure 4).
The zoom video lens was set so that its swath width was 29
meters, which was. equivalent to 4 cm pixels. The lens on the
wide-angle camcorder was set so that it recorded a swath width
of 320 meters, which was equivalent to 50 cm pixels. The
profiling laser altimeter (PLA) was active for low-altitude
flights. The fast sampling rate (238Hz) and narrow beam width
(1 foot) of the PLA gave us the ability to resolve the shape in
individual trees (see Figure 5). Because of range limitations we
were not able to operate the PLA in the high-altitude

omputer

confignration

In the high-altitude configuration the system was. fitted with a
Hasselblad MWK 70mm aerial survey camera, which gave us
the ability to take stereoscopic images at a ground sampling
distance of 0.5 meters or less.

The cameras, PLA and AHRS were attached to a rigid mounting
system, which was attached to the side of the airplane. This
assures that the angles measured by the AHRS gave the precise

R
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Minl-DV recorders

Figure 3. The low-altitude configuration,
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Mini-DV recorders

Figure 1. The high-altitude configuration.

orientation of the cameras and PLA. To assure accurate
position measurements, the X,Y,Z-offsets between the GPS
antenna and the cameras was measured after the antenna and
cameras were installed in the aircraft.

The video system consists of two Canon XL1 mini-DV
camcorders. One was fitted with a Canon 5.8-88mm telephoto
lens and the other with a Canon 3.4-10.2mm wide-angle lens.
These camcorders use a 3-chip design (red, green, blue), which
resulted in excellent color separation, and a progressive scan
readout architecture, which eliminates even/odd field blurring.
The digital video recording systems were especially valuable

Figure 2 Product of dual camera videography. Zoomed imagery tracks a swath down the

because it enabled us to analyze and copy the digital video data
without introducing a generation loss.

The video cameras produced a continuous video stream, which
was recorded inside the aircraft on the two Sony mini-DV
recorders. The Horita GPS time code generator convert the
GPS timing signal to a digital form that was compatible with the
digital audio channel of camcorders. Thus, by feeding the
digitally encode audio through the camcorders we were able to
record GPS time information on the audio track. We also
recorded the digital audio on the data acquisition computer.
This. gave us an independent machine-readable relationship

center line of the wide angle coverage and can be matched by corresponding time codes.
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between frame number and GPS time.

Welght whave 1000 K oftr

N
Q\T REERtRY

Figure 3. An example tree height profile generated from
PLA data. The top panel shows the path across the tree
canopy.

The GPS data provided several functions, including (i) velocity
compensation for the AHRS, (ii) synchronizing the video data
by adding timing information to the audio track, (iii) navigation,
and (iv) triggering the aerial survey camera. The GPS data were
recorded directly on the data acquisition computer as weif. As

various data fields were coincident with the PLA daia (the
rustrurnent with the fastest sampling rate). The GPS time code
was an exeeption. Because video frames camaot be interpolated,
the GPS time codes were repesied between frames. Table 2
shows a fow lines frorn the collated and interpofated data file.
In addition to interpolated taw data, the Ble also contains a few
coraputed data felds, including the aircraft height above the
arovad {gnd_alt), and the northing and casting of the pomt
where the PLA beam intersected the suxface {gnd_North,
gnd Bast ).

GeoLink navigation softwars mwmuing ou the pavigstion
computer defernuned the camera trigger. Al predetermined
tntervals, which resulted i approxinuately 80% overdap between
frames, the navigation software send a trigger o the Hasselblad
camera. The procise oxposuse time was doetermined by
recording the time when the camera flash relay closed.

An Intergraph SSK workstation was used to build the sterco
models and the UMass Terrain Reconstruction System {Tereest}
was used for image matching and building the 3 terrain
models. The 80% overlap hetween frames was nsed to provide
redundant elevation estimates {32¢ Section 3) and fo maintain
radiometric consistency between frames.

Techniques were tested by processing a preliminary data set
collected in September 1998 over a mixed hardwood/comfer
forest area at an AEP test site in Crooksville, (his. Thirty-one
plot sites were established along two transects and a per hectare
biomass estimated for each. Half of the plot measurement sets
are presently being used to calibrate the resulting video strips
and 3D terrain models. These results will then be tested against
the remaining sites to determine the relative success of each
approach. A more extensive test over much larger area is
planned in Bolivia this spring, to be conducted in the Noel
Kempff Mercado National Park expansion zone in Bolivia. That
survey should provide more accurate estimates of biomass at a
considerably lower cost.

Table 1 Sampling and baud rate for the digital instruraenis

Instrument Sampling rate {Hz} BAUD rate
Profiting Laser Altimeter (PLA) 238 19.2K
Attitade and Heading Reference System (AHES) | 118 9600
Global Position Syste {GPS) i 9600

GPS Video Tune Code {Horial 30 9600

configured, the GPS had an abeolnte acouracy of approximately
{ meter hortzoandally and 2 metors verlically. In addition, the
AHRS provided us with precise orientation information to au
accuracy of (.1° about the two horizontal axes, and 8.5 about
vertical  axis  (azimuih), The position and orientation
information was used o initialize the bundle adjustment
procedurss for determining wnage orisntation.

The data streams from the PLA, AHRS, GPS and time code
generator were recorded through the serial ports on the data
acquisition computer. Each instrument had a different sampling
rate and baud rate, which are summarized in Table 1. The
program that read the serial ports and wrote the data to disk
added a time stamp, which was read from the system clock, to
each record before it was written to disk. Because each port
received data at a different rate, the various instrument records
were not coincident in time. To simplify data analyses, in a
post-processing step, the raw data were interpolated so that the

3 THREE-DIMENSIONAL TERRAIN MODELING
USING TERREST

The ability to generate accurate, high-resolution digital
elevation maps (DEM) is essential to our environmental
monitoring strategy. On’'a low-resolution scale (5-30m) DEMs
provide important topographic information, such as elevation,
slope and drainage patterns. On a finer scale (1 m or less)
DEMs can be used to count individual trees, and/or determine
3D textural qualities of the surface.

The UMass Terrest system was designed to automatically
generate high-resolution 3D terrain models from aerial images
when the viewing angles become oblique (incidence angles
greater than 45 degrees), and/or when the camera separation
becomes large (base-to-height ratio exceeds 1.5). The system
incorporated several specific features that increase the accuracy,
robustness, and utility of the system (Schultz, 1994 and 1995).
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ortho-image and looked for corresponding bumps @ the DEM,

Table 2 Sample lines from 2 collated and interpolaied data file, The ficlds are: Labiime the time stamp fom cpu clock; Jaser
the raw PLA range data in feet; scar a number proportional 10 the width of the PLA bears; fie a flag indicating if the AHRS
data are reliable (I indicates reliable data); 615 vip, heading the raw angle codes from the AHRS, vimecode the GPS time (hour:
minute: second: video frame); olf the GPS altitude meters; ale_North, a/c East the aircrafl GPS northing and easting in UTM
coordinates; gnd _alf the computed vertical distance from the ground to the airera®t in meters; gnd North, grnd Faxt the
computed northing and easting where the PLA beam intersected the suxface. An entry of & indicates missing data.

Labtime laser scet flg ikt tp Heading Timecods a

a/c Morth a/c East Grd alt Gnd North gnd _East

34331214 0.0 ¢ I 61 63 1113 16:03:07:01 5715 8372950.6 6326276 0.0 HAY 0.0

34331258 16206 35 1 61 03 1113 16:03:07:001 571.5 8372050.6 6326279 262.2 8372983.6 6326295
34331302 10206 35 I &1 03 1HL3 16030701 5715 8372950.6 6326281 1622 8372983.6 6326297
34331346 10218 42 1 &1 03 1113 16:03:07:01 5715 S372950.6 6326283 161.8 B3IT2983.7 &632630.0
34331396 10226 47 1 &1 03 1113 is:03:07:01 5715 83729506 6326285 261.5 83729837 6326303
34331434 1023846 1 61 03 11L3  16:03:07:01 571.5 83729506 632628.8 2612 83729837 632630.6
34331440 0.0 ¢ I 61 63 1113 16:03:07:02 5715 8372950.6 6326288 0.0 0.0 0.0

3433147.8 16236 38 1 61 03 1113 16:03:07:02 571.5 B372050.6 6326290 261.2 83729837 632630.8
34331822 10263 39 1 &1 04 1LL3 160307402 571.5 8372950.6 6326292 160.4 R3I72983.8 632631.1
34331566 10258 3¢ 1T &1 04 1113 16:0%:07:02 5715 §372950.6 6326295 2606 8372983.8 632631.4
34331618 10245 35 1 &1 04 1113 16:03:07:02 571.4 R372950.6 6326287 261.0 B372983.8 6326316
343316506 102608 35 1 &1 04 1113 1603:07:02 571.4 B372950.6 6326299 2605 B3I7INE3.8 6326319
343316590 10255 32 1 61 04 1113 1603:07:02 5714 83729506 632630.1 260.6 8372983.8 6326321
34331730 16260 35 1 61 04 1113 16:03:07:02 571.4 B372050.6 6326303 2605 83729838 6326324
343317706 10255 32 1 61 04 1113 16:03:0702 571.4 B372950.6 6326305 260.6 R3I7T2983.8 6316326
34331780 0.0 g I &1 04 1113 16:03:07:02 5714 8372950.6 6326306 0.0 0.0 8.0

34331798 6.0 ¢ 1 61 64 1113 16:03:0703 5714 83729306 632630.6 0.0 8.0 0.0

34331818 10260 37 1 61 04 1113 160346703 5714 8372950.6 6326307 260.5 83729838 6326328
34333540 0.0 ¢ I 59 65 L2 1603:07:08 5713 8372950.6 632639.6 0.0 0.0 0.0

34333570 10331 360 1 59 05 1112  16:03:07:08 5713 B8372050.6 6326398 258.1 83729828 6326424
34333610 106324 32 1 59 05 1112 16:03:07:08 571.3 B372950.6 632640.0 2583 KI729R28 6326428
34333650 10319 28 1 5.9 0.5 1112 16403:07:08 571.3 8372950.6 6326402 1585 83729817 632643.1
34333690 10319 34 1 59 05 1112  16:03:07:08 5713 [372950.6 6326404 2585 B372982.7 6326433

Figire & shows a 768 x 768 pixel section of a DEM and
corresponding ontho-image taken from the center of one of the
38 e models. To test the relisbility of detecting trees in
the 31 tervain model, two groups of four wmierpreters ovatuasted
the DEM and ontho-dmage. The first group marked bumps in
the DEM and looks for corresponding evidence of & treg i the
ortho-irnage, while the sccond group idontifled trees 1w the

DEM

Both groups found a reliability of at loast 95%.

