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Standards forxr Digital Orthophotos

o,

kS

&y

Thiszs document sestablishes the technical coriteria to bs used in

production of digival corthophotes {(DOQs} for USEE partnexs in the

Kational Digital Orthophoto  Program  (HROP)  and  obther USBGE
a

[

cooperative agreements. Information in this document is integrate

with other National Mapping Program Technical Imstructicns and

specifications for data specific metadata by the Federal Geographic

Pata Committss {(FEDRCY. Alse defined are reaguiremeunts for the
T

collection, processing.

data entered into the

{NDCDRY .
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2. Specifications « . . . . o« . . . .

.

Appendix 2-A bigital Ovthophotn Headew

12f9§

Bxample of a USGE Ray

mzamples of Band Sltorage
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SUMMARY OF CHANGES

Complete revision 13798

A complete rovision of the Standards for DbDigital Orthophotos was
undertaken toe change both format and content of the digital orthophoto
uadrangle (DOQ) heasder, revise tsvhnical standards for overadge imagery,
and include color-infrarved and true color DOQs as standard products.
changes from unlabsled data fields to keyword fields in the haadsr wmake
the informaticn easier to understand while complying with mandatory file
specific regquirements of the Federal Geographic Data Committee’s "Content
gtandards for Digital Secspatial Metadata.” Rditorial changes were alsgo
necessary to clarify the texmt. Previous changes have besn inoorporated in
the revision.

Change 8/93 to Part 1 and Part 2

Allowsble scanning rescolution was increased to 32 gm. Overedge imagery
bayond both the primary and secondary horisontal datum corner points can
rangs from 2 50 wmeter mindmum to 300 meter maximum. These changes
fagilitated the participation of additional coopesvators in the DOQ cost
share program, yet ensured that DOOs continued to meet Mational Mapping
Division’s needs for digital line graph revision. Additional header
metadata was raquired to describe compressed data.

First USGS National Mapping Program Standard for Digital Orthopbotos was relesased
in July, 13882,

12/9%

i
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LISYT OF PAGES

A complets and ourrent copy of the preliminary pages of “Zrandards for Dig
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LIST OF PAGES
A complete and curvent copy of Part I of "Standards for Digital Orthophotos®
oy

5
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1.

12/36

GENERAL

DEFINITIONS

The terms “digital orthophoto® and "DOQY are used throughout this
document to refer to  both  ths  l-meter ground  rsaclution
quarter-guadrangle digital orthophoto ({3.7%- x 3.75-minutes in
extent) and the ons or two-meter ground resclution quadrangle
digital orthophote {7.5- = 7.5-minutes in extent). Although the
primary digital orthophote of concexrn is the l-wmeter guarter-
guadrangle, 'DOG" will refer to both the quarter-quadrangie and
guadrangls digital orthophotos unless otherwise noted. Ground
reaciuticn, for DOOs, is synooymous with ground sample distance
(38D} . The terms one and two-meter ground resolution rvefer to the
distance on the ground represented by esash pixel in the x and ¥
components. They do not infer the minimum distance that can be
detected between two adjavent features, or the mindmum sgize of a
feature espressed in size of oblects or distances on the ground.
Tha term gray-scale refers to an 8-bit image having up to 286 gray
Tavels. Black and white referg to gray-scals  images  Irom
panchromatiz film while monochrome vefers to & gray-scale image
containing light from one wavelength band (red. graen, biue, or
infraved) .

Digical orthophobe - A digital imags that has the properties of an
orthographic projection. It is devived from a digitized perspective
aerial photograph or other remotely sensed image data by
differential rectification so that images dispiscements caused by
pamera Lilt and terrain relief ave removed.

Orthophota chips - A digital orthophoto may be made up of savaral

images mosaicked together to form the final imege. Hach ssparate
piece of the mosaic that contributes to the final imags ig called a
“chip®.

National.  Aexial  bPhotography  Progyvam (WAPP)- A wmultipie agesncy

program coordinated by the USGS that provides panchromatic and color
infrared coverags of the United States at 1:40, 300 photo soalea.

Naticnal High Alvitude Aervial Photogseaphy  Program (NHAP) - A

........................

multiple =agency program coordinated by the UGS that asoguired
1:80, 000 phote-scale panchromatlic and 1:35&,000 photo-azcals oolox
infrared photography of the 48 conterminous United Statss from the
vears 1380-1887.

1982
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1.2

Pt
L)

12/96

OBRIECTIVES
The U.8. Geological Survey {I

3} is designated as & lead Federal
agency for the cellection and distyibution of digital cartographic
data. The standards specified in this document pertain to the
collaction, processing, avchive, and guality control of digltal
orthophoto data. Data produced to this standard will ke avchived im
the Wational Digital Cartographic Data Base (NDCDB).

The U.8. Departwment of Agriculturs, Matural Fescources Conaservabion
Service (NRCS), the Farm Services Agency (FEA)}, tha U.8. Forest
Service (USFS), and the U.8. Geological Survey, National Mapping
Division (¥MD} are partners in the National Digital Ozthopboto
Progvam (NMDOF! . The program was oreated to ensure that each agancy’s
digital orthophboto reguiremsnts are met, and to serve the needs of
rhe broader user community for digital imagery data. The RRUS uses
digital orthophotos as a common base map to fscilitate the
aollecting, organizing and sharing of natural razscurde data at

county field offices. The FSA uses digital oxthophotos to agsiat in
tracking producer records at county field offices. Tha Forast
Sexvine emplovs digital orthophotds as a means to wmore acourately
inventory the naticonal forests, NMD extracts digital base category
data directly from digital ocrthophotos. The Standards foxr Digital
Orithophotos supports these orthophoto reguirements. Given that the
regquirements and technologies invelved in  producing digital
crthophotos will remain dynamic for sowe time, the Standards fov
Digital Oxthophotos outlinssz wmany key dependencies involved in

producing digital orchophotos and, in some wvaszes, alternative
methods of production.

This document also provides USGS components with guidelines fov
performing guality control and acceptance of digital ovthophoto data
inte the NDODB. Data generated by NRCS, F§, NMD and othex Federal
agencies, or procured from the private sector, must conform to this
srandard, to bhe asccepted for entyy in the NDCDE.

BRODUCT DESCRIPTION

A digital orthophoto is a gec-referenced imags prepared from a
parspactive photograph, or other remotely-ssnsed data in which the
displacement within the image dus o sensor orientation and terrain
relief  has bsen  removed. Orthophobos combine the  image
characteriztics of a photograph with the geometyic qualities of a
map. They seyve a variety of purpeses, from intevim maps to fleld

-2
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references for =sarth sciesnce investigations and analysis. The
digital orthophoto is usaful as a layer of a geographic information
aystem and as a tocl for revising digical line graphs. Image
processing algorithma can be applied to the image data to support
planimetric image classification, thras-dimensicnal modeling, and
many other spatial applications. & digital orthophoto, as degscribed
in these standards, can be produced from any ascale of photography.
Howavaer, the program is oviented primarily toward the production of
i-meter gray-scale and color-infrarved digital orthophoto guartexr-
guadrangles from 1:40,000-scale National Asrial FPhotography Program
{NAPF) or NAPP-like photography. Production of ona or two-meter
digital orthophoto guadranglss will be primarily suppoerted by
mosaicking digital orthophoto guarter-guadrangles. Presently, hard-
copy outputs from the digital orthophotos include 1:1Z, GO0~zoals
crthoephote guarter-quadrangles and  1:24,000-soale orthophoto
quadrangles.

The digital orthophoto ig created by scamning an aerial photograph
transparency {diapositive} with a precision image scanner. The
scanned data fils is then digitally rectified vto an ovthographic
projection by processing each image pizel through photogrammetric
space vesection equaticns. This process rveguires, as input, ground
contrel points asoguired frowm ground surveys o developed in
acrotrisngulation, conjugate photo-coordinates of gyound control,
camera orientation parameters, and a digital alevation wodel (DEM).
The rectified digital image is then archived on sultsble digital
storage media with a keyword-based informational (metadatz} beader
affixed to the beginning of the digital image.

1.4 SOURCES
The procedures and instrumentation used for production of digival
orthophotos vary, dspasnding on the systems available., Currently,
NAPP or MNAPP-like photography is thea primsry source used for the
produstion of digital orthophotos by the USGE. NAPP photographs are
guarter-guadrangle centered (3.75 minutes of longitude and latitude
in geographic axtent) and are exposed at a nominal flying height of
26, 000 faet above mean tervain with a f-inch {152.4 mm) fomal-length
camera {(photo scale = 1:40,000) . A quadrangle {7.5-minute} digital
srthophoto ia produced either by wosaicking 3.75-minute digital
crthophotes or digital orthophote chips or by generating the digital
orthophoto from 1:8%,008 photo-azcale black and whits photography
from the National High Altitude Aerial Photography Prigram (NHAFL.
fColor-infrared and natural color photographs may be used as a source

Ny

12/36 1-3
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for digital orthophotos. Black and white DOQs may be gensrated frowm
CTR and natural color source. Other asrial photographlc or digital
gsourcaes may be used in the future.