The Temest systems has vocently been cphances to fuse
inforraation from multiple overlapping views {typically 3-8
{Schultz, ot al, 1999). When more than two imagss ae
avalable the system frst produces sepacate DEMz fom cach
ardered image pair. The system then fuses the individual DEMs

Figurs 4 The DEM and othto-dmages nsed to fest the rehiability of detecting trees
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using a robust method to produce an optimal tewain model
consisting of a DEM, a geospatial wncertainty tmap, an ottho-
image, and 3 set of 3D texture maps (see Temain Classification
below).

The techuique relies on two key factors for generating robust
3D tervain models, {1} the ability to detect unteliable elevations
estimates, and (2} the ability to fuse the reliable elevations info a
stagle optirnal terrain model. The technique is based on the
concept of using selfcopsistency measures, first infroduced by
Leclere of al, {1998ab) to idenstify unwrehable poims in a
distaibution.  The focus of their work was © oblain g quality
measure for point correspondences.  Their algorithm obiained 3
probahility  distibution by counting  the number of
coresponding tmage poims for each ohject poimt that is
consistent with the viewing geometry within a specified ervor
hnit, We extended the self-consistency concept to the problem
of detecting nurcliable cloments in a DEM, genemted from
stereoscopic image pairs.

Figare 7 shows the results of a mmilti-image fusion. The
proceseing started with 4 images, which resulied in 12 clovation
astinnates per pixel tn the outpot grid. We then applisd the selft
consistency methodolegy and labeled eack elevation estimnate as
reliable or umreliahle. We then averaged all of the reliable
estunates ave sach pixel to form an optimal DEM.

Rendered View

correspondences are sensitive to the microstrcture of the
surface 3D structure at length scales approximately equal to the
ground sampling distance). The four 3D ioxture features are:
{} The confidence level assigned to each correspondence; (i1}
the variability of confidence levels within a 17x17 window
surrounding each correspondence; (i) the deceleration length
for each correspondence; and {iv) the variability of deceleration
fength  within a 177 window surrounding  cach
correspondence,

5 TERRAIN CLASSIFICATION USING ¥TL

Qur classification system is based ou the Interactive Teacher-
Learner (ITLY paradigrn {Piater et al, 1999), which employs &
feedback mechanism between the operator {the Teacher) and a
state-oi-the-art real-timne decision tree classifier {(the Leamner).
The user receives feedback by interactively specifying traindng
instances {using semi-automated graphical iools) and then
seeing the effect that histher actions had on the classifier. An
efficient state-oftthe-art decision tree classification algorithrn,
which is running in the background, continuously updaies its
classification parameiers, and displays its reslts in real-time,

It is important to contrast this approach with the standard
methods of specifying training data.  Typically, large numbers
of pixels ave laboriously hand-labsled to ensure a stavistically

No. of consistent points
8

17
44
34
285
782
2087
5297
13438
74088
288430
§28778

Figure 8, A rendered view of the final 31 terrain model (left) and the nurber of selfconsistent estimates per

pixel used 1o cormpute geperate the model {right).
4 30 WORLD TEXTURE FEATURES

We have recently shown that classification performance can be
significantly improved by adding to the usual 213 image texturs
measures (Haralick, et al. 1973 a set of pew 3D texture
measures {Wang of al.), Our concept is that 31 textures are a
function of recurring patterns caused by physical coarseness,
roughness, aad other characteristics of 3D swrface structure, and
that ceriain intermediate results geberated during the process of
generating a 3D terrain model are refated to the 3D textures,
We derived four 3D texture measures and used them in the
ground cover classification problem. We found that 31 textures
significantly improved the performance of a  standard
classification system. The experiments in {Wang et al.} showed
that including 3D texture features improved olassification skill
from 72.5% to 83.4%. We belisve the tmplications of these
findings for terrain feature exiraciion are {ar reaching.

The 3D textiwe features are derived during the fmage matching
phase in the 3D reconsivuction process. During image matching
left-right pixel correspondences are determined to a feaction of 2
pixel width. As & resuli, the siatistical properiies of the pixel

valid sample. A large amount is selected because the wser does
not know what is a sufficient training size and which training
instances are mformative.

By overlaying the classification resulis on the scene in false
color, the user cam imemediately see the iropact that their
selections on the classifier. This provides the human trainer
with instant foedback ag the classifier assimilates new aining
data. Rather than hand-labeling Jarge pumbers of pixels as
input training data in off-line process, an operator trains the
clasgifier by giving much more informed incremental taining
instances, €.g., comecting mistakes or defining new subclasses
that are necessary for discrinunation in the patticular context.
In this way natural user interaction leads to the judicions
seleciion of a small amounmt of very important daia in the
fraining process.

Table 3 shows a comparison between a scene classified using
the YTL system and conventional batch processing, in which all
the training date were selected in advance. The results of the
comparison are shown in Table 1. The test was mun using 17
features {12 standard 2D} co-ocowrrence features, 4 31¥ texture
features and the ontho-irnage). The percent corect were stmilar
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i

exeept that thres orders of magnifude les
veguired with the ITL sysicm.

To make the feedback mechanism between the teacher {user)
and learner (computer) practical; the ITL sysiem requires a
classification system that efficiently apdates as the users selects
new faining instances. The Incremental Tree Inducer {(JTH
decision free developed at UMass (Utgoff 1994; Uigoff ot al,
1997} was selected for this purpose. In addition to being one of
the most accwate implementation of a decision tee, 117 &
capable of updating an existing decigion troe without rebuilding
the tree siructure, Thus, when the operator selects new fraining
instances, [T updaics the cxisting iree instead of rebuilding the
decision tree.  In addition, 1T uses only those fealures that
sontribute to the decision raking process.  As 2 remit, there s
0o need o goarandee in advance that any paticnlar feature will
he useful because the decision tree methodology will only select
those featmes that Improve the discrimdaation betwesn the wser-
defined training classes, Thus, there is no need to validate a
prion the utility of feastures.

When opeational, the user will be able to visnabize in a 3D fiy-
throngh graphical enviromnent the 3D terrain models generated
from the strips of stereoscopic serial photography. The operator
wit] also have access to collocated wide anpel and telephoto
video sirips, which will help the opemtor to identlly the
appearance of specific iree species.

Table 3 Comparisen between FTL and bateh mode
processing.

_ L | Baich
RMouse Clicks 36
Training Exsmples 274 16816
% Correct | 854 856.4
Tree Nodes 25 71

& CONCLUSIONS

Althongh this work is in a preliminary phase and sl of the
constifuient technologies bave not been fully integrated, we have
novertheless demonsirated the value and feasibility of using
state-of-the-art computer vision techniques (Teorrest and [ThY to
solve environmental monitoring probleras on 2 large scale, In
the near foture we plan o integrate termain mwodeling and
classification so that someone shilled fn Forestry but not
necassacily phologrammetyy o computer science will be able
efficiently extract reliable covironmental information frowm
video and asrial photography.
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ABSTRACTY

This paper reviews an aerial sampling technigue that could reduce the cost of calculating standing forest biomass
in remote regions by collecting a geographically distributed set of large scale transects that wclude a limited number
of permanent plots. The biomass of these plots is calculated from allometric equations and exirapolated fo the
transects as a function of tree species, crown diameter and height.

Two kinds of acrial oagery sampling techuiques were tested over a mixed hardwood /conifer forest in
Crooksville, Ohio. Thirty-one 28-meter diameter plot sites were thﬂbiishﬁd along two transects within the test site
and the dbb {(diameter at breast height) of trees measored. Each transect was flown at 4,000 feet AGL with a smaall
format photogrammetric camera, then at 1,000 feet AGL with global pc‘:itioning systemn {GPS)- 10"&;6(1 dual-camera
video (wide-angle/zoom}, and a profiling laser. The photograrametric images were used to create 3D models of the
terrain from which average tree heights and forest volomes could be calculated. The video / laser coverage was used
to visually identify the specics of ‘individual trees, measwre their crown diameters in a 2D geographic information
system =\Glb) and estinating their heights from the laser profile.

Due partly to an astomatic georeference and mosaicking program developed for the video coverage during the
project, it proved the more accurate / cost effective approach and this paper concentrates on ifs results. Average dbh
values of one hectare transects caleulated from the video are compared to those measured on site, showing a strong
positive correlation given the small sample size. A much farger test of 635 plot sites has just been completed in
Bolivia, which should allow us to refine the techmigues.

INTRODUCTION

The 1997 UN Convention on Climate Change in Kyoto, Japan established a framework for assigning economic
value to carbon sequestered 1n biomass. Thes could benefit efforts to preserve tropical forests in developing counntrics
if their carbon content can be accurately measured and mounitored. Field methods with extensive permanent plots can
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estimate biomass i a forest to known levels of precision, but these plots are expensive to reach and maintain in
isolated arcas. The resuiting costs that can vary from approximately $0.05 to $0.50 per ton depending on inventory
frequency, accessibility, spattal vanability of cathon pools, labor costs and scale, maling the process least practical
1o sorne of the areas most worthy of preservation.

President Clinton has asked for voluntary efforts on the part of American industries to comply with the goals set
forth in Kyoto. As part of an effoet to respond to the President’s request, the Electric Power Research Institute
{EPRI}, in collaboration with The Nature Conservancy {TNC}), Fundacion Amigos de la Naturaleza (FAN), and the
gavernmaent of Bolivia, have established the Noel Keopft Mercado Climate Action Project. 777 hectares of forest

have been withdrawn from logging or dgﬂwiﬁ‘umi dev eiopn enit and added to the Noel Kempff Mercado National

Park in northeast Bolivia as an experiment in carbon sequestration as an economically viable, fow-cost option for
mitigating chimate change. In order to determine and monitor the standing forest biomass of this region, TNC
contracted with the Winrock Intemational Institute for Agricubtural Development to develop a stratified sample ¢
ground sites where individual frees could be measured over time. Winrock established 633 nested plot sites i five
basic vegetation strata, measuring the diamneter of all woody stems 5 om to 20 o in an inner plot of 4 meters
radius, and the diameter of all woody stems greater than 20 cro 1o a larger nested plot of 14 meters radius, These
dbh values and tree counts were then extrapolated to a per hectare estimate of standing biomass for the region using
standard allometric equations, Setting up 635 plots m a tropical minforest with fow access roads is a major
undertaking in cost and mobilization of personnel. Winrock deternuned that it could reduce this time and cost in
futare projects of this type if i could establish fewer sites and use aenal sarnpling to captiwe the vanability of the
terrain. For this reason, they contacted the Department of Forestry and Wildlife Management (FWM), University of
Massachusetts, where we have worked for several years in developing low cost methodologies to monitor natural
resources with small format aerial surveys. We had previously developed a sampling method for classifying forest
vegetation using Landsat satellite imagery and fow level, GPS-logged, dual camera videography as part of the
soothern New England Gap Analysis Project (Slaymaker et al, 1996,). We have also worked for the last five years
with Conservation International to adapt these techuiques to monitoring tropical forests in Africa, Asiz and South
America (Slaymaker & Harnah, 1997). Dhring these projects, we devciopcd a combined package of videography and
digital imagery that utilizes GPS-based mwosaicking technigues to provide a more guantitative analysis of forest
development and char nge detection,