The photography is seannsd with an aperture that can be adjusted
between 7.5 and 30 micrometers {(mm}, depending upon the image
scarmner and desired output ground/pixel resclution. For example, an
aperture betwoan 25 and 30 um yields @ reasonable compromise batween
file size and adegquate image vesolution to supposrt the present
digital orthophote program reguivemsnts., A 2 by 8 ioch {240 mm
square) black and white aerial photograph scanned with an aperture
of 25 sm vields approzimately 88 megabytes (MB) of raw data. Using
1:40,000-scale photographs, & 25 um scan eguates to a ground sample
distance of 1 meter. A black and white guarter-gquadrangle digital
orthophots generated and cyopped from a 240- by 24¢-millimeter
photograph, scarmed at 25 uwm, with the reguisite overedge and headerw
produces a rectified file between $3-30 megabytes.

DIGTTAL ORTHOPHOTO STRUCTURE AND FORMAT

Tha line laugth of DOQs variass from f£ils to file. The astandard,
moompressed  grayvsoale DOG format  contains  an ABCII headsy
{metadata) followed by a series of 8-bit imags data lines. The
keyward-based, AZCII header may vary in the number of data emtries.
The header iz affixed to the begimning of the imege and is composed
of strings of 7% charvacters sach ended with a nawlins charaster.
Fach keyword string contains information for sither identification,
display, or vregistration of the image. Additional strings of blaunks
are added to the header so that the length of a header line eguals
the mnumber of bytes in a line of image data. See Part 2»
gpecifications, 2.10 Avchive and Distribution Format.

The orientation of image data 1is by lines (rows) and samples
{columns) . Each line contains a series of piwels ordered from west
ro east. The order of the lines ig from north to south. Digital
orthophotos are archived and distributed sc¢ that when displayed on
a computer graphics terminal, the projecticn grid north is at the
zop of the screen.

e standard BOQ format is sither a 3.7%-minute guarter-guadrangle
or 7.5-minute quadrangle and is black and white, color-infrarsd
(CIR),  or mnatural oclor  image. Both  guarter-guadeangle and
guadrangle DOQs contain overadge imagery. The 3.75-minute quarter-
gquadrangle DOQ has a ground pilzel distance of 1 meter while the

-4

1985



Standards for Digital OGrthophotos
Paxrt l: Gesuneral

12798

. G-minute guadranglis has a one or two-meter ground pixel distance.
The digital orthophoto is in the Universal Transverse Mevoaboyw (UM
coordinate system on the Worth Amsrican Datum of 1983 {MADL 83) fox
1-meter, I.7%-minute quarter-guadvangiss. Rithsr North Amerxican
Datum of 1337 (NAD 27) or NAD 383 for one or Lwo-m

ver, 7T.S5-minute
}ocan be used,

&
gquadrangiss {See Ssction 2.5, Datums and Coordinates

The standard, archived, quarter-quadrangle DOQ is uncompressed and
is spproximately 45-50 megabytes (MB) in size. DOQs are distributed
in both compressed and uncompressed format. The compressed DOQ is
approximately 4~ MB in size and is accompanied by a separate header
file.
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SPECIFICATIONS

DEFINITICNS
Band
image data gathsrad at this wavelength range.

- & range of wavelengths of electromagnetic radiation. Also,

Band Intexlieaved - ths

e ordered mizing of lineg {(band interieaved by
lime, BIL) or pixels {(band interleaved by pixels, BIF) of one ovx

more bands with corresponding lines or pixelas of other bands, to
form a single image file. Sse Appendix 2-C.

Band Sequentisl (830)- a seguence of image bands. A band seguential

file may be formed by appending bands in seguence within a single
file., See Appendin 2-C.

Bilinesr intscwpslation - the matbematioal computatbien of an unknown

valus based on linear intsyvpolation  along  two  axes. The
interpolation compubes the unkuown valus based on the waighted
average of the four nearsst known values. RBilinear interpolation may
be uzed to compute pizel values in an image or elevation valuss from
z2 grid =levation model.

luse - & mumber {normally 0~-235) representing a discrete

intensity gray level of a pixzel in an image.

Cubic  Convolution -~ an  image resampling method using cubic

polynomials.

Dodoging - manipulation of the intensity of part of a photograph by
selactively shading or masking.

Metadata ~ descripticon of the content, guality, gondition, aud othey
chavacteyistics of data.
Micron {pm) / Micvometer - unit of length defined to be 1067 metver.

Nearest Neighbor - an image resampling wmethed that szselects the value

of the nearsat neighboring pixel.
Panchromatic (photographyl -~ a term applied fo photographic

materials possessing sensitivity te all visible spectral colors,
including red.
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pixel values.

Resention, thotourammetzic - three-dimensional determination of the

location, attitude, or height of a wcamera, or of the photograph

takan by that camera.

GEOGRAPHIC BRXTENT

The area of coverage for a standard USGE digital orthopboto iam
either a quarter-guadrangle {3.75-winutes of latitude by 3.75-
winutes of longituds plus overedge) or a guadrvangle (7.5-minutes of
latitude by 7.5-minutes of longitude plus overadgs).

USGS requires overlazp between adjoining DOQes to facilitate edge
matching and mosaicking. The vequirved coveredge amount differs forx
participants in the Natiounal Digital Orthophoto Program {(RDOP} and
for other Federal, State and local agencies, and privatse entities
who  are not associated with NDOF but  have USGS cocperative
agreements.

Two apscifications for image overedge exist: one for imagery
produced by NDOP participants and one for imagery produced under
other USGS couperative agreements. The gaographic extent for DOQs
will ke ag follows:

L] For DOgs produced under Natiloual Digital Orthophoto Progran
funding sgreements: minimum 300 (1£30) meters bayond the
extremes of the primary and secondary datum corner points.

L For DOQs produced under other cooperative agreemenia: a
minimum of 50 meters bevond the primesry and secondary

hovizontal datum corner point extremss.

The resulting digital orthophoto 1s a vectangle whose size way vary
in relatiom to adjoining digital orthophotos.

COLLRCTION

NAPP oy NAPP-like photography is the primary image source used for

production of digital orthophotos by ¥¥MD. This dozs not preciuds
sher asrial photographic or digital image sources frow being used.

pigital orthophotos swamnnsd from MNAPP or MNAPP-like imagery
{diapositives) will smploy a scamning aperture no larger than 23um
for 3,75-minute DOOs and no larger than 60:m for 7.5-minute DOGs.

2-2
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The ground sample distances will be 1 meter for 3.75-minute DOQS and
1 or 2 aeterg for 7Y.i-minube DOQs. ALl guarter-guadrangle
orthophotos with ground sample distances that are less than I meter
or graater than 1 weter but less than 1,38 weters will be regsampled
Lo I meter. Interpolation of data to a I-meter ground sample
distance from imagery with a ground sample distance graater than
1.28 is not allowad,

PROCESSING

Digital orthophotos requive several types of ioputs to produce an
orthogonally rectified image from the original perspectivas images
captured by the sensor. Thess inputs are ths following: 1} the
unrectified raster image scanned from the diapositive ox directly
acqulred from a digital sensor, 2) a digital elevation wmodel with
the sams area of coverage as the digital orxthophoto, 3} the photo
identifiable image and ground coordinates of ground control points,
&) calibration information about the senzor collector deviece and, 5)
& uaer paramaster file. These five inputs ars used to regigter the
image file to the scammer and to the sensor platform, to determins
the orientation and location of the sensor plabtfcrm with respest to
the ground, and to remove the relief displacement from the imags
data.

DATIMS AND COORDINATES

Digital orthophote guarter-quadranglies will be cast on the North
American Datum of 19883 {(MAD 83), Universal Transverss Mercator {UTM)
projection, with coordinates in wmebers. Digital orthophoto
guadrangles will be cast on aither North American Datum of 1527 (NAD
27} or NAD 83, UMM projaction, with coordinates in metervs. Tha
principal horvizontal primaxy datum for the guarter-guadrangls
digital ortheophote will De NAD 83, The principal seccndaxy
horizental datum for guarter-quadrangle digital orthophotos will be
the MADL 27, the Pusrto Rico Datum, the ¢ld Hawaiian Datum, or otber

approved datum. The priwary and secondary daty for digital

orthophoro quadrangles will follow the specifications of National

-~

ropographic Instruction 93~4-D, dated

The four primary datum quadrangle corners will be imprinted info the
image as four solid white crosses {brightness value = 255} and the
four secondary datum quadvangle cornars as four dashed white crossss
{brightness valus = 255} {sse figurs 2-1}.
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Primary Datum {WAD 83} Secondary Datum {NAD 27)
Corner Cross Corner Crogs
13 by 13 solid pixals 13 by 13 dashed pixels

Figure 2-1 Datum Corner Points

The image header containsg the primery and secondary datum corner X,
¥ coordinates, representing the four theoretical guadrangle corners
in each datum.

ACCURACY

Digital orthophoto guadrangles and quarter-guadrangles must meet
horizontal Natisnal Map Accuracy Standards (NMAS) at 1:24,000 and
1:42,000 scale, vespectively. The NMAS specify that %0 percent of
the well-defined points tested must fall within 40 feet {1780 inch)
at 1:24,000 scals and 33.3 feet {1/30 inch) at 1:12,00¢ scale. The
vartical accuracy of the source DEM must be eguivalent or better
than & level 1 DEM, with a root-mean-sguare-error {RMSE} of no
greater than 7.0 meters. The DOD RMESE is the sguave root of the
average of the asguared discrepancies. These discrepancies are the
differsnces in coordinate (X and ¥) valuss derived by comparing the
data being tested with values determined during aerctriangulation or
by an independent survey of higher accuracy. 211 remazining inputs
and processes (i.e., aerctriangulation wontroel and metbodelogy,
scanner and sensgor walibrations) used in digital oxthophoto
productiocn must be sufficlently accurate to ensure that the final
product meats NMAS.