FWM is presently engaged in a thres-year NSF grant in comjunction with the Computer Vision Research
Laboratory {CVRL) of the Department of Computer Science at the University of Massachusetts, a leading research
facihties in machine vision and wnage classification techmiques. The purpose of this project is fo antomate and
OpIove our forest classification methodology through the use of terrain reconstruction and classification techuigues

that dehncate the structure of forests as well as their vegetation communities. Mapping vegetation types in complex
terrain has become more spccessful as compoter processing power mcreases and large amounnts of ground truth data
can be cobtained (etther by large-scale video transects (Slaymaker et al., 1996) or by field sites (Schriever et al,
1995; 1. However, the structure and age of a forest ccosystern i3 often more important for habitat, and resoutee
assessment. Wildhfe often re \pond more to the structural variables in a forest (stems/ha, basal area, height of the
capopy, cfc.) than to the species composition of the forest (Chadwick ef al., 1986). Significant forest management
practices, such as thinning, affect both the wildlife habitat value and guality and Vaiue of timber produced by a stand,
but are often imperceptible to satellite and smaller scale aenal oagery after only a year or two. In addition to
mapping vegetation types, wildlife biclogists and foresters need to be able to map forrmt structure, stand age and
hiomass (Short and Hestbeck, 1995). Remote sensing technigoes have successfully measured active biornass ot
chiorophyll activity using normalized vegetation or leaf arca indexes (Spanner et al., 1990), but only limited success
as been obtained mapping forest structure variables, or standing biomass. CV RL has been working on automatic
georeferencing and pixel-specific digital elevation modebing techniques that may increase our abﬂﬁy to extract
structural information from large scale sampling data. Given its Jfarge database of stratified ground sites, the Nocl
Kernpff Mercado expansion zone was an excellent project to apply these techniques to a tropical forest. Given the
size of the area however, we felt a sonaller test of a temperate forest was wareanted first. Therefore, with support from
Winrock, NSF, and additional matching fonds from The National Fish and Wildlife Foundation, we established a
test site in Crooksville, Ohio to determine the relative accuracy and economics of using farge scale aerial sampling
of the forest canopy as an extension of Winrock’s plot based strategy for estirnating biomass.
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METHODOLOGY

We set up acrial transects over a mixed hardwood/conifer forest managed by American Electric Power (AEP) in
Ohio. AEP provided forestry support personnel to assist Winrock in measuring thirty-one plot sifes along two aerial
transects over the forest {Figure 1), The center of each plot was established within known tree stands that represented
samnples of mature and regencrating hardwoods, thinned hardwoods, and conifer plantations. Three criteria were used
to select plot locations: 1} at least 1680 m from roads, 2} along the target transects, and 3) in an arca which was
representative of the vegetation around it within a 100 m madius. Using 2 GPS receiver, the field crews navigated to
cach plot and marked the center with a four-foot metal stake. Estimates of understory vegetation, standing hitter and
soil biomass were collected from clip plots, but the vast majority of the standing biomass for each plot was
estimated directly from the dbh values of measured trees, using %{;t(ibs specific allometie equations (Table 1),
Equations of this kind are available for temperate free species of the U.S. (Tritton and Hornbeck, 1982) and tropical
tree species {Crow, 1978; Brown et al,, 1984, 1989}, Eguations for tom pt,mtc, trees exist for individual species and
for groups {e.g., all pines, all hardwoods) and have been generated over many different studies by micasuring the
trees, then actually cutting thero down, drying and weighing thera. Regression equations were developed to describe
above ground biomass as a fimction of dbh alone or dbh and height, The differences in the equations reflect
variations in wood density and tree allometry (refative mass in each component). The coniferbroadicaf distinction is
usually the most tportant for both of these factors when grouping species, therefore the egquations for tropical
species are usually for all species in a single group. (In Bolivia only hardwoods and paln-trees are distinguished.}

Table 1. Riomass equations used for the Ohio test site.

Species Eguation Searce dbh range
and mass
Hardwoods v = 0.5 4+ ((25,000%dbhA2.5)/(dbb 2.5+246 872 Schroeder et § 1-85cm
al., 1995 kilograms
Conifers y = 0.5 + ({15,000 dbh 2.7V {dbh"2.74364 946)) Schroeder et { 3-71 cm
al., 1995 kilograrus
White Pine v = 3.2031~(0.2337%dbh)+((.006061 *dbh/2) Monteith 5-50 cm
1979 kilograms
Yeliow/Tulip Popla y = (Exp{(.45689 + 2.0087 * (Log(dbh)))1*0.454 | Monteith 5-5G cm
1979 kilograns
Eim v =0.5 + ((25,000*dbh/"2.5)/(dbh"2.54246,872)) Schroeder et { 5-30cm
al., 1995 kilograns
Black Locust v =0.5 + ((25,000*dbhA2.5)/(dbh"2.5+246,872)) Schroeder et { 5-30cm
al., 1995 kilograns
Red Pine v =Exp(-2.3684 + 2.5303 * (Log(dbh))) Monteith 5-5G cm
1979 kilograns
Red (ak v = (2.4601*(dbhr2.4572))y* 454 Monteith 5-50 cm
1979 kilograns
Black Chery v = {1.8082%(dbhA2.6174% 454 Monteith 5-5C cm
1979 kilograms

Where: y = biomass i kilogramws, Exp = raised to the power of, dbh =diameter at breast height.

Dbh and species were the principal measures used by Winrock to calculate free biomass in their plot sites.

" Schroeder, P, 5. Brown, I Mo, R. Birdsey and C. Cleszewski. 1997, Pi smass estimation for ternperate
broadleaf forests of the United States using inventory data. Forest 5ci 424-434,

2 Monteith, D.B. 1979, Whole-tree weight tables of New York. fz Biomass Equations for Major Tree Species of the

Northeast. Northeastern Forest Experiment Station, General Technical Report NE-69. L. M. Trition and Jarpes W.
Hornbeck. USDA, 46 pg.
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Therefore, our goal in an aerial survey was to find if measurements of crown diameter made from the air could be
sufficiently corrclated to stem diameter to accurately calculate the dbh of trees visible n the canopy. The USDA
Forest Service recently completed a forest health survey of the MNortheast US. in whick both dbh and crown diameter
measurements were taken from over 7,500 different tree specimens. Two raeasurernents were made from each crowa,
its largest diameter and a second value divectly perpendicular to the first measurement. Dr. Barbara (V' Connell of the
LISDA in Radnor, PA, provided us with records for 1997 and 1998, We correlated the data and developed regression
equations between average crown diameter and dbb for each species found at the Ohio test site (Table 2).

Two approaches were taken to aerial coverage of the sites, essentially 3D and 213, To the 3D approach, a small
format photogrammetric camera was uvsed to develop a bundle adjusted 3D model of each transect using a CVRL
developed auto digital clevation modeling program called Texrest (paper reference?). This photographic coverage was
flown at an altitude of 4,000 ft. above ground with a calibrated Hasselblad MEW camera. Images were exposed onto
70 o film and digitaily scanned at a resclotion of 40 centimeters per pixel, with 805 overlap between frarnes. A
Trmble real-tme differeptial GPS (DGPS)Y was vsed for in-flight navigation and georeferencing data. An on-board
computer tecorded the GPS data and fired the camerz at predeterouned geographic locations. It also recorded the
exact time of each exposvre and the corresponding ountput from a Watson digital gyroscope, which was mounted on
the same plane as the camera so that its precise orientation in space could be determined. The excessive overlap was
necessary to maintain radiometric consistency in the 3D model geperated from the coverage and was made practical
by the use of a soall format camera and automated digital image handiing techniques. Working within this 3D
space in a “fly-through” nnage-processing program, i was easy to identify and measure individual crowns, buat very
computer intensive and time consuming. However, CRVL is working on a program that may automate this
procedure,

Table 2 Regression equations generated from USDA forest health survey data,

Species Feqression # of points

1 Hardwoods ;“= 1258310 + 03280 % 44572
3 White ash ‘_:f= 1.00709 + 03693 X 69
4 YWhite pine ;“= 208342 + 04305« B26
g Yellow/Tulip poplar ;r= 131445 + 0100 % 443
B Elm ;“= 211935 + 02495 329
7 Black locust ;r= 6.89910 + 01185 83
8 Fed pine ;“= 012001 + 08036 X 379
a Fed oak ‘_:f= 1.04406 + 03877 840
10 Black cherry ;“: 1706604 + 04169 X 219
Total number of points 7461
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The “2D” approach utilized video coverage of individual crowns at a much larger scale in conjunction with laser
rangefinder data. Two Canon ES 500 Hi8 caracorders were then flows over each sife at an altitude of 1,000 ft. above
ground, providing of video coverage at two different scales. One camera was set at wide-angle coverage providing a
swath approxirmately 320 meters wide, with 50 centirneter per pixel resolution. The other camera was set at 12X
zoom, recording a 26 meter wide swath at 4 cm per pixel resolution, a sufficient scale to identify individual tree
species {Figure 2}. A Horita tirne code generator wrote the Triroble GPS time code and frame number to each video
frame as a record of their geographic locations. It also logged the output from the Watson digital gyroscope and a
pulse~-modulated laser mounted in a vertical mode to provide a continuous profile of the casopy by sending a series of
2438 pulses per second along the flight path. The laser beam was approximately one meter wide at the canopy swrface
and the mstrument was set to record the last return on each pulse for maxinwm penetragon to the ground. It was
bore-sighted to the large scale zoomed video to identify sensor penetrations that clearly reached the forest floor and
provided a measure of canopy height along each flight line (Figure 3

This imstrument package is a further modification of 2 systermn we have been developing over several years
(Slaymaker et al., 1996, Slaymaker & Hannah, 1997}, that can be attached to the window and door of any Cessua
aircraft without additional medification (Figure 4). For the Bolivia coverage, we replaced the Hi8 cameras witha DV
digital system and plan to replace that with higher resohition progressive scan cameras that will download directly

to an on-board raid aray.

ANALYSIS

At the inception of this project, we did not know how well the video / laser combination would work, as
compared to a full 3D reconstruction from the calibrated camera. However, as the imagery was compiled and
interpreted, it became obvious that the 213 approach was the most cost effective and acourate. The principal reason
for this was that the 1dentification of individual tree species and measvrement of their crowns remained a mamual
photo-interpretation task. Work 1s being done at CVRL to amtomate these tasks within the 3D environment, but it
has not yet matured to a useful stage. At present, the 3D reconstructions are compoter mtensive and thne consunung
to produce even with autorsatic, pixel specific, digital clevation models. Tree crown and heights can be easidy
wdentified and measured ip a 3D “fly-through” image processing environment, but species identification i3 more
problematic at the 40 centimucter per pixel resolution. Also, the manipulation of these models, even at that
resolution, s frustratingly slow and difficult with the desktop computers presently avaiable to most photo-
interpreters.

However, other work within the NSF project had developed an automated geo-referencing and mosacking pmgmm
that utilized the Watson gyroscope and laser data to rectify each video fraroe into an accurate strip of the grs)lm( {(Zhu
et al., in press). This made it practical to construct strip mosaics of the zoom video and d:,imeatc hectare size plots
of 26 by 500 meters (Figure 5}, At a pixel resolution of 4 cenfimeters, species coufd casily be identified and cach
crown fitted with a circle that averaged its Eiameter (Figure 6). Combined with the laser profile, this prodoced a

simple model of the forest front which dbh values and heights, could be calenlated (Figure 7).

For the purposes of this test then, we concentrated our analysis on manually measuring crowns within one- hectar

huear strips from the zoomed video coverage, calculating the dbhs and percent canopy coverage for all visible tree
within those strips. This was msﬂv dcwﬁ‘ph»bcd within a 2D GIS environment using the “object edit” program in
TNTMIPS (Figure &), Circles were fitted over cach troe as CAD drawings, which preserved the center coordinates
and diameter of each cirele in tbe file database. After a first pass to draw the crown diamr*ters that file was edited for
species fype in copjunaction with the laser data to attach & height value to cach tree. Trees not directly measwred by
the lazer were labeled with an average height for the stand, an average emergent height, or average understory height
hased on their size and shadow cast. The database for these deawings was then exported to Excel, where a dbb value
for cach tree was calculated from their crown diameters and the regression equations developad in Table 2. Because
the circles in the CAD drawings tended to overlap, they were then counverted to vector files with contignous
polygons that could be summanzed to determine the percent coverage of canopy in each hectare plot.
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Unfortunately, several of the plot sites in the Crocksville study were made within very localized stand conditions,
which meant that the video swips bad to bit them divectly or pass within that stand in order to make a vabd
comparison. Inasmuch as the original GPS coordinates for the plots were not differentially corrected, this was as
rauch a matter of luck as accurate aireraft airning. The conifer stands were the roost difficolt, with ondy a half-hectare
captured of one. We do not expect this to be a problem in Bolivia where the plots coordinates are differentially
comrected and we will be using real ime DGPS with ap Oministar satellite. We were able to analyze and corpare 10
video strips, most of which spanned the distance between two sites in a homogeneous community, although the size
of the strip had 0 be reduced in several cases to fit within the stand type. When a steip crossed a yoad or nanwal pon-
forest clearing, the plot was collapsed then reopened on the other side so that ondy normal or thinned breaks in
canopy coverage were included. The average dbh for each strip was then compared to the average dbhs for their
corresponding sites.

The results are summarized in Table 3. The video strips are divided by tree type, showing the plot size, number
of trees counted and the percent canopy coverage. You will note that canopy cover ranges from a low of 65% in a
mature thinned hardwood stand to a high of 92% in an cight year old stand of regenerating trees, This i3 as we
would expect and we anticipate that one of the advanta ges of using this kind of linear swath through the landscape is
that the sample will be a more accurate reflection of the natoral and man-made breaks in the canopy than may be
captured by a series of 28 meter plots. The pumber of trees per hectare predicted by these strips s calculated and
compared to the mumber of trees per hectare calculated from the corresponding plot sites. Two sets of cohumns are
presented for both the video strips and the corresponding plot sites. The first column for the video estimates the
total nurober of trees per hectare based on the measured percentage of canopy coverage. The second colums estimated
that number of based on the assumption of 100% canopy coverage, as would often be the case if the estimate were
extrapolated from a single plot sie. The first colimnn of plot calenlations shows the range of tree estimates for the

two plot sites covered by the hectare video strip. These estimates are achieved by nmiltiplying the outer plot count
by 16.25 and the inner plot by 2012, ecssentially extrapolating the site counts to a heectare sized area. The second
column averages those two vahies after removing the understory of trees fess than 7 om in diameter, which we don’t
appear to be measurning o the aerial count, but W‘hich contribute only 2 simall fraction to the standing biomass. What
i3 striking about these two colomu sets is the difference between the calculated number of tree between sites that are
supposedly within a homogenous stand of vegetation. Given that range of variability it is difficult deteomine which
estinate of tree numbers per hectare 1s the more accurate, although 0 appears obvicus that the video is
undercounting the smaller trees in the 40 year re-growth and the plot site calenlations tend to over estimate the
percent of canopy coverage.

However, we do have very good correlations between the averages of measueed and caloulated dbh’s for each stand,
measurements that are not dependent on the estimation of a larger population from small sites. The last colwmn
divides the average measured dbh of the corobined groond plot sites by the average caleulated dbh of thew video
strips. A perfect rano match would be a valoe of 1, and the admittedly small popdation of mature hardwoods
represcated here has a Pearson’s sample correlation coefficient of v =8757, indicating a very strong positive match
between the measured and caleolated values. We would expect an overestimate the dbhs of trees in the regeneration
stands as indicated by sites Al1-12 and B27-28, since our equations were developed from a mature population.
Given a larger sample base, we could prohably develop a correction factor to better characterize that type of stand.

It is difficult to directly compare the plot site values to video strip values when we don’t have precise locations for
the plots, but a review of size distribution within the mature hardwoods for both video strips and sites, indicates that
we appear to be missing the smallest trees and overestimating the sizes of the wediom size trees, but that this is
somewhat canceled out by a consistent underestimate of the largest trees. These are also adjustmnents that could be
corrected for in a farger ground sample population. Flying over the Noel Kempff Mercado expansion zone was

completed in Aprl of 1999, using progressive scan DV digital video. We had precise differentially corrected locations
for most of the 635 plot sites and are confident of hitting at least 400 sites with sofficient accoracy to tinage the plot
in the zoom. Crown diameters were not measured in the original plots established by Winrock, but we expect to
develop regression equations directly from cur analysis of the site images by identifving the major trees, or
correlating the total structure of the 28-meter diameter of the trees to the site biomass values.
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CONCLUSIONS

This paper reviews the results of 3 feasibility study to determine the usefulness of GPS-logged aerial sampling
in calculating standing biomass in forests. Although based on a small sample set, it demonstrates that a
positive correlation can be drawn between crown diameters m a termnperate forest and their corresponding dbh
measurements, and that these crowns can be measured from farge-scale video mosaics of the canopy. At present
this i3 a4 manual process in a GIS system, but work s proceeding on a program that will astomate the process
in a 3D environment. We are also adapting the Terrest automated tewain reconstruction program to waork with
digital video data, which may prove to be the best adaptation of both technigques. Approxnnately 20 howrs of
digital video was recently collected over the Noel Kemptt Mercado expansion zone in northeastern Bolivia. Over
the next vear, we will be comparing this data to the series of 635 sife plots established by the Noel Kempif
Mercado Chimate Action Project, and will be able to make a more precise determination of the extent to which
the standrog biomass 1o tropical forests can be successfully predicted from large scale acnal video.
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Figure 1 Plot sites and flight lines for Crooksville test.
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Figure 2. Wide-angle video mosaic superimposed on the 70 mm photographs, with detail showing the zoomed
video mosaic. The ground coordinates of each GPS logged position are calculated from the oriestation of the
digital gyroscope.
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Figure 3. Laser profile of the video strip showing free beight 1n the stand.
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Figure 4 Camera system mounted out the side of a Cessna 206 in Bolivia. An airfoil has been aftached to the
forward door of the cargo bay to protect the cameras from the afrstream.
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Figure 8, Zoomed video mosaic overlaid on wide angle mosaic with a one-hectare size strip plot, Crown diameters

«

were measured by fitiing circles over them 1 a GIS program.
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Figure 6. The detail and color discrimination of the zoomed video mosaics proved to be a greater advantage than
the 30 modeling of a lower resolotion surface. Draping the video strip over the terrain model combines the best
features of both, but is a slow process most useful as a training tool.
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Figure 7. Combining these circles with the laser profiling data reduces the forest to a simple model of poles with
height and diamete
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MAPPING DECIDUOUS FORESTS IN SOUTHERN NEW ENGLAND USING AERIAL

VIDEOGRAPHY AND HYPERCLUSTERED MULTI-TEMPORAL LANDSAT TM IMAGERY

Dana M. Slaymaker, Katharine M. L. Jones, Curtice R. Griffin and John T. Finn
Department of Forestry and Wildlife Management

University of Massachusetts
Ambherst, MA 01003

Introduction

Obtaining sufficient geographically unbi-
ased verification and validation data on
vegetative communities is one of the greatest
challenges in developing base land cover maps
for Gap Analysis Projects. These data are es-
sential for classifying the Landsat Thematic
Mapper (TM) imagery used in all Gap Analysis
Projects and for assessing the accuracy of vege-
tation maps developed. Airborne video data
systems that tag each frame with geographic
coordinates from a global positioning system
(GPS), in combination with interpretation and
ground-truthing procedures, provide a cost-
and time-effective method for obtaining data on
vegetative communities over large geographic
areas (Graham 1993). The Gap Analysis Pro-
gram in New England is using this video tech-
nology in conjunction with the hyperclustered,
multi-temporal Landsat TM imagery distrib-
uted through the Multi-Resolution Land Char-
acteristics (MRLC; Benjamin et al. this
volume) program (http://geo.arc.nasa.gov/
usgs/MRLCStart) to produce a vegetation map
of southern New England. To test the feasibil-
ity of this approach, we conducted a pilot pro-
ject on one Landsat image, mapping the
vegetation type we had found most difficult to
discriminate: deciduous forests. This paper
discusses the results of that study and our
development of an efficient mechanism for re-
labeling the spectral classes in the hyperclus-
tered classification to successfully map
deciduous forests at the Anderson III and IV
levels (Anderson et al. 1976).

Mapping the forests of southern New England
poses a variety of problems that make it an
excellent test of the new multi-temporal hyper-
clustered imagery. The landscape is 50% to
95% forested with a wide variety of forest types
occurring in relatively small stands inter-
spersed throughout the region. Furthermore,
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this dispersion does not follow readily discern-
ible rules. While most vegetation types in the
United States have developed along natural
limits and can often be modeled with respect to
variations in elevation and terrain, the chief
determiner of species distribution within the
major forest regions of New England is historic
human activity. Over 80% of Massachusetts
was agriculture in the 1800’s and has since
been replanted or regrown to forest. The result-
ing landscape is an intricate mosaic of different
forest communities arranged in a whimsical
fashion. In addition, the initial unsupervised
classifications we produced from traditional
single season Landsat TM coverage showed
poor discrimination of our forest types. Most
forest types were composed of mixtures of spec-
tral classes. Few spectral classes represented
more than 15-30% of any one deciduous forest
type and most deciduous forest types contained
most spectral classes to some degree.