SROUND SAMPLE LISTANCE

The horisonbal ground resclution or ground sampls distence {the area
of the ground representad in each pixel in z and ¥y components) of
NDCDR digital orthophoto guarter-guadrangles will be 1 meter. This
inciudes 3.75-minute DOQs produced by USES and other Federxal
agencies participating in orthophoto production under joint funding
agreements and producers of 3.75-mimute DOQs participating undex

34
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cooperative agresmenta with the USGS. The horizontal ground
resolution for 7.5-minute digital srthophoto guadrangles will be 1

-~

oY 2 meters.

ITMAGE RADIOMETRY

Image brightness values will be vepresented by

256 gray levels and
represented by a number in a vange of 0-255. A value of zero will
represent black and a value of 255, white; all intermediate valuss
are shades of gray varving from black to white. Arsas where tha

rectification process iz incomplete due to missing data {i.e., lack

of siesvabion data, gaps), will be reprsesentsed with a numeric value

of 128 or zero ().

IMAGE MOSATCKING

When a mosaic of two or more digital orthophoto chips is mads, the
brightness values of the other chips will be adjusted to match thag
of the reference ohip. The doin lines betw
will be chosen to minimize tonal varisticns. Localized adjustment

n the overlapping chips

of the brightness vaiuas will be done to veduce tonal differances
baetween join avsas.

DATA QUALITY

Radiometric Verificaticn

During photographic reproduction of the image a limited amount of
analog dodging iz customarily performed to improve the lmage
guality. The image brightness values arve oollscted as represented
sr the source imagery with minimal image quality manipulation,
Image brightmess valuss may deviate from the brightness values of
the original imsgery due to images wvalue interpolaticon during the
seanning end rectification processes. Radicmetric accuracy will be
verified by wvisual inspection of ths digital orthophoto with the
criginal unrectifisd image to determine if the dlgltal arthophote
hag the same image gquality as the sources ims g1 .

Acciurasn Verifisssdon

The ascuracy of a DOG is affected by several factorxs: photo scale,

ground control, camera charactsxistics and the elevaticn wodel used
to orthorvectify the image. Therefore the producers of DOQa will
engsure that all critical components have kunown accouracies suitabia
for the construction of an orthophotograph. On most standard T8GS-
produced DOQs, nine well-defined points are bastad,
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Visual verification will e done  for imege aoouracy  aund
completeness, to ensure that no gaps exist in either the image area
or the overedge coverage. Duplicate or migsing image content is an
indication of poor DEM or unsuitakle control and will be corvected.

Cecasionally. because of DEM spikes or excessive relief in the
image, an ancmaly or artifact best described as an "image smaar?® may
appear on an orthorectified imags. Basically, the steepness of the
terrain is such that some ground image is effectively hidden fwom
view {e.q., on the backside of the mountain or the aides of & steep
cliff}. Thisz can be especially prominent near the edges of a
photograph. Whkere the ground iz hidden from the camera position, the
resaspling algorithm uses the visible imagery to £ill the void, For
an elevation spike, the imags will be warped in a region that
corresponds to the DEM cell size. This sometimes results in &
sgmeared® or Ystretched” ares on the ilmage.

When thess artifacts ococur, all reasconable means to correct them
will bs applied. Many artifacts cccur in the overedgse of DOQs and
can usually be eliminated by rectifying the adijacent photograph to
improve centrsl perspective geomsiry. When a DEM spike ervor is
detactad, correcting the DEM can easily eliminate the smear.
However attempting to correct stretchad or smeaved artifacts dus to
exmessive relief should be weighed against how wuch seearing cccurs,
the time if takes to oorrect the artifact, and the features
affected. It may not be cost-sifective or necessary depending upon
where the artifsct manifasts itself, e.g., outside the quadrangle
houndaries. Ouantifving ths amcunt of acceptable smearing in an
imags can be a difficuilt process. Until reliable methods o predict
the location and amount of smearing are sstablished, a casge by case
visual inspection will dstermine whether o acoept, remake, O
reject an image. It will bs necessary to ramaks oY rejeot any lmsgs
with smears if artifacts appear as listed below:

# Tn arveas where man-made planimetric fsatures are evident
@ In areas where significant natural features appear
] The artifacts are of such an axtent as to vandsr the DOG

unuzabla

ARCHIVE AND DISTRIBUTION FORMAY
The standard DOO for entry into the Mational Digital Cartographic

g
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Dats Base (NDCDB} consists of an ASCII header line(s) followed by 8-
bit image data.

Header Formal

The header (metadata) ig affixed to the begimming of the image data
and is composed of a wvariable mumber of ASCII-text metadata entries.
To simplify in-place header sditing, e=ach entyy is 80 characters
long and ends with an asterisk {¥} as characten 79 and an invisible
newline character as chavactey 80.

The header line will be egual in length to the length of an image
line. If the sum of the byte count of the header is less than the
sample count of one DOQ image lime, then the rvemainder of the headex
iz paddsd with the reguisite nusber of 30 character blank antyiazg,
eackh bterminated with an asterisk and newlins character. T8 the
number of 80 sharactey blank-padded entries id not an even multiple
of ona imsge line, then a partisl blank padded entry, terminating
astarisk, and newline charactey is added to the header dust before
the terminmating 80 character keyword entxy that begins with
BND_USGS_HEADER {(see Appendix 2-Bj.

As an example, an orthophoto with an image line length of #0746
samples is used. The number of metadsta entries is forty-five 8¢
character units, totaling 3800 bytes and lacking 2476 bytes to equal
the image lime. The header line would be padded with 20 blank-
padded, 80-character entries, and one unegual  entry of 78
characters, agualing a sum of 2476 blank-pads. The total Dyte count
of the meradata would be 6076, which would then egual the length of
ome DOO image line. I the header has more bytes than one line of
DOO imege samples, then the header will be blank-padded to aqual the
samples in twe DOQ imags lines, and so Forth.

The numbar of lines and keyword entvies within the header is
dsliberately undefined to allow flexibilivy for acocommodating beader
expansion and contracticon within a data set and for promoting this
header formai on other USGSE raster data,

The DOO header begins with the keyword, BEGIN USGE DOG HEADER and
iz ended with the keyword, END USGS HHADER. Zection 2.12 defines
the Header Data Format and Appendix 2-3 defines the file format
specifications. The examples found in Appendix 2-B illustrate the
structure of a DOO keyword header complets with blank padding.
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Images Dats Pormat
A line of DOO image data im composed of samplas (pizels) that extand
from West to Bast. All DOQ image lines contain the same numbar of

samples. The total DOY imege is composed of lines owdered  from
North to Scuth. The mumber of zamples and lines composing the image
iz included in ths metadata header affixed to the image {keyword
SAMPLES AND LINES). Data are lines 1 - N, where ¥ eguals the nusbex
of ilinsa of image data. See Appendix 2-0 for sxamples of how lines
are ordered asnd stored.

HEADER DATA FORMAT

The DOC header contains the file-specific {inventory}, mandatory
element conkents regquired by the Foderal Geographic Data Committes's
(PGD) Content Standards for Digitsl Geospabisl Metadata (6/8/941).
The DOO does not contain a full FEEC-compliant metadata file as it
does not include mandatory data series (collsction) FODC elenents.

Those dats sre comsidered generio, f.a., common across a dabta btype
or series. Descriptions of both inventory and collection-level
meradata entries for TOGS DOGs wmay be found in the USGS Technical
Instructions, Standards for the Prepsration of Divinal Gsospatisl

Collection level matadata files are available via the World Wide Walb
on the National Geospabial Dats Infrastyucture {MSDI), Natlonal
Gecspatial Data Clearingbouss. Wohen a DOQ is produced and archived,
inventory or file-specific information from its bheader will be
appended to the collection file. The WWW address for the Mabional
Gecspatial Data Infrastruciure (NEDI), HNational Gasgpatial Data
Clearinghouse is as follows:

bttp://nsdi. usgs.govinsdifwais/maps/dogmet . HTHL

The DOO header is designed to include information akout the lwmage
that allows a user to sasily identify, display, and register otier
geo-referanced data toe the DOY. In addition, it contsios
information deemed useful but not covered in the Juns 8, 19%4,
veraion of the FODC standard and therefore, the header contains
zlement names not found in fthe FODC standard. To aveid creating a
header that mixed FEOC and non-FODC slisment namss and, to give each
element a unigue descriptor, POQ header keywords gansrally do not
mateoh the elamant names in the FEOC metadata standard. However,
every effort has been made to ensure that each keyword's gontent
mestz Lhat standard., Where applicable, the sguivalent FEDC element

2~8
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name will be noted in the appropriate DOD keyword description of
Appendix Z-A.

The DOG headsr consists of N number of entries of information
valating to the 1) idenmtification, 2} display, 3V registration, and
4} other pertinent properiiss of the DOG. The USSS DO header must
begin with an anbry having the BEGIN USGS DOQ HEADER keyword and end
with an entyy having the END USGS HEADER keyword. While the nuwmber
of metadata entriss contained in the header is undefined and wmay
Aiffer from imsge to imasge, [he standard DOQ wmust contain the
mandatory elements described in Sectdons 2.32.1 - 2.12.4. Each
kevword entyy in tha header ds 80 characters in length and
rerminated by an ASCIT newline character included in the charactex
count of the line.

The format of each XKeyword entry is as follows:
kayword data comments newlins

& keyword iz a unigue string of non-blank, ASCIT characters. Each
kayword defines a fixed number of pavamsters that follow the keyword
on the line. Keywords may be repeated. Other DOQ producers may
employ additional keywords for theilr intermal use bul an NDCDE DOQ
requires, at minimum, the mandatory keywoods described in Sections
2.12.1 - 2.12.4.

Pavamebers are strings of ASCII characters representing values or
text. Text parametersg containing swbedded klank characters must be
enclosed in double quobation marks, e.g., "Half Moon Bay®. Valid
values for the paramebers are described in Appendiz Z-A.

Comments composed of any ASCII characters may follow the lfagt
parameters defined by a keyword. Blank characters separate the
kevword from the parvameters, wmulbipls pavameters, and the last
parameter from the comment.

Producing agencies will placs keywords in the Identification,
Display, Registration, and Informational seguence shown in Sections
2.12-1 -2.12.4.

A keyvword header entry i composed of 80 chavacters including tha
newline character as character &0. DOQ producing agencies will put

an asterisk {*) in column 7% to help in-place editing of the header.

2.8
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Identification

pata grouped under the Identification section hold the minimumn
alementes reguired for uniquely identifying the image, including the
geographic coverage of the Image, the guadrangle name and 3,75+
minute quadpant {assuming a digital orthophoto guarter-quadrangle
rather than a digital arthopboto guadrangle) within the 7.5-winute
quadrangle, and the production date of fhe DOG.

BEGIN USGS DOG HEADRR
The USGS DOO header beging with the keyword BEGIN 8GR DOQ HERUER.
Tt jdentifiss the data as & USGS DOO and begins the header.

QUADRANGLE MAME

Thia im the name of the DOG as designated by ths Geographic Cell
Names Dats Base. The 3.7%-minute guarter-guadrangle cell name is
basad upon the 7.5-minute cell name followed by the appropriate
directional guadrant, specified as NE, KW, &W, or 88 that ig the
parameter for the keyword QIADRANT (sa2e balow) . A T S5-minute
qaadrangls name may contain & directional guadrant as part of their
proper quadrangls nams.

QUADRANT

The 3.75-minute quadrant divectional, elther NW, NE, S, ox SW. &See
QUADRANGLE NAME hkeyword description. A& gquadrant antxy iz nou
applicabls to 7.5-mimite orthophotos.

WEST LOWGITUDE

The westarn-most boundary of the 3.75- or 7.5-minule cuuadrangle
excluding the overedge. UBGE DOUs possess approximately 300 wetexs
of cveredge imagery beyvond the primary and secondary datum cornsrs,
whichever ig larger, to fasilitats edge matohing and mosaicking.
Theze bounding ooordinates define the axtant of che 3.75- ox 7.5~
minute quadrangles, met the extent of the entive image.

RASY LONGITUDE
e esstern-most boundary of the 3.75- or 7.5-minute guadrangle
axciuding the overedge.

NORTE_LATITUDE

The northern-most boundary of the 3.73- oy 7.5-minube guadrangle
excluding the overedge.
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SOUTH LaTIvtulE
The southern-most boundary of the 3.75- or 7.5-minute guadrangle
excluding the overedge.

PRODUCTION DATE
The date the DOQ was produced.

Display

Header contant under the Display section contains dats nsoessary for
displaying the image. with this information, a usgsr with the
suitable viewing software and havdware can digplay the LOG.

RASTER ORDER
The raster data ordar. The data will be oxganized by limne, each

iine containing a ssries of pixels from west to east. The order of
lines will be from north to soubh.

BAND ORGANIZATION

The defauit stovage formats for digital cribophotos are az a "Single
fila® for grav-scale imagss and band interlesved by pixel (BIP} for
i-band color infrared images, natural color or multiple-band images.
Eight-bit single band color images from natural color or CIR RGB
images and 24-bit ROBR imegss reconstituted from 8-bit composite
images ave not aseeptable.

RAND CONTENT

The defaults for band types and storage sequence are BLACKEWHITE foy
images from panchromatic £ilm or singls file gray-scale produced by
combining the bands from oolor source imsges. For smultiple-band
DOQe, the BAND CONTENT keyword is repeated for sach band with one
parameter per band in the band ovder, RED, BLUR, then GREEN. Single
band content for monochroms DOOs will be indicatred by sither RED,
GRERRY, or BLUE. Provision alse is mede in this field for varicus
band types and combinations: e.g.. separate color bands, 2 -kaand
color plus black and white. The order of colors for kand storage
i always red, green, blue, followed by monochvome, 1f applicable,

BITS _PHEE _PIXEL
The number of bits per sammple. The default fs 8 bits per pixel.

SAMPLES AND LINES
Tha number of samples {columus) and lines {rows) «f data of a single

bhand of the data seb, ordered as saspecified in RASTER ORDER

2-11
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degcriptbion.

Eegistration
Content grouped under this section are required for geo-referencing
the data and geometrically aligning (registering) two or more

images .

HORIZONTAL_ DATUM

This keyword gives the primary horizontal datum, which £or USGS
digital orthophoto quarter-quadrangles, will be ¥an83. The primary
datum for digital orthophoto quadrangles will be NAD83, NADR2Y, ox
other approved datum.

HORIZONTAL COORDINATE SYSTEM

Provides the ground X-Y coordinate reference system of the DOQ. The
USGS DOQ default coordinate system is the Universal Transverse
Mercator, UWIHM.

COORDINATE_ ZONE
The zone identifier for the horizontal coordinate system. The
default for USGS DOQs wouid be the appropriate UIM zone number.

HORIZONTAL_ UNITS
The planar distance units of the coordinate system. The default
units are meters.

HORIZONTAL_ RESOLUTION

The coordinate system resolution (that area of the ground
represented by a pixel) in units specified in HORIZONTAL UNITS. For
3.75-minute DOQs, the regquirement is 1.0.

SECONDARY HORIZONTAL_DATUM

The secondary horizontal datum will be the former principal
horizontal datum for the geographic area (i.e., NAD27, Old Hawaiian,
Puerto Rico). The secondary horizontal datum for 3.75-minute digital
orthophoto quadrangles will be either NAD27 or other approved datum.

XY ORIGIN
Contains ground coordinates of the fivst pixel in the flrst line of

data (pixsl 1,1} in the primary hovizontal datum and units.

SECONDARY_XY CBRIGIN
Comtaing ground coordinates of the first pixel in tha first lime of
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data (pixel 1,1} in the secondary horizontal datum and units.

Other Information

Mogt of the data found in this sscticn are reguired by the Conbent

I b S e R L R T B AR I RS A S P SR L TR R

Not all ars necessary bto identify, display, or register the imags.

NATION

The Federal Information Frocessing Standard {FIPS) Publication 14-3
{1377} abbraeviations for the namss of the naticn or natiops of
coverage: U8, MX, and CA. This keyword will be vepsated if & DOY is
in two countries. Only one country valuse is permitted per 80
charvacter eatoy.

STATE

The Stateis) of coverage using code specificaticus described in the
Faderal Information Processing Standard (FIPS) pPuklicationg 6-4.
Fach Ztate will be coded az a 2Z-digit alpha oode. This keyword will
be vepeatad if a DOO is in mores than one state. Only one state value
ig permitted pey 84 chavacter enivy.

The order of multiple States im the header will be based on the
{approximated) sguare mileage of the States contained in the image:
i.e., the State with ths largest area within the image fivst
fallowed by the State with the second largsst area and so on. Only
the Statss actually contained within ths 3.7S5-minute guadrangle area
are coded in the header.

W QUARD CORMER_XY

Contains the primary horizootal datum ground X and ¥ coorvdinates of
the HNW theoretical guadrangle corner in units specified under
HORIZONTAL UNITS, Section 2.32.3.

NE QUAD CORMNER XY

Contains the primary horizootal datum ground X and ¥ coovdinatss of
the NE theoretical quadvangie ocorner in uandts specifisd  under
HORIZONTAL UNITS, Section 2.12.3.

SE_QUAD CORNER XY

Cortaing the primary horizontsl datum ground X and Y coordinates of
rhe SE theoretical guadrangle corner in units gpecified undex
HORIZONTAL UNITS, Section 2.12.3,
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8W_QUAD _CORNER XY

Containg the primary horizontal datum ground X and ¥ coordinates of
the $W theorstical oguadrangle cormer in units specified undex

HORIZONTAL UNITS, Section 2.12.3.

SECONDREY NW_QUAD XY

Containg the secondary horvizontal
of the MW thecoretical suadrangle
HORIZONTAL UNITS, Section 2.12.3.

SECONDARY NE QUAD XY

Contains the szecondary horizontal
of the NE theoretical guadrangle
HORTZONTAL UNITS, Section %.12.3.

SRCONDAKRY SR _QUAD XY

Containg the secondary horizontal
of the GE theoretical guadrangle
HORIZONTAL UNITS, Section 2.312.3.

SECONDARY SW_QUAD XY

Contains tha secondary horizontal
of the 8¥W theorstical guadrangle
HORIZONTAL UNITS, Section 2.12.3.