This spectral mixing is the essential problem of
any Gap Project trying to regroup spectral
classes into vegetation classes. They are funda-
mentally different kinds of categories, one
based on the reflectance of energy and the other
on human perceptions of what constitutes a
community of plants. Therefore, the correspon-
dence between them is rarely clear or straight-
forward, and must be modeled from a known
sample set of both. The hyperclustered TM
Landsat imagery represents a considerable im-
provement in the discrimination of spectral
classes, with 240 categories generated by a
robust algorithm (Kelly and White 1994). How-
ever, this large number of categories exacer-
bates their mixing and increases the
complexity of regrouping them into informa-
tion classes. We addressed this problem
through the introduction of spatial context into
the relabeling process, adjusting the informa-
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tion class assignment of a particular pixel
based on its terrain and neighborhood associa-
tions as well as its spectral class. We developed
a systematic «cookbook” approach for identify-
ing these associations and utilizing them in a
set of hierarchical and sequential decision
rules. While this pilot project was restricted to
forest classes on one Landsat scene, the meth-
odology will be used throughout New England
and has wide application for other Gap Projects
utilizing either the hyperclustered data or
standard unsupervised classifications of satel-
lite imagery. The process is driven by a large
number of GPS referenced point samples that
can be efficiently extracted from the video. The
decision rules are computer intensive, but eas-
ily generated from USGS digital elevation mod-
els and pixel frequency tables produced on a
spreadsheet. Furthermore, accuracy assess-
ment is built into the approach witha stratified
random subsample of the sample points ex-
cluded from use in the modeling and set aside
for verification.

Methodology

Our study area is in southern New England,
encompassing portions of three states (Massa-
chusetts, Connecticut, and Rhode Island), and
is characterized by several forest regions rang-
ing from Northern Hardwoods-Spruce to Cen-
tral Hardwoods (Color Figure #3).

Landsat TM scene 1331 delineates the study
area and covers 31,000 km? (Color Figure #4).
This scene was chosen because it was in the
center of our region, and most New England
forest types identified by the Society of Ameri-
can Foresters (SAF) (Eyre 1980) are repre-
sented within its coverage. The 12-band hyper-
clustered data combined spring (1992) and fall
(1992) coverages and we assumed that the
varying seasonal phenologies of the different
tree species in the region would enhance iden-
tification of the forest types. It is well estab-
lished that some native tree species can be
more easily distinguished from each other in
different seasons (Ahlgren 1957; Sayn-
Wittgenstein 1978; Eder 1989), and this has
been applied to interpreting satellite imagery
(Beaubein 1979; Schriever and Congalton
1995). Multi-temporal classifications of Land-
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sat data from different seasons have also im-
proved the discrimination of forest classes
(Wolter et al. 1995). Merging of the two seasons
of imagery was done by the EROS Data Center
as was the application of the hyperclustering
algorithm. All reflective bands from both
scenes were processed together to produce the
240 cluster classification.

Ground reference of vegetation cover was ob-
tained from a grid of large scale GPS-logged
videography flown over the study area to collect
a distributed sample of the landscape (Color
Figure #5). This type of aerial point sampling
survey was originally developed by Norton-
Griffiths et al. (1982) in East Africa. They
logged geographic positions from an OMEGA/
VLF navigation system onto large-scale verti-
cal 35mm photography flown in a systematic
grid. They then tabulated ground cover esti-
mates from those images and entered those
data into a GIS for analysis.

Dunford et al. (1983) applied Norton-Griffiths’
approach to the interpretation of Landsat MSS
(Multispectral Scanner) data, producing a
vegetation map of the Arusha region in Tanza-
nia. The Arizona Gap Analysis Project substi-
tuted a continuous swath of video for the 35 mm
format (Graham 1993), flying a 30 km wide grid
pattern of the state to interpret their Landsat
TM coverage. Their Super-VHS camera cov-
ered 0.5 km at wide angle and zoomed once
every 10 seconds to 15x magnification to collect
a point sample image 30 m wide. GPS position-
ing data were collected during each flight and
linked to corresponding Society for Motion Pic-
ture and Television Engineers (SMPTE) time
code recorded on the audio track of the video
tape. Our approach was based on the Arizona
Gap Analysis Project, but differed from it in
some aspects. Because of the greater complex-
ity of our landscape, we flew much denser tran-
sects (15 km separation) in the spring and fall
of 1994 to capture both phenologies. Approxi-
mately 1500 km of transects were flown for
each season at an altitude of 600 m. Spring
flight (late May) transects were flown along
north-south lines; fall flight (October) transects
along east-west lines (Color Figure #5).
(Videography was also collected for the rest of
New England in a 20 km grid pattern in spring
and fall 1994.)




Modifying the system described by Graham
(1993), our video data acquisition system con-
sisted of a camera mount, two Hi8 band video
cameras, two video recorders, a GPS unit, a
laptop computer, a Horita time code generator
with an additional time code reader, a video
monitor, and associated software (Color Figure
#6). Lacking access to a plane with a camera
port, we developed a portable camera mount
that could be operated from any highwing
Cessna aircraft. The camera mount is kept
inside the plane during take-offs and landings
and extends out the window only when imagery
is being collected. At the start of a flight line,
the mount is clamped to the open window. Then
the camera unit is cranked out and adjusted to
vertical with a bubble level. Because the mount
does not require modification of the aircraft and
is not a permanent installation, we have not
sought FAA approval. A Plexiglas airfoil is also
attached to the leading edge of the aircraft
window to reduce noise and wind in the cockpit
and provide added protection for the camera
unit. The video cameras are mounted beside
each other. One is set at wide angle, the other
at 12X zoom, providing a swath of 30 m wide
large scale imagery down the middle of 0.4 km
wide angle coverage when flying 600 m above
ground level (Color Figure #7). This approach
provided much more flexibility in both the se-
lection and density of our sample points. Geo-
graphic position data were recorded from the
GPS unit to the laptop computer using Geolink
software. Time code was “sipped” from the GPS
data stream by a Horita GPS time code gener-
ator to provide a matching SMPTE time code
to the VCRs (R. Pargee, Horita, Inc., personal
communication). SMPTE time code is the
standard audible timing signal recorded to the
audio track of video. Horita’s time code gener-
ator substitutes GPS time for the normal inter-
nally generated signal, allowing each frame to
be matched to a geographic position. We re-
corded the time code directly onto the video
images, as well as the audio track, to simplify
the synchronization of the two tapes during
playback.
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Landsat TM imagery for forest mapping

Data Analysis

Data analysis followed a three-tier point sam-
pling methodology developed by Norton-Grif-
fiths (1988):

1. Primary sample: the wide-angle video cov-
erage (4.6% of the total study area covered
by TM 1331).

2. Secondary sample: those frame sets within
the wide angle video coverage that were
located on the hyperclustered image and
interpreted with the zoomed images to se-
lect sample point coordinates.

3. Tertiary sample: the attribute sets of spe-
cific pixel locations selected from the hyper-
clustered image; 1.6% of the pixels in the
primary sample and 0.06% of the total pixel
population of the image.

Organizing the samples in this manner deline-
ates the data analysis at each level. The photo-
interpretation of the secondary sample is a
heuristic process. That is, it is based on expert
knowledge which is acquired by interpreting
the photographs and evaluating the results,
but cannot be easily explained or transferred
without reproducing the experience of the in-
terpretation. By contrast, the tertiary attrib-
utes are correlated by a systematic series of
sortings and cross-tabulations. It can be done
in a “cookbook” fashion to generate sets of in-
ference rules for the associations between spec-
tral classes that are inherent in the data.
However, the testing and refinement of those
rules requires an active and repeated interac-
tion with both the primary and secondary sam-
ples on the heuristic level of evaluating and
testing results. Because the tertiary sample
represents only a small subset of the other two,
they remain additional sources of data for test-
ing and interpretation.

Photo-Interprefation

Our overall strategy of interpretation also fol-
lowed a methodology developed by Norton-
Griffiths (1988), which was designed to obtain
consistent and reliable results within a specific
project by training photo-interpreters together
with the data from their project. First, we de-
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lineated our vegetation classes for deciduous
forest types and selected frames from the video
that were: 1) representative of each forest type,
and 2) near a road or other landmark that
would enable us to precisely locate the frame in
the field. We then extracted the approximate
coordinates of those frames from the GPS data,
made prints of them using a video printer, and
field checked them with the photo—interpreters.
Using the results of those site visits, we created
a visual key of forest types from the prints and
trained on them until each photo-interpreter
could consistently identify each type on the
video. Although we used traditional source ma-
terial on the reco gnition of tree species on aerial
photographs (e.g., Sayn-Wittgenstein 1978),
the core of the procedure is to achieve a consen-
sus between the interpreters about the appear-
ance of each tree species 1n the closed set of a
specific season, scale and recording medium,
and to verify the correctness and consistency of
the classification through time and across dif-
ferent photo-interpreters.

We developed our forest type labels from the
vegetation classification system defined for the
region by the Society of American Foresters
(SAF), because all habitat models being used in
gubsequent steps in our Southern New Eng-
land Gap Analysis are linked to the SAF clas-
sification system via the wildlife habitat
models of DeGraaf and Rudis (1986). We se-
lected 104 training sites from the spring
videography for field examination. Ninety per-
cent of the sites were in the northwest quadrant
of the Landsat scene. We anticipated the most
variability in forest species in this quadrant
because it encompasses the boundaries of all
four regional vegetation types found in the
study area: Northern Hardwoods-Spruce,
Northern Hardwoods, Transitional Hard-
woods-White Pine, Central Hardwoods-White
Pine, and Hemlock (Color Figures 3 and 4).
Given time and funding constraints, we ex-
pected to maximize our field efforts by choosing
sites in this area. Eighty-seven sites were vis-
ited and, by the end of this ground truthing
phase, we were confident in identifying the 17
SAF forest types present on the video coverage.
During interpretation, however, we found that
these forest types mixed into a variety of com-
binations across the landscape, forming vege-
tation communities at the alliance level
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(Anderson level IV), that were identifiable in
the hyperclustered image. Therefore we devel-
oped additional forest classes with varying
dominance and percentages of each member,
and multiple member combinations to take full
advantage of potential spectral distinctions. As
the video interpretation progressed, we sub-
tracted classes we could not find on the video,
and added new ones W€ discovered. We also
deleted or combined classes that still lacked
spectral distinction in the hyperclustered data.
At the completion of this stage, our classifica-
tion consisted of seven major classes at Ander-
son level IIL, encompassing most of our SAF
forest types, and 30 subclasses at Anderson
level IV, mostly specific alliances among spe-
cies or mixtures of level I11 classes (Table 1). It
should be noted that these are specifically for-
est classes. The non-forest and wetland classes
are included primarily to delineate those vege-
tation coverages from the forest types and re-
serve them for further discrimination. There-
fore, they are somewhat arbitrary at this stage
in our analysis.