BMEE_XY

datum ground X and ¥ coordinates
corner in units specified under

datum ground ¥ and ¥ coordinates
corner in units specified undex

datum gyround X and ¥ cocvdinates
corner in uniis specified under

datum ground ¥ and ¥ coovdinates
corner in units specified uwondex

Containg the relarive horizontal accuracy of the digival crthophoto

expressed as an RMSE in  the
HORIZONTAL UNTTS.

IMAGE SCURCE

unites specified under keyword

This keyword idantifiss the image source data type; either “Black
and White film®, “CIR filwm”, or “Natural Color £ilm®.

SOURCE_TMAGE 1D

For film  dmage

identification, roll, and exposuye
is used for the DoQ, this

SOURCE IMAGE DATE.

SOURCE IMAGR_DATE

sources, thisg

keyword contains the film
numbar. If more than one image

kxeyword is  rapeated with

Containg the date of the imagery (expressed as ¥YYYY MM DD} . When

the digital orthophoto is mosaicked frowm multiple image chips {(more

2004
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than one SOURCE IMAGE 1D}, the SOURCE _IMAGE DATE should follow the
agsociatad SOURCE IMAGE ID entry.

SOURCE DEM DATE

The production date of the source DEM. This date could be usad Lo
determine whether the DEM is from the NLODE archive or whether it
was built specifically for DOG producticn. The differencs batween
axisting, archived DEMz and DEMs built just pricr to ROQ production
ig that ths asrchived DEMs have been fully edited to neeh USGS DEM
specifications while newly built DEMs may only have been partially
adited. An exampls is & new DEM that has watey baodies that have not
been leveled, and therefore would not meet full DEM specifications.

AGENCY
Tdentifies the production mapping center cor agency responsible for
checking and submitting the digital orthophoto to the RDCDRR,

PRODUCE
Lists the mapping center, othey govermmental agendy, or contractor
that produced the digital orthophoto.

PRODUCTION SYSTEM
The names of ithe hardware and software componsnts, including
acftware version numbers, used to make the orthophota.

COMPRESSION

tdentifies the compressiosn  Lyps name, version numbsy, and
decompression type name of compressed images. If the image is
uncomprassed, omit COMPRESSION kevword. DODs  are  archived
uncompressed, However, some compraszsd DOQs are distzibuted on {D-
BOM .

STANDARD VERBION
The date of the DOO standard to which the file complies. The version
date i3 the date on the latest change notice.

METADATA DATE
This keyword contains the date that the metadata for the lmage was
crsatad or last updated.

DATA FILE SI%R

tndicates hthe size of the dsta set, incliuding the keyword header. in
bytes.

2005
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BYTE_COUNT
This keyvword conbains the total mumber ©

header, including the associated blank fill

FND USGS HEAUER

This keyword ends the DOQ header.

2006

R
bytes

comprising the
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AFPENDIX 2-A Digital Orthophoto Header Descxiptions

Domain desoriptions in bold and marked with an asterisk {*lindicate standarxd USGS DOQ values.

FODRC Content Standards for Digital Geospatial Metadata {(6/8/94) dats element name equivalents are
in the Element Description column,

., {(FGOC Metadata Hlament],

2.

i

brackets,

Raywond Blemant Description i fype Domsin/Exasple
IDEWTIRICRTION
BEGIN UAGS_DOR BRADER data type identification
dats selt name Suadrangle texi? T.E-minute cell name
§ QUADRARGLE _RAME {Ticie] AW e.g. "Half Moon Bay®
| GUADRANT Quadrant Quadrant directional if image
ig quarter-quadrangle
W, NE, SE, §Ww
WEST LORGITUDE wegtern-most. boundary of the P conpound | signed degrees, minntes,
3,75+ or 7.5-minute numey Lo gecondy
guadrangle, excluding overedge oOD MM 85.8388
{West Bounding Coordinstel 2.g. -110 03 45.080
EAST LONGITURE aastern-most boundary of the cowpound | DDD MM 885,588
3.75- ox 7.%-minute mameric | e.g. -1i0 G0 00,000
quadrangle, excluding overadge
{East Bounding Coordinate]

A text dsta type field must be snclosed in double guotstiocn marks 1f it contains spaces.
text field is specified for a keyword
ie

Qne

doud guotation marks.

13/38

2007

{see CUMPRESSICH keyword

. each

If moxe hthan
field must e enclosed in

217
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Rayword Blemsnd Degeviption ps Domain/Bxampia
FORTH_LATETUDE northern-most boundary of the compownd DD MM 85,858
3,75 oxr 7.%-minute ratiots o ke 2.5, 38 03 45,000
quadrangle, excluding overedge
{North Bounding Qoordinatel
SOUTH_TATITUDE southern-wost boundary of the compound | DD MM $8.885
3,7%- or 7.5-minute nureric e.q. 38 03 £5.000
quadrangles, excluding oversdys
fSouty Bounding Coordinace]
FRODUCTION _DATE the date the date was produced | date YYEY @M DD
fpPubiicaticon Date}
DISPLAY
RASTER_OPDER raster data order rext Laft right/top botiom*
{Format Ianformation Conteni]
HAND ORCANIZATION raster data organizatlon Lext | vgimgla file® = singls file
[Pormat Information Jomtent]  RIP = band interisaved by
pixel*
BEQ = band ssquential
RiL = band interleaved by line
RAND CONTENT data content of zach hand text BLACKEWHITE
{repeat keyword as necsssary’ RED
[Forwat Information Content] GRERN
RLUE
BITE FER_PIKEL bitas per pizel of raster data numeric 8 %
{Format Informstion Content)
13738 318
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COORDINATE ZONE

{UFTM. Zone Number)

Reyword Rlement Dssesiption Typs DowaindSxample
SAMPLES AND_LINES number of samples (columns) cogpound | 8888 LILL
and lines {rows) - pumerio e.qg. &320 7685
{Row and Column Count]
REQISTRATION
HORIZONTAL: DATUM name of primary hovizontal text | NADAZ = North merican Datuwm
datum { 1483
{Horizontal Datom Name] HADZ7 = North American Datum
1337
WE8T2 = World Gecdetic System
1472
w3384 = World Gecdatic System
1584
014 Hawall Davum®
"Puarte Rico Datum®
HORITUONTAL COORDINATE SVSTEM | cocrdinate system inm which text T = Universal Transverssa
data is presented Mercator®
(Horisontal Datum Name] SRS = State Plans Coovdinate
System
Seograghic ~ geographic
coordinate svstaem zons numerie 1-40 = UMM zovs vombers

Other coordinate system zone

2009
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Fayword Elmment Desoription Type Domain/Brampie
| HORIZONTBL INITS coordinate system unibs Laxy waterg ¥
5 [Blanar System Unitsf fest
*international feetb?
fgurvey fest®
radians
"ars ssconds®
HORIZONTAL RESOLUTION cocrdinate system {pixell oumeyia TRES DO default iz 1.0
ground distance specified in
horizontal units
fabaciasa and Ordinate
Regolution]
SECONDARY HORUZONTAL DATUNM name of the secondary text NADBY = North Awerican Datum
horizontal datum 1383
[Horizontal Datum Namef HAREY -~ North American Datum
1827*
WEST2 = Borid Gsodevic System
1972
W3384 = Worlid Gecdetic Systew
1584

*31d Hawali Datum®

. "Puerto Rico Datum®

12/98
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Keyword Element Dewscription

Type

Domain/Exangple

XY_ORIGIN HORIZONTAL_DATUM x and y
coordinates of upper left
pixel in HORIZONTAL_ UNITS
[XY_ORIGIN does not have a
FGDC metadata element
counterpart but this data may
. be stored under

. Supplemental_Information]

compound

numaric

8.4,

ST6442.0 4152845.0

SECONDARY XY ORIGIN SECONDARY_ HORIZONTAL DATUM x
and y coordinates of upper
left pixel in HORIZONTAL_ UNITS
[SECONDARY_XY ORIGIN does not
have a FGDC metadata element
counterpart but this data may
be stored under

Supplemental Information]

compound
numeric

e.q.

676442.0 4152640.0

OTHER INFORMATION

NATION FIPS PUB 10-3 two-letter
nation code (repeat as

. necessary)

{ [Place Keyword]

text

02,

LA

H
¥

: STATE FIPS PUB 6-4 two-letter alpha
Stave code. {repeat as
nECRESATY}

fPlace Kevword]

text

A

12798
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carner in HORIZONTAL UNITS
izes NW_QUAD CORNER XX elwminent
deacription]

Eeyword Elament Description Typs DomadindExample
BW_QUAD CORNER XY HOR{ZONTAL DATUM x and ¥y cowpound | e.g. 473228.05 440009%5.998
sgordinates of RBW gquadrangle rmerie
corner in HORIBONTAL UNITS
(NW_QUAD CURMER XY dossz nob
I have & FODC wetadata slement
counterpart but this data may
be stored undeyr
Supplemental Informationl
KE_QUAD_CORNER_XY HORYZCWETAL_DATUM % and ¥ compound | e.g. 478582.44 140004C.14
: conydinates of NE gquadrangle mameric
| morner in HORI SONTRL. UNITS
{zee WW QUAD CORNER_XY elewent
‘ descript ion]
:' SE_QUAD CORNER XY HORIZONTAL DATUM x and ¥ compound {e.q., ATHES3.10 4393103.528
coopdinstes of WV quadrangle namer i
coraer in HORIZONTAL_ONITS
[ose MW OUAD CORNBR_ XV slement
dasoripvion)
SW_QUAT COBNER XY HORISONTAL DATUM x and v compound te.g. 473203.87 4353320 .38
coordinates of &8 quadrangle numexic

12738
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Type

Domais/ Brsmple

Rayword

SECONDARY NW_QUAD XY

Element Description

SECONDARY HORIZONTAL_DATUM X
and y coordinates of NW
quadrangle corner in
HORIZONTAL_ UNITS

[SECONDARY NW_QUAD XY does not
have a FGDC metadata element
counterpart but this data may
be stored under

Supplemental_ Information]

compound
numeric

@.g, 47T3227.35 438384741

. SECONDARY_NE_QUAD_XY

SECONDARY_HORIZONTAL DATUM x
and y coordinates of NE

: quadrangle corner in

HORIZONTAL_UNITS
[see SECONDARY NW_QUAD_XY

‘compound

numeric

. e.g. 478581.88 4399830.60

SECONDARY SE QUAD_XY

element description]

SECONDARY_ HORIZONTAL_DATUM x
and y coordinates of SE
quadrangle corner in
HORIZONTAL. UNITS

[see SECONDARY NW_QUAD_XY
element description]

comnpound
numeric

e.g. 478562.54 4392894.17

SECONDARY SW QUAD XV

SECONDARY_ HORIZONTAL DATUM x
and y coordinates of SW
quadrangle

. corner in HORIZONTAL UNITS

[see SECONDARY NW_QUAD_XY
element description]

;compound

numeric

. e.g. 473203.17 4392910.07

12798
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{repasl a8 pecessary; the
presence of mors than one
gouroe image id indicates that
the DOQ is a8 mosailc.)}

Reyword Element Dasscriphiosn Typs Bomain/Example
RMBE XY the welative horisontal numeric e.g. 3.2
accuracy of rhe DOR in
novizontal units
{Horizontal Accuracy Valus!
IMAGE BCURCE desoription of the type of Lext "Black & White fiim®
source darta, {ilw or digital. SCIR film”
IType of source medial SNatuval Color £ilm”
other - fres text
SOURCE IMAGE ID source image ldentification text for film source, this shoulid

include program identificavion,
yell, and exposurse ambwey
2.3, "NAREP 2370-112¢

fOriginator]

frdelnl
SOURCE_IMAGE DATE the date of the source imsge date YYYY MM DD
{repeat a3 necsgsary following
SOURCE _IMAGE_ID}
[Calendar Dauel
SOURCE_DEM_DATE the date the source DEM wag date YYYY MM DD
produced
{Calendar Data]
AGENCY name of oversight agsney C vewt 7. 8. Gzolegizal Survey”

"Western Mapping Center {8MC}”

13798

2014




Standards for Digital Qribophoise
Park I: Spacificatiouns

created or last updated
[Metadata Date]

Keyword Element Description Type Domain/Exsmple

PRODUCER the name of the producer text “Western Mapping Center (WMC)”
(USGS mapping centers will “John Doe Mapping Company”
include the center
abbreviation; contractors will
use their organization's name)

[Supplemental Information]
: PRODUCTION_SYSTEM the names of the hardware and text free text
‘ software, including version e.g."DV1.2 3/93 OV1.1 04/93"
numbers, used in the
production of the DOQ
[Native Data Set Environment]

COMPRESSION Compression technique and raxt iine contains three fields:
parameters: data format, + compression format name
format version (this keyword ® format version number

" is present only if the data is x decompression name
3compressed) ! e.g."CJPEG” “JFIFV1.01" ™*DJPEG"
[File Compression Technique]

STANDARD VERSION the date (if the version of date YYYY MM
the standard is identified
only by date) of the DOQ
standard to which the file
complies
[Format version date]

METADATA DATE the date the metadata were date YYYY ¥ 0D

2015
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Raywawd Rlement Desoviption Types Domsin/Exsmple

DATA FILBE_SIZE uvhe size of the data seh ln numeric s.g. 54188774
hytes including header ]
{Warive Data Set Enviroument]

o

BYTE COUNT the size of the bheadsy, aumeric P e.g. 5675
inciluding the associated blank :
: £i1%, in byres [no FODC
metadata eguivalent, place
usnder

Supplementai Information]

BRWD OF HBADER

E
=
Y

o

]

5 _READER

8

REeFL -1

2016
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THIS PAGE LEPFT BLAaNX
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APPENDIY 2-B Example of

BEGIN USGS OO HEADER
OUADRANGLE NAME SQUINCY WRST”

QUADRANT KE guadrant
WEST LONGITUDE -21 28 15,000

FEAST LONGITULR -%1 22  38.009
NORTH_LATITUDE 40 G &, 000

SOUTH LATITUDE 3% 56 15,000
FRODOCTION DATE 1583 47 12

RASTER COEDER LEFT FIGHT/TOP BOTTOM

BAND ORGANTZATION “SINGLE FILE®
BAND CONTENT BLACKSWHITE
RITS PER PIXRL 8
SAMPLES RMD LINES 8078
HORIZOWTAL DATUM NADS3
HORIZOWTAL COORDINATE SYSTEM UTM
COCRDINATE ZONE 15
HORTZONTAL_UNITS METERS
HORIZONTAL RESOLUT
QECONDARYWHQRI&QNTAL_D&TUM NAD27

XY ORIGIN 633063.000 4429328.000
SECONDARY XY ORIGIN 63“%7:.&C% 4439113,
RATLION US

STATE IL

STATE MO

TE4L

TON 1.0 coordinate gystem geometric resolu.

coord.

a Usts Keyword Header

*
3.75% or 7.5-min.nams®
indicator if cell size = 3.75minutes®

gignad deg., min. & sec.®
signed deg., min. & ssg.¥
signed deg., min. & sec.¥
aigned deg., wmin. & sec.®

YYYY mm dd®

video display ovder®

single file or BEQ, or BIL ox BIP®
blackswhite or red greenm blue*

*

numbar of columns and rows®
primary horizontal datum*

*

coordinate asystem zone aumber¥
coordinate systam units®

in horiz. units*
gecondary horizontal datum*

of uppay laft pixel-pri. datum®
000 coor.-~upper left pixsl-zao datums
nation code*

gtate fips codes¥

ztate fips codesg?

NW QUAD CORMNER_XY 633377.438  44288926.385 XY coords. of pri. KW guad corner®
NE QUAD CORNER XY OS3RTLZ.TRZ 44235021805 X-¥ coords. of pri. NE guad corner®
EE_QUAD CGR&ER XY 638839Q295 44232084.460 X-Y coords. of pri. 8K guad cornex¥
SW_QUAD COENER RY 33498.995 442188%.077 X-¥ coorda. of pri. SW guad corner®
QECONDAHX MW GUAL XV $33380.942 4428716.377 X-¥ coovda. - asec. HW guad cor.*

SECONDARY WE _QUAD XY 638716.4286 4438811.88¢ X-¥ coords. - sec. NE guad oox.*
SEC ”NEARY SE OUAD XY 6£38842.847 4421874.3578 XY coords. - sec. 8B guad cox.®

SEC UNDARYwa%MQUADmXY FE3502.497 4421779.193% X-¥ coords. - sec. SW gquad con.®
RMSE XY 0O.g2 dog horiz. auguracy®
IMAGE SOURCE *black & white filw” baw, color, infra-red ox othax®
SOURCE IMAGE ID “NAPP 2231- Pl source image identification®
SCURCE IMAGE DATE 19331 93 2 source image date asg yyyy mm 448%
QOURCE DEM DATW 1885 OF 44 source DEM date®
AGENCY “Western Mapping Center (WMCH” name of oversicht agenay*
PRODUCER "Wastern Mapping Center (WM}~ name of DOG producer®
DRODUCTION SYSTEM "DVL.2 03/93 OVi.L 04/33% name of the production HW & SWY

VERSION 19%8 12
METADATA DATE 1996 7 13
DRTA FILE SIZE 45432792
BYTR COUNT £078

STANDARD

127988

2018

varsion of DOQ standard*

date oreated or changed, yyyy mm dd*
data set size in bytes®

header byvte count®

# & b % A o4 R H
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% % & % % % F % & B F & & F ¥ & F ¥ F F X

END USCS HEADE *

Onn this and the previous page is an axamplis of an orthophote beader <«f a
grayvscale image whose line length is £076 samples. The number of populated
metadata entries is forty-five 80-character entries. This tofals 3600 bytes and
lacks 3476 bytes to egual the image line (§076-3600=2476}. The header is padded
with 20 blapk-padded, 80-character entries (the blank arveas followad by an
asterizk (*)), one unegual entry of 76 characters, with the sum of the blank-pads
agualing 2476 charascters. The total byte cocunt of the header is 6076 whioh
eguals the length of ocne DOR image line,

12/98 229
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ling
b e

ACPENDEY 2-0 Exzamples of Band Storage

1

byte numbey line lzagth in bytes

790

12/%8

o W B bR

E0%0
§G58%L
&G82
£023
6084
£085

Example of
orthophote
6454 image
the header,

hesder line = 72, &G-character entriss + 20 blank pads
13O NS R SRR NI N i R
T T T T O R T epvey
T T HE U S R H O SN M BRI H LN HBRHUR U RIS R EUUH R RN R ]
B I R A G S R T R GBI A B G H R RN DR R I R
e e e e e e e e NN v w s R W e b e § e s n e R
T R DA S G TR O B TN
RESHNSHHB N N
T L T P R A T
:mmmmmmmmmmm@mm
T S D e S O R RO TR e
T T T T T AT R R T T A R R

F R O L T LR L TR R R R R N R N R G S S

1)

f1

RIRRNIRIMRIERRRENINT

IR

T T T i R R e i I e R

REIRICHIUTRER IR TR T I H R TR T

A RN NN R AR R R RO

monochrome DUQ storage. Example of a standard digital
gtored as a simple monochrome image file consisting of
iines plus a single header line. Bach line, incliuding

o

ig 5780 byres in length. File size is 23.6 ME.