Ourvideo data interpretation system consisted
of two Hi8 band video cassette recorders and
two monitors with S-VHS cable inputs. A
crosshair and frame were drawn on the center
of the wide angle monitor, indicating the center
point and corresponding field of view of the
zoomed image. A second frame, the size of a
25-pixel block, was drawn around the first
frame. We discovered that 1t was important
that the photo-interpreter and the image class-
ifying program work at the same scale. Because
the inference rules drew spatial context data
fromabxb neighborhood block to relabel the
pixel values, this represented the minimum
size block of a community we could sample from
(about one third of the wide angle image). Cor-
respondingly, we selected this block size as the
best neighborhood context for our rules
through our preliminary examination of forest
type structure on the video. The two tapes were
manually synchronized during interpretation.
The video frames were matched to each other
and their geographic positions using the time
code imprinted on the video tape during flight.
This process eliminated the need for the addi-
tional Horita time code generators used by Gra-
ham (1993).




Table 1. Classification system at Anderson levels Ill and IV used in the study area.

A. N. Hardwoods (Sugar Maple dominant)

N. Hardwoods, Sugar maple dominant with

Subclass 01= geech, Ash andor Birch

Subclass 02 = N. Hardwoods with up to 20% White Pine
Subclass 03 = N. Hardwoods with up to 20% Red Oak
Subclass 04 = N. Hardwoods Red Oak mixture with up to

20% White Pine

B. Red Maple, Red Maple dominant communities

Subclass 05 =

Hardwoods, Red Maple dominant

Subclass 06 =

Red Maple, with up to 20% Red Oak and/or
Birch

C. Northern Red Oak, Oak dominant communities

Subclass 07 = Red Oak dominant Oak mixture
Oak dominant N. Hardwood and/or Red
Subclass 08 = Maple mixture with Birch
_ Oak dominant Birch mixture with N.
Subclass 9= \ardwood andior Red Maple
Oak dominant N. Hardwood and/or Red
Subclass 10 = Maple mixture with Birch and up to 20%

White Pine

D. Birch, Birch dominant communities

Subclass 11 = Birch dominant with Red Oak and Maples
Subclass 12 = Black Birch dominant birch mixtures
Subclass 13 = Birch dominant Aspen mixture

Subclass 14 = Birch dominant N. Hardwood and Red Oak

mixture

E. Oak/Maple/Birch co-dominant communities

Subclass 15 = N. Hardwoods 60%, Red Oax mixture 40%
_ Red Oak, 60%, N. Hardwood and/or Red
Subclass 16 = Maple mixture 40%
Subclass 17 = Red Maples 60%, Red Oak, mixture 40%
Subclass 18 = N..‘ Hard\(vood and/or Red Maple, Red Oak,
Biirch mixture
Subclass 19 = N. Hardwood and/or Red Maple, Red Qak,

mixture with up to 20% White Pine
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F. Maple/Oak/Conifer co-dominant communities

Red Oak 60%, White Pine mixture 40% with

Subclass 20 = Maples
Subclass 21 = White Pine 60%, Red Oak Mixture 40% with
Maples
a N. Hardwoods 60%, White Pine 40% with
Sublass 22 = Beech, Ash, and/or Birch
_ MixConifers 60%, N. Hardwoods and/or Red
Subclass 23 = Maple and/or Red Oak mixture 40%
_  White Pine and/or Hemlock 60%, Maple
Sublass 24 = mixture with Beech and/or Biirch 40%
G. Conifer
Subclass 25 = White Pine stands
Subclass 26 = Hemlock stands
Subclass 27 = Mixed Conifer stands
Subclass 28 = White Pine, 80%, N. Hardwood and/or Red
- Maple and/or Red Oak mixture 20%
Hemlock 80%, N. Hardwood and/or Red
Subclass 29 = Maple and/or Red Oak mixture 20%
Subclass 30 = Mixed Conifer 80%, N. Hardwood, and/or Red
- Maple and/or Red Oax mixture 20%
H. Wetlands
Subclass 31 = Marsh
Subclass 32 -= Marsh with dead trees
Subclass 33 = Scrub or shrub Marsh
Subclass 34 = Mixed Deciduous/Conifer Marsh
Subclass 35 = Forested Wetland - Conifer
Subclass 36 = Forested Wetland - Deciduous

I. Nonforest

Cleared land or industrial use, possibly in

Subclass 37 = wetlands

Subclass 38 = Pasture, sparce suburban lawns
Subclass 39 = Suburban forest mixtures

Subclass 40 = Golf courses or lush suburban lawns
Subclass 41 = Cleared ground or old clear cut
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Extracting and calculating the exact positions
of specific video frames, as reported by Graham
(1993), was unnecessary in our approach be-
cause we interpreted the video frames while
using a third monitor to view their correspond-
ing locations on the hyperclustered image. We
had originally planned to follow Graham’s
(1993) approach of using the geographic posi-
tions tagged to each video frame as our sample
point coordinates, playing the audio track back
through the Horita time code generators and
logging the selected sites using the Horita pro-
gram PC-log. However, the GPS receiver re-
cords the plane’s position in space rather than
the projected image center on the ground, and
any tip or tilt movement of the camera reduces
the accuracy of the corresponding video frame’s
location. Before undertaking our survey, we
conducted a test flight of video over identifiable
targets, then walked to the indicated photocen-
ters of selected frames and logged their GPS
positions on the ground. When the aircraft and
ground positions were differentially corrected
and compared, it was apparent that variations
in the plane and/or camera position could intro-
duce positional errors of up to 70 m. Therefore,
we would have had to assume a 5-pixel diame-
ter of confusion on the hyperclustered image for
the position of video frame photocenters in re-
lation to the GPS points. This was too great an
error for most of the forest mosaic structure in
our region. We had also found location errors
in the reprojection of selected PC-log points to
a GIS vector layer, and once introduced in this
fashion, these errors were difficult to detect.

Therefore, we avoided the potential error and
inherent inaccuracy of time code logging, by
simply setting our video monitors down beside
our computer monitor and selecting sample
points directly from the hyperclustered image.
We converted our differentially corrected GPS
data to ASCII files and overlaid all the one-sec-
ond interval record points onto the hyperclus-
tered image in the MIPSTNT (Microimages,
Inc.) image processing program (Color Figure
#8). This allowed us to match video frames to
their corresponding positions on the Landsat
screen by time code and directly query the
spectral class values and geographic coordi-
nates of individual pixels in the hyperclustered
image. Using visual pattern recognition, we
could orient ourselves between the wide angle
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video and the hyperclustered image, and accu-
rately select sample points from identifiable
communities. Also, because we were selecting
sample positions directly from the hyperclus-
tered image, we were able to document and
monitor our point accuracy to within a nine-
pixel block. In areas where we could not locate
a video frame’s position more accurately by
pattern than by its corresponding GPS point,
or identify specific pixels, we used the GPS-
logged position, but restricted sampling to a
surrounding community of at least a 10 x 10
pixel block, avoiding any error introduced by
camera tip and tilt.

Two photo-interpreters examined 25 hours of
video and collected 17,836 sample points, from
approximately 2,300 locations, either as indi-
vidual pixels or clusters of pixels. This process
was most efficiently accomplished by adding
the sample points directly to the GPS data file
by editing it in the MIPSTNT “edit-vect” mode.
Clicking on any GPS point displayed its date
and time code, under “view-points”, while click-
ing on a hyperclustered pixel under “add-
points” displayed a set of data fields with the
UTM coordinates of the pixel and an empty Z
coordinate column space. The interpreted for-
est type was typed into the Z coordinate space
and the new point set added to the database.
This process took only seconds per point, and
the sample point files were easily extracted
from the data file after interpretation, because
all the original GPS logged points have zero Z
coordinate values in their internal table.
Twenty-five percent of these points (4,459 sam-
ples) were set aside as a stratified random
subsample for later accuracy assessment of our
final map. This random subsample was se-
lected using Microsoft Excel after the points
had been sorted by forest type. Each point in a
forest type set had a random number attached
to it, which were then sorted in ascending or-
der. The first quarter of the attached points are
set aside. The remainder of the points for each
forest type were exported as site files into the
GIS program GRASS, a public domain GIS
supported by the U.S. Army Construction En-
gineering Research Laboratories (USACERL)
and used to formulate the rules. GRASS was
used at this stage because of its excellent sam-
ple point analysis program (s.menu) and infer-
ence rules framework (r.infer).




The accuracy of this video analysis, and there-
fore the subsequent classification, is a function
of the interpreter’s ability to recognize individ-
ual tree species on the video frames and trans-
late their distribution into a community class.
Considering our wide angle coverage had an
approximate resolution of one meter, it was
adequate for only color and texture recognition.
Our actual species identification was done on
the strip of zoomed imagery through the center
of the wide angle swath, which had a resolution
of approximately 8 cm. Tree identifications
were relatively simple at this scale and could
be extrapolated to the surrounding patterns on
the wide angle coverage to identify communi-
ties. Video frames that we verified in the field
while the point sample collection was in proc-
ess, yielded a high percentage of correct predic-
tions by the photo-interpreters who were well
into the learning curve. Therefore, we believe
this method to have been adequate for our
needs and resources.

Sample Analysis and Inference Rules

The essential problem in reassigning the pixels
belonging to each spectral class in the hyper-
clustered image to a forest class, was designing
arelabeling procedure that considered the mix-
ture of spectral signatures associated with each
forest type when it determines the most prob-
able identity of each pixel. The need to model
information classes as probabilistic mixtures of
spectral classes is well established in the re-
mote sensing literature (Jensen 1986), as are
algorithms for exploiting these associations
within a Gaussian model (Strahler 1980; Bou-
man and Shapiro 1992). Mapping deciduous
forests in Wisconsin, Bolstad and Lillesand
(1992) incorporated rule-based probabilities
from ancillary soil and terrain data “along with
knowledge of the relationships between tree
species or species groups” into an unsupervised
maximum likelihood classification of Landsat
TM data. Their results showed a significant
improvement over the same classification with-
out pixel-specific prior probabilities. We did not
wish to use soil data in our methodology be-
cause of its limited availability in a digitized
format, but knowledge of the relationships be-
tween tree species and species groups is im-
plicit in the photo-interpretation of forest
types. Therefore, it can be incorporated into the
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relabeling of spectral classes if that knowledge
can be expressed as a function of the immediate
neighborhood of each pixel. However, in spite
of the appearance of a multi-band image set in
these hyperclusters, based on overall bright-
ness assignments of the gray scale, the classes
remain non-parametric, requiring a non-
Gaussian analysis (Hutchinson  1982).
Richards et al. (1982) presented a methodology
for regrouping a non-Gaussian unsupervised
classification to information classes by incorpo-
rating neighborhood values into a probabilistic
label relaxation procedure. We followed their
basic concept but implemented it through a set
of hierarchical inference rules (Color Figure
#9), similar to the approach reported by Stumpf
and Koltun (1993).