2020
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lTins byte number line lLength in bybes
numher 3 5780
1 {neader line - = 72, Ei-charactsr entries + 30 blank. pads
2 VR A -G -ASY SET-AST AI-ASK ABY-ASE A A A Al At Gl a0 A i G A A 3 Gl 5 Gl Y P M I S A A A I 1A AR ¢ AR A A A A Al A3 8 4
I (oot iv v ivivivioto taleiaivviatelalelefaiulnlalalulalainiaiataiataisiolofelopoloieis isieieieisivin iy privivicivieie
4 | bhbhhihbbhbbbbbhbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbkbbbbhibbhl
o ol o8 0 0 4 G G o G Gt P AR A A 0 A g M M 2 2 0 U 0 0 0 B B A B DB R R RGNS S A
O elotetcleletainiaiaiataratainisialainisteietoloieleteivleleivivielolvivivivivivioivivisieininisisis piniaia b ain i)
7 | hhbhbbbhbbbbbbbbbbbbbbbbbbbbbbbbobbbibbbbhhhbprhbbbhbbhibbbh
£058% lrrILLLL*Lthwh__m_merrrl_-_IIIKILLLLL&lLLILLLLLLLLLLLLLLL
PO TR fetels eiote (oiointetetoiaieis (o tuieistalatelelululelalalataialalotolaiaininlnloiojaiolziofoloieimioietvivte iy ivivis]
£09% | hbbbbhhbhohbbbbbbbbbibbbbibbbbbbbbbbbbbbbbbbbbbbbbbbbbhllkkks
T JR R TR T v s oo o Tt A A A D 0 0 A A D 0 A A A A0 i G g S8 A 0 AR 40 43 L A A A O 0 8 A A NN
PR3 M Balelelolotorsiololeicieiviviviviviviuivivivivivivisiaininininpisiaiataiaiaiaiaisiniaiaia fais po)el sl aieis S ieiciole
131508 § bhbbbbbbbbbbbbbbbbbbbbnbbbbhbbhhhhnbbbbbbbbbibbbbbibbbbbbbo
1828 R Y Yy Yy I I T TR RN T N T NN NN YL YY Y
i X33 R Relelelaleialaiaielatalelelals{=iniotolsioinininjoiniziztz o loiepejeinisiivinieivivisirieisininisinicisiotoioioinia)
18283 bbbbbbbbbbbbbbbbbbbbbbbhbbbbbbbbbbbbbbbbbbbbbbhbbbbbbbbbbb
Pigure 2-3 Example of an RGBR Orthophoto storad Band Interleaved by Line {BIL).
Bach band conbains 6094 lines. File size is 100,95 MB,
v - red band g - green band b - blue band
12/%¢
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line ‘ byie numbax line length in bytes
munber 1 578¢

1 § header line = 73, 80-character entries + 30 blank pada

B R B Y I R RS I

.....................................................................

6085 QN A0 M A A A0 Sl M-S -l A - A AN A A AN A A A A A A A S O G A Gt G G G o 6k G AR 6 G A o A O € D
CHETEE BUICTelvivivivlstslslototeioininisisteieieiepeivteivivivivivivivieiuininiatetelalalziaiaiaiaia aiiaiainiaieloiaio o]
SR A Welelaleletalalelclalte otolololololnto nipininteteieieleiolulelvieieioivivivivivivivivivivinisiaieisisininalole]

e R e A N N e e e e e @ e e a0 e a NIV MR 3% 5 A 4 4 4 4 AA ALY €6 F e e e e w s e e e R

iR RE IR Eoioisloiotoiotelviclslsivivivivivivivivivivivininininiaiois isiaiathia b b A S (8 I8 6 e fepeieieieieieieelele]

R 3 J Rilatatloia e aisiniaialatoteininisloteieleicielelcleleielsleivivietuipiripioisio i b b oI IS RN
13150 § bbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbobbbbbbhbbbbbbbbbbbbibi
18281 § bbbbbbEbbbobbbubbbbbbbbhbbbhbbbbbbbbhbikilblblbblbbbbbbbbbbbbb
18382 | bbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbibtbbkkbkblblblbbbbblb

18283 bhbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbb

Figure 2-4 Example of REB Orthophoto stored as Band Sequential {BEQ) with 8084
tines of esach band appended to cach other. File size is 164.9 MB
r - rad band g - green band b ~ blue band

12/9¢% 232
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lins

numbar

byrts number line lsagth in bhytes
1 17378

Figure

i2/%8¢6

Gt e B3 R

8093
6054
8095

a-5

header line = 217, b& character entyies + 10 blank pads

rgbrgbrobrgbrobrobrgbrgbrabrgbrgbrgbrgbrgbrabrabrgbrgbrgb
' rabrgbrgbrgbrgbrgbrgbrabrabugbrgbrgbrgbrgbrgbrabrgbrgbrab
rgvrabrabrgbrabrabrabrabrabrakegbegbrgbrgbrgbrgbrgbrgbrgb
ragbrabrgbrgbrgbragbrgbrabrgbrabrabrgbraobrgbrgbrabrgbrgbrgb

rgbrgbrgbrgerbrqbrqbrﬁbrqbrgbrqbrqugbqurgblgn rgbrgbrgb
rgbrqbrabrabxabxHbrﬁbrmbrgbrgmrquanqbrgbrgargbvgbrqbvqn

xquubrubrubrwbrwbrwbr bxWerurGurmDrﬁﬂr“brunr shrabrabrab

gxample of ROB Orthophoto storved Band Intariszaved by Pixel (BIFY.
£054 image lines plus = bheader line, each 17370 bytes in length.

File size is 100.% MB.
r - rved band g - green band b - blus band
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Mobile Mapping Technology for Road Network Data Acquisition !

., Vincent Tao

Drepartinent of Geomatics Engineering,
The University of Calgary
2560 Universiiy Drive, NW, Calgary, Alberta, Canada TIN IN4
E-mail glaoifac e

Abstract

The advancement of sensor technology enables fast and cost-effective aequisition of spatial data.
This paper provides a review of the state-of-the-art development of maobile mapping technology in
North America. Following a backgroond intreduction, melti-sensor integrated mapping technology
is described. The key concept of direct georeforencing is given. The sensors as well as their
accuracy aspecis are addressed. As a sysiem example, the VISAT™ mobile mapping system is
introduced. The recent progress on automated foature extraction from mobile mapping imagery is
reported. Finally, applications of mobile mapping technology are discussed,

1 introduction

It has been demonsirated that mapping science has been sieadily stepped into a digital mapping
era. The core technologies of photogrammetry, remote sensing, geographic information systems
{GIS} and spatial positioning are becoming fully integrated, resulting in the tremendous expansion
and rapid growth of mapping markets. Modern digital mapping technology is characterized by the
capabilitics of melti-discipline combination, multi-plaiform  compensation, multi-sensor
integration and malti-deta fusion.

The multi-platform, and oulti-sensor ntegrated technology has established a frend towards fast
spatial data acquisition. Multi-sensor systems can be mounted on various platforms, such as
satellites, aircrafs or helicopters, land-based vehicles, water-based vessels, and even hand-carried
by individual strveyors. As a resulty every vehicle or individual surveyor becomes a potential data
collector, responsible for globally integrated dats sequisition. The recent development of land-
based mobile mapping systems represents a fypical application of this integrated technology. In
fact, the development of mobile mapping systerns was largely driven by the transporiation
applications and is being Rurther inspired by the wide implementation of Tntelligent Transportation
Systemns (118} and Geospatial Information Systems in Transportation {GIS-T).

2 Development of Mobile Mapping Systems
2.3 Photo-Logging

in the 1970%, phom-fogging systems were used by many highway transportation departments to
raonitor paverment performance, signing, maintenance effectiveness, encroachments, etc. These
services are typically conducted every two or three years. Ofien {ilm cameras were used to capture
photos through the windshield of a vehicle {e.g., van}. Inertial devices such as gyroscopes and
accelerometers, and wheel counters were employed to determine the instantaneous positions of the
captured photographs. Each photo was stamped with time and geographic position information.
These photos were stored mainly as a pictorial record of highway performance (Birge, 1985).

Bue to the poor accuracy of vehicle positioning and only a single camera configuration in these
systems, the functionality of 3-I3 object measurement was not available, The main drawback of
photo-logging is the film-based storage and processing. Accessing the photos for engineering,

! Invited paper presexted at the International Symposiom of Urban Multimedia/3D Mapping, Junc 89,
Tokyo, Japan, 1998

ing, Vol 2, Me2, pp. 113

Copyright @ The Hong Instiiution of Engincerng Surveyos:
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planning, legal or safety activitics was time-consuming because film is fragile and the process
requires costly film  production. For example, Tennessee Departmeni of Transporiation
{Temnesses, U.S.A ) maintains the photolog of approximately 27,000 miles of roadway in is state.
All pictures were kept on film and they were only viewed by using some special viewing
machines. fo order to make these photos more accessible, the Department has converted its
existing phoitclog fom flm to a digital format and developed a client/server based system, The
system allows users to point-and-click any location along the roads and view the logging images
through a desktop PC connected to the server.

2.2 Video-Logging

With the advent of the Global Positioning Systems {GPS) as well as the video imaging
technologies, cumbersome photo-logging systems were replaced by GPS-based vides-logging
systems. it has been demonsirated by many projects that the GPS-based video-logging systems
offer a fast and low-cost approach to highway inventory {Lapucha, 1990; and Schwarz et al.,
19803, The collected video images can be georeferenced with respect to a global coordinate systemn
by using continuous GPS navigation and positioning information. The btun-around time of data
processing is significantly reduced since no film processing is involved. Furthermore, the digitaliy
georeferenced video data allows quick retvieval and effective management. The capability of
mterpretation of highway video data is alse strengthened through the use of image processing
software. This approach has become widely accepted by most transportation departments. Visual
inventory and feature documenting along road corridors remain the major purposs of these kinds
of systems.

Due to the low resclution of video bnages, quantitative measurements from these images are still
Hraited. The video images are often stored in a tape system. This may further degrade the quality
of images. It is a fact that most of these cystems only have a single camera configuration.
Theretore, precise 3-IF measurements are not possible. However, some aliernative methods can be
developed to provide relative measuwrements from a single image, such as height and offset
measurements {Tag, 1997,

2.3 Mobile Mapping

The evolution of mobile mapping systems from video-logging systems was mainly contributed by
the efforts of two ressarch groups in North America, The Center for Mapping at The Obio State
University, 1.8.4. and the Departiment of Geomatics Engineering at The University of Calgary,
Canadn {Bossler ot al,, 1991; and Schwarz et al, 1993} Compared to video-logging systems,
mobile mapping systems are able to offer fid] 3-D mapping capabilities that are realized by using
the advanced multi-sensor integrated data acquisition and processing technology {B1-Sheimy and
Schwarz, 1993; Li, 1997; Novak, 1995, and Tao, 1997).

A common featire of mobile mapping systems Is that more than one camera is mounted on 2
mobile platformn, allowing for sterse imaging and 3-D measuwrements. Divect georeferencing of
digital image sequences is accomplished by the reulti-sensor navigation and positioning
techniques. Multiple positioning sensors, GPS, Inertial Wavigation System (INS) and dead-
reckoning (DR}, can be combined for data processing to improve the accuracy and robustness of
georeferencing. The ground controf requived for wraditional mappiog is eliminated. The systems
can achieve centimeter acouracy of vehicle positioning and meter or sub-meter 3-I cowmdinate
accuracy of objects measured from the georeterenced image sequences.

Ancther advantage of mobile mapping systems is that the data Hnk to a geospatial database is easy
and straightforward. The collected geometric and attribute inforreation can be directly used o
build and update & database, With the development of fast communication and image compression
technologies, real-time image data link from a field mobile mapping system 1o an office GIS can be
realized. Fustherreore, such data can be disseminaled and accessed through widely distributed
Internet and even wireless networks,
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A st of some of systerns available in North Americs is provided in Table 1 {sources are from the
lterature and the website information of companies). I is worth noting that data in Table 1 could
be outdated and may not be accurate due o the conbintous systern improvemenis,

inc., Wi, LiSA

System Developer Positioning Sensors | Mapping Website References
Sensors
ARAN | Roadware Corp., ON, | Acceloromelers/IMUY | T VHS, 2 or www. rosdware.com
 Canada G3PS more CCD,
Laser
3GE Prata Chromatics, inc., | GPS 1CCHh www.deigle.cor
i USA
GeoVAN 'Geoi‘fépan Corp., €O, | GPY/DR 8 OCD, voice WWW . EEOSPAR.COm
USA recorder
Gl-Fye | NAYSYS Corp., CO, | GFS/IMU P CCD WAWW T VEYS, OO
i USA
GPSVan | The Ohio State GPS/Gyroiwhes 2 CCD, voice B/A
: University, COUTHET recorder
Colambus, OH, USA
GPSYision | Lambda Tech Int’} GPS, NS 2 eolor CCD www lambdatech.com

ON-SIGHT

Transhap Corp., OH,
1184

OPS,INS

4 color OCD

WWW .E'EDSDEE;LOOHX‘

Radar, 1 Video

Roadview | Mandh GES/IM/Inclination | Progressive www.mandi.com
Commumnications, Ine, § Odometer/Barometer § Sean CCD
W1, USA TR B, N

Road Radar | Road Radar Ltd., § GPS Ground www.rrl.oom
Canada : Penctrating

{ Multi-antenna

0, USA

recorder, Laser

TruckMAFP | John E. Chance and faser range www jchance.con
Assoctate, Ine., LA, GPR/gyro finder, 1 YVideo
USA o
VISAT The Univ. of Calgary | GPS/INS/Anti-Brake | 8 B/AW CCD, 1 www.visat.com
and Geofit fne., System cofor SVHS
Canada
YMS | Redhen Systems, Ine. | GPS FCCR, voice hitpe/fwanw redhensysie

W&, COT vins!

3 Muilti-Sensor Integraied Mobile Mapping Technology

A mobile mapping system consists of three components: data acquisition, information extraction
and information management. In this section, the data acquisifion component is deseribed. This is
the first but critical step to the development of a mobile mapping system.

3.1

Direct Georeferencing

The most important concept of mobile mapping is direct-georsferencing. The concepiual layout of
direct georeferencing is shown in Figure 1. Direct-gooreferencing refers o the determination of the
exterior orientation of the mapping sensor without using ground contrel points and the
photograrmrnetric block trisngulation. For example, if a camera sensor is used, any captured image
can be “stamped” with the georeferencing parameters, namely three positional parameters and
three attifude parameters. As a result, 3-T3 ohject measuremments can be achieved directly by using a
photogrammetnic intersaciion.

There are three modes for divect georeferencing, namely, stand-glone mode, integrated model and
combined mode,
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@ﬁ&
Vehicle-oriented Feature-orieniod
positiontng seasors: | | mapping Sensos: €.,
eg., GP8 4 ’ camera

. Arobject of interesy
A global coordinate system A local coordinate system e b

Figure 1. The concept of direct georeferencing

Stand-alone mode: Due to the unavoidable ocourrences of the GPS satellile signal blockage, the
wse of GPS alone to provide the positional information is not reliable. Although 3 number of radio
navigation systems as well as recent cellular positioning systems, e.g., Loran-C, CDMA-based
systems, are available, they do not yield sufficient accuracies for most mobile mapping
applications. The stand-alone mode for georeferencing is not a stable sohution for mobile mapping.
However, it has been used very often for video-logging spplications where the accuracy
requirement is oot high.

adopted approach for georeferencing (Schwarz and Wei, 1994; Lithopoulos, 1998; Skaloud «t al,
1996, Grejmer-Brzezinsks, ot al, 1999 Depeoding on the apphcations, differemt levels of
integration and different ways of semsor combination can be developed, for example, GPS with
INS, GPS with DR, etc. This mode will be further discussed next.

Combined mode: In the airthorne photogrammetry, combined mode for georeferencing is
predoninately used in practice due to iis high performance, reliabifity and economic factors, In
this mode, the GPS observations and the photogrammetric observations are both combined into a
triangulation block adjustinent. Thus the systematic GPS errors can be controlled snd corrected via
the combined adjustment {Ackermann, 1996). Very few control points are required in this
combined mode to solve the datum tFansformation. In mobile mapping systems, it is 3 fact that the
image tie poinis available from the overlapped image sequences can be gsed to perform a sirip-
wise photogrammetric triangelation: Thus, the orientation parameters of the camera can also be
derived. This technique can be used for guality control of georeferencing data derived from
GPS/INS observations, and furthermore, to bridge gaps where the absence of the orientation
sbservations ocours. The new georeferencing approach has been researched at the University of
Calgary {Chaplin and Chapman, 1998, and Tao et al,, 199%).

Direct georeferencing brings of significant benefits to the mapping procedure in terras of the rapid
wwrn-around time of data processing and reduced cost of ground control surveys. The direct
georeferencing techoigue makes roobile mapping feasible and has also led to the successful
development of & new generation of airborme mobile mapping systems, such as airborne LIDAR
mapping systems and girborne SAR systems. I is a goal that mapping would be independent of any
ground sontrod, and vliimately, mapping becomes completely autonomous.
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32 Posttioning and Mapping Sensers

The development of mobile mapping systems is featured by the use of muliiple sensors as well as
integrated sensor processing methods. In genersl, there are two primary types of sensers that are
involved, namely, positioning sensors and mapping sensors;

Positioning sensors
#) Environment-dependent externsl positioning sensors: GPS, radio navigation systems,
Loran-C, and cellular positioning devices, ate.
b} Self-contained inertial positinning sensors: INS or 8L (Inertial Measurement Unit), dead-
reckoning systems, gyroscopes, accelerators, compasses, odometers, and barometers, etc,

Mapping sensors
a) Passive bnaging sensors: video or digital cameras, multi-specirum or hyper-spectram
SCanners, eic.
b} Active imaging sensors: Laser range finders or scanmers, and synthetic aperiure radar
{(SAR]}, ete,

Oiher