We created several additional raster layers
from the hyperclustered image in GRASS, us-
ing neighborhood functions that identified the
most frequently occurring class valueina 5x5
pixel block around each pixel (majority), the
maximum value found within that block
(maxvalue), the minimum value found (min-
value), and the number of different values
found (diversity). We then added the USGS
digital elevation model of the region, because
our photo-interpretation indicated that illumi-
nation differences on northwest and southeast
slopes were affecting the correspondence be-
tween the vegetation and spectral classes. We
also incorporated the forest regions map (Color
Figure #3), specifically to help distinguish be-
tween dominant communities of Red Maple
(Acer rubrum) and Sugar Maple (Acer sac-
charum), which are spectrally very similar, but
occur as dominants in different regions. Values
for each pixel location in our point sample data
were extracted from these layers by the site file
tabulation program in GRASS’s “s.menu” and
exported to Microsoft Excel for analysis in fre-
quency tables.

In Excel, the sample point datasets were di-
vided into three slope/aspect classes: north-
west, southeast and flat. (We began the
analysis with eight slope/aspect classes, but
combined those that did not appear to have a
distinctly separate effect on canopy reflec-
tance.) Next, each forest type was ranked for
ownership of each spectral class by the condi-
tional probability of that spectral class being
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that forest type on a given slope. Conversely,
the spectral classes that appeared significant
in each forest type were cross-tabulated to one
another for their occurrence as most frequent
neighbors in that forest type. From these com-
parisons, we developed a neighborhood set of
spectral classes for each forest type that were
consistent indicators of that forest type when
in association with one another. These associa-
tions were distinct and non-linear as expected
with non-Gaussian classes. Similar associa-
tions were developed for the minimum and
maximum neighborhood values, though they
were less distinct and more often used to re-
strict the application of rules in the presence oY
absence of indicator species. Therefore, in this
model of the spectral mixtures within forest
types, each region of pixels representing a poly-
gon of a particular forest type consisted of: 1)
a set of pixels whose spectral classes consis-
tently represented that forest type in associa-
tion with each other, and 2) a subset of the
remaining pixels whose spectral classes were
«outliers” with respect to that forest type. How-
ever, members of that “outlier” subset may be
consistent indicators of other forest types when
in association with other spectral values not in
this particular group. The objective of our in-
ference rules was to correctly identify and rela-
bel the consistent spectral classes within each
occurrence of a forest type community, then
absorb the inconsistent spectral classes that
were still part of each mixture.

To accomplish this, we applied three sets of
sequential relabeling rules in the GRASS pro-
gram “r infer”. They consisted of command
variations on IFMAP, ANDIFMAP and THEN.
Used iteratively in a hierarchical structure of
conditional probabilities, this command se-
quence provided a sensitive and correctable
mechanism for regrouping each occurrence of a
spectral class into its best choice for a forest
type. The first set of rules generated a prelimi-
nary map by assigning each pixel in the hyper-
clustered image to the most likely forest type
for its spectral class on its slope/aspect, assum-
ing its neighborhood values fit into the profile
of associated neighborhood values for that for-
est type on that slope. Otherwise, the program
continued to choose the next most likely forest
type until it satisfied a set of conditions or
assigned a value of zero to the pixel.
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The second set of rules was applied to that
preliminary map, selecting only those pixels
whose new forest class value was different than
the most frequently occurring neighbor within
their immediate nine-pixel block. These class
values were replaced by their majority neigh-
bor's forest type if that forest type was one in
which the original gpectral class of the center
pixel had logical standing. In other words, if the -
3 x 3 pixel neighborhood of a reclassed pixel in
the preliminary map had a different majority
forest type that was a potential classification
for that pixel farther down its hierarchy of
probable identities, then the probability of the
majority forest type being its correct label
changed and the pixel was reassigned. How-
ever, if a pixel in the preliminary map was
surrounded by a forest type that was not an
available choice for its spectral value (e.g., a
conifer-class pixel beside hardwoods at the cor-
ner of its stand), then it retained its first label.

The resulting map had a third set of rules
applied to it that made similar assignments to
any pixels that were labeled zero by the first set
of rules (i.e., not significant for that particular
community), but ended up after the application
of the second set of rules with a most frequent
set of neighbors belonging to a forest type to
which they could have been assigned. This
third step can be repeated several times. Fi-
nally, a “hole filling” equation is run in
GRASS’s “r.mapcalc”, assigning the nine-pixel
block majority to pixels whose spectral class
belong to any forest type in the hyperclustered
image, but remained labeled as zero after the
application of all the rules (again not signifi-
cant under the rules for that particular commu-
nity). This equation produced our final
re-classification at 30 m resolution (Color Fig-
ure #10).

An advantage to this approach 1s that these
inference rules can be developed through re-
peated interaction with the video and hyper-
clustered imagery- We would complete 2
preliminary set of rules and process puffered
corridors along the flight lines to reclass the
primary sample (actually processing less than
10% of the full image but covering all our sam-
ple points.). This test labeling could be exam-
ined by querying the resulting class values of
the sample points used in the model, overlaying




the resulting polygons on the hyperclustered
image and comparing them to the forest com-
munities we could identify in the video. Mis-
takes in logic, mislabeling, and erroneous
associations or placement in the hierarchy of a
particular class would become apparent and be
corrected. In addition to modifying the rulesets,
our forest classes were also altered, adding
some, and combining others, to better reflect
the aerial perspective and the reality of forest
structure on the ground. The advantage of this
approach is that both the rules and the concep-
tion of forest classifications can evolve as you
train your results and are trained by them. In
this context, neighborhood-based inference
rules can be viewed as a way to bootstrap a
priori probabilities to make the re-classifica-
tion more Bayesian.

Results and Accuracy Analysis

The accuracy of our Anderson level IIT classifi-
cation was determined by an error matrix of the
stratified subset of points we extracted and set
aside before the rest of the tertiary sample data
was analyzed (Table 2). This subset was over-
laid on the final classification map, and the
forest classes assigned by photo-interpretation
were compared with those generated from the
rules. The error matrix was assessed by calcu-
lating producer’s and user’s accuracies for each
class, percent correct, Kappa (Rosenfield and
Fitzpatrick-Lins 1986), and Average Mutual
Information Index (Finn 1993).

The chief difficulty in using sample points for
accuracy analysis is separating out the errors
caused by factors other than mislabeling by the
rules. We had three other sources of error in the
assignment of pixels to their interpreted forest

type:

1. Random shifts in positional accuracy dur-
ing the transformations of the point data.
We monitored the spectral class identities
of our sample points at each stage, includ-
ing a subset of 75 points that had unique
spectral values for each of their eight neigh-
bors. The results indicated that some of
these points could shift their raster cell
association by one pixel in any direction
through the transformation of geographic
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coordinates from raster to vector-based site
files and back to raster. Therefore, the real
location of all point data values was repre-
sented by their 3 x 3 pixel neighborhood and
the positional accuracy of the final map was
limited to 90 m. -

2. Because of the complexity of the vegetation
mosaic with subsequent small sized poly-
gons in the final map, and the arbitrary
nature of boundaries between clines, many
of these sample points fell within the “error
edge zone” defined by Burrough (1986).

3. Mis-assignment of sample sites in video
interpretation had to be taken into account
when using these points for verification.
These mistakes tend to be filtered out of the
modeling process as outliers, but we used
the video to re-examine each point identi-
fied as mis-classified to assure the original
reference was correct. As noted earlier, dif-
ferences in the consideration of scale be-
tween the photo-interpreter and the
neighborhood size that the inference rules
were based upon can be a major source of
error.

We had originally tried to correct for the first
two sources of error by visually examining test
sample points identified as errors and consid-
ering them to be correct if they fell within
Burrough’s “ambiguous” and “possibly out”
zones of their correct class. However, we de-
cided that this approach may have been a sub-
jective source of bias towards accuracy, so we
eliminated all edge zone samples by filtering
the test points through an interspersion layer
of the final classification map. Any pixels with
less than 78% of their assigned forest type
within a 5 x 5 pixel neighborhood were removed
from consideration as sample points for verifi-
cation. This reduced our original verification
subsample of 4,459 points to 2,014 that were
clearly within some forest type polygon. Both
approaches produced overall accuracy levels
within .05% of each other, which would indicate
that most of the corrections we made by inspec-
tion in the first approach were illegitimate.
However, the second approach reduces the
number of points that have to be visually in-
spected in error checking, which is a time-con-
suming task with a large sample size.
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% Correct

_ N.Hardwoods (Sugar Maple dominant)

A

B

C

D. Birch/Birch dominant communities

E. Oak/Maple/Birch co-dominant communities
F. Maple/O al/Conifer co-dominant communities
G

. Conifers
H. Wetlands
1. Nonforest, pasture and suburban

Accuracy 90.9% 86.6% 80.0% 92.9% 88.5% 90.

_ Red Maple, Red Maple dominant communities
_ Northern Red Qak, Oak dominant communities

F

91

101

Average H(classified Data)
Mutual H(reference data)
information AMI

Index % AMI

G H 1
3
7 1
1
7 28
198
1 240
186

206 278 188

Table 2. Error Matrix of the stratified subset of 2,014 points.
Reference pixel classes from videography interpretation
A B Cc D E
Classified
Data
A 269 M 12 7
B 2 123 18
c 8 7 284 7 17
D 7 25 92
E 1 4 309
F 6 1 12 1
G 15
H
| 3
Column 206 142 355 98 349
Totals
Producer's

Row User's

Totals Accuracy
305 88%
143 86%
333 85%
125 74%
353 88%
111 82%
213 93%
241 100%
190 98%

2014

Total 89.7%
sample  Total
Points

1% 96.1% 86.3% 08.9% 89.7% 83.6%

Total KAPPA

= 3.0630 bits per pixel
= 3.0363 bits per pixel
= 2.4065 bits per pixel

=79.257
=89.7

As noted earlier, the classes In our error matrix
(Table 2) focus specifically on forest types. The
worst user’s accuracy (74% for class D), is
caused by misclassifying oak dominant com-
munities (C) as oak/maple/birch co-dominant
communities. The worst producer’s accuracy
(80% for class Q) is from the same problem.
Without this one error, the user’s accuracy for
D goes to 93% and the user’s accuracy for C goes
to 87%. The results also show that we have a
specific problem distinguishing wetlands from
mixed conifer/hardwoods communities, (Viz.,
10% of wetland samples were mislabeled as
mixed conifer/hardwoods). However, we will be
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handling our wetlands separately, combining

these classes with exi

the TM Landsat band number six (tempera-

ture). Our relabeling

sting GIS data layers and

procedure had difficulties
differentiating between spe
this may be 2 limitation of

cies of conifers, and
the multi-temporal

hyperclustered classification when applied to

species that do not demonstrate visible pheno-

these results during the ne
and reclassifying it sepa-

out the Conifer class
rately with the raw
date. However, the

band

typic change seasonally. We expect to improve

xt year by masking

data from a single

overall accuracy for all
classes is 89.7 % (83.6% Kappa), which we




judge to be adequate for our Gap Analysis and
considerably better than the 70% levels we
achieved in previous analyses. The average
mutual information index (AMI) indicates that
of the 3.03 bits per pixel of information con-
tained in the reference sample, the classified
map explains 2.40 bits, or 79.2% (Finn 1993).
These different measures indicate good accu-
racy and consistency at Anderson level III. As
of yet, we do not have a sufficient number of
points for a valid assessment of accuracy at the
Anderson level IV (our subclasses), but this
should be resolved as we extend the sampling
to other scenes that contain the same forest
types. We will also plan to apply information
theory and similarity indices approaches to
accuracy assessment (Finn 1993), combined
with a stratified random resample of the pri-
mary sample level of video data, to evaluate the
thirty-one subclasses that represent specific
alliances among species.

It should be noted that accuracy assessment
was done at the 30 m resolution of our raster
image before the polygons were combined to
form our minimum mapping unit (16 ha). Just
as we consider it essential that the photo-inter-
preter and relabeling procedure operate at the
same scale, we also strongly recommend that
the resolution of the point data accuracy as-
sessment match the resolution of interpreta-
tion (5 x 5 pixel blocks).

Conclusions

This work is part of a larger project to produce
a vegetation map as an aid in mapping verte-
brate distributions in New England. There are
few ground truth or ancillary data layers avail-
able in the region. Therefore, this pilot study
was designed to develop and testa methodology
for reclassing a multi-temporal hyperclustered
TM image using video point sampling and little
additional data except USGS DEMs. For the
purposes of this test, we concentrated on our
most difficult type of land cover to discriminate
-deciduous forests. However, we plan to expand
the procedure to other types of land cover and
TM images contiguous to Landsat scene 1331,
which will provide us more information on the
efficiency of the process. Inasmuch as we were
unsure of the density and number of video
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transects required or how to proceed with the
analysis, this pilot study was very labor inten-
sive and time consuming for just relabeling
part of one scene. However, based on the results
of this work, we feel the sample point survey
can be made more efficient by flying less dense
coverage or just the fall season of videography,
and we now have a systematic approach to the
organization and analysis of those samples.
These modifications would have reduced our
analysis time to approximately 45 eight-hour
person-days to complete the interpretation and
rule generation for all major vegetation classes
in the first Landsat scene of a project. This
includes at least five days of ground truth field
work for the crew and processing time. Within
the work still to be done in our region, the
process will continue to become more efficient
as the same classes are extrapolated and new
ones added over several scenes.

The real breakthrough in this approach is the
development of the hyperclustered imagery
and its distribution to all GAP Projects by the
MRLC program. Given the apparent consis-
tency of the hyperclustering algorithm, our
relatively simple method of relabeling spectral
classes in a systematic manner within a spatial
context should be readily transferable to new
scenes and scalable to much larger regions as
long as they can be transected with an aerial
point sampling survey. Obtaining videography
is inexpensive compared to other aerial im-
agery or conducting ground visits. Transects
for all of New England were flown in two weeks.
Although phenology was not optimal for some
areas, only a few areas in New England need
to be reflown to obtain representative samples.

A measure of the methodology’s usefulness will
be its applicability to other GAP Projects using
the hyperclustered imagery or their own unsu-
pervised classifications to generate their vege-
tation maps. We have written a step-by-step
cookbook for generating the rules in Excel, and
will be publishing it on our internet home page,
(http://tove.fnr.umass.edu/gaphome.html, or
ftp://tove.fnr.umass.edu/pub/gap), along with
all templates and necessary data structures.
Maintaining a consensus of interpretation as
more photo-interpreters become involved is a
problem, but the visual keys will prove useful
both for keeping photo-interpreters consistent
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as they move from region to region, and for
training new photo-interpreters. Further, ef-
forts are being closely coordinated with GAP
Projects in neighboring states to compare our
visual indices and reach a general consensus on
the appearance and structure of vegetation
communities for our region. This should greatly
facilitate edge matching between states and
provide additional verification of our accuracy
assessment.

Achievement of the high accuracy levels pre-
sented in Table 2 is attributable to the large
number of sample points available for use in
building and testing the classification rules.
Information for this classification came from
three sources: multi-date TM imagery, ancil-
lary data (DEMs), and aerial videography. We
feel that multi-date imagery is essential, as
demonstrated by Schriever and Congalton
(1995) achieving only 77% accuracy for their
Anderson level IV forest classes in southern
New Hampshire using multi-date imagery and
field samples, but 86% accuracy when conifer
classes are lumped as ours Were, Their density
of sampling (0.26 points per km?) translates to
more than four times the sample per km? that
we used (0.06 points per km?). The hyperclus-
tered, two-date imagery is a good, inexpensive
way to obtain an unsupervised classification,
but we feel that any good clustering algorithm
with multiple dates will produce adequate un-
supervised classes. The ancillary data (DEMs)
helped break apart forest types that were the
same color because of variations in illumina-
tion caused by topographic relief (softwoods on
southeast facing slopes can look like hardwoods
on northwest facing slopes) and these are used
in most classification projects of this type. The
unique information sources for this study were
the videography and the models for neighbor-
hood associations between spectral classes.
The large number of vegetation reference
points interpreted from the video allowed us to
model the spatial context in which spectral
classes could represent different forest types.
This produced a higher probability of success
in the assignment of the pixels of a specific
spectral class to their correct forest types, than
by simply using the most consistent association
of that spectral class to one forest type as the
basis for relabeling. This, we feel, is the origin
of the high accuracy levels. We are trying to
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quantify the contribution of multi-date over

single-date imagery to the overall accuracy by

classifying one of the spring hyperclustered

images. As other Gap Analysis Projects use

aerial videography in other ways (e.g., to label

standard unsupervised cluster maps), it will

become clearer whether the videography itself

is what is important, or whether the combina-

tion of datasets and procedures used here is the’
key.

Future Improvements

Accuracy of our point source data was limited
by our inability to document the tip and tilt of
the video cameras at the moment of exposure.
We tried incorporating a digital gyroscope that
gave a continuous digital readout, but its re-
sponse time, susceptibility to velocity changes,
and large size limited its usefulness. Efforts
are presently being made to incorporate a
three-axis magnetic compass that will attach to
the camera mount and log tip and tilt into the
Horita time code generator with the GPS data.

We are also evaluating the incorporation of a
neighborhood function that identifies the sec-
ond most frequent neighbor as well as the first.
This would be especially useful during the later
stages in the sequence of rules, where it would
help delineate the boundaries and increase the
accuracy between land cover types. We are
working on this function in “r mapcalc’
(GRASS) and receiving help from more experi-
enced GRASS programmers. In reviewing the
distribution of our sample points by their
slope/aspect class, it was also clear that we
should have stratified our collection of points to
assure a sufficient representation of forest
types in the less frequent slope/aspect classes.
We are now displaying our slope/aspect classes
over the hyperclustered image during point
sampling and using them as a guide to increase
the density of sampling on the steeper slopes.

While aerial videography served our purposes
in this project, and was cost-effective, there are
distinct limitations to the system:

¢ Although the resolution of the video
imagery was sufficient for mapping,
the inherent “jitters” in the images as




displayed on an interlaced TV monitor
became very trying on the interpreters.

® The absence of stereo viewing was a
major limitation to the interpretation
of several types of plant communities.
It could be achieved by printing over-
lapping frames in the video printer
and viewing them with a pocket stereo-
scope, but this was too time-consuming
for a technique whose success depends
on spending less than a minute at each
site.

* The tapes lose much of their color and
resolution when reproduced, so most
analysis has to be done from the origi-
nals. Unfortunately, they degenerate
with use. This limits the extent to
which the data can be freely shared.
Further, video tape also degenerates
from non-use over time, so the data
are essentially temporary.

® Because video is an analog system re-
corded on tape, the image data is
stored and displayed in the NTSC
transmission format. This causes a
loss of radiometric data that could be
retained in an RGB or multi-band
frame set.

We hope to improve this in the future with a
completely digital system. Digital cameras are
becoming available with resolutions of 2,000 to
4,000 lines which will download to a hard drive
in the aircraft as RGB rasters with the GPS
data written directly to the header. The images
can be copied and permanently stored on re-
cordable CD-ROM disks without any informa-
tion loss and imported directly into a GIS
program by anyone with a standard multi-me-
dia computer. Instead of a continuous record-
ing, individual frames can be captured and
stored at specific predetermined geographic po-
sitions along the flight path so as to maintain
a 60% overlap between exposures for stereo
viewing. Many modern image processing sys-
tems (e.g., ERDAS, ERmapper, Intergraph) are
now providing the capacity to display this im-
agery in stereo, using a split window format or
multi-image overlays with switching polarized
glasses. This stereo-viewing capacity along
with the higher resolution and greater stability
of a non-interlaced computer display will
greatly increase the interpretability of the
data.
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Preface

This book was written for several reasons. First, we hope it helps to &l
a gap by providing an entry into the literature of geographic information
systems. Up until very recently, most of the information about geographic
information systerns {GISs) bas been in the fugitive, or gray, literature; the
{atter includes in-house technical reports, conference proceedings, non-
refereed publications, and poorly distributed manuscripts describing efforts
funded by federal and state agencies. Publications from professional
conferences, such as Purdue University’s “*Machine Processing of Remotely
Sensed Data” Symposia, the Harvard Computer Graphics Symposia, and the
Urban and Regional Information Science Association meetings have been
some of the best places to find current information about GISs, in terms of
both the theoretical and the practical aspects of the field.

Special-purpose documents have also been useful sources, for those of
us who know where to look. Briefing documents prepared by such agencies as
the U.S. Forest Service and companies such as the Environmental Systems
Research Institute, and surveys of the field by the American Farmiand Trust,
have been valuable resources in their respective narrow domains, Publications
such as the American Society of Photogrammetry and Remote Sensing’s
Photogrammetric Engineering and Remote Sensing also have articles about
(GISs on a regular basis. Recently, journals have been started that emphasize
spatial data processing. Two of these new journals are the International
Journal of Geographical Informarion Systems, published guarterly by Taylor
arwd Francis in the UK, and Aerial and Space Imaging, Remaote Sensing ard
Integrated Geographical Systems, published quarterly by Imaging Systems
Publications in Sweden. Recent conferences have focused specifically on
geographic information systems. In particular, the proceedings of GIS 87
{October, 1987; San Francisco) and IGIS "87 (November, 1987, Crystal City,
Virginia) provide a summary of the state of the field, although primarily from
an academician’s point of view.
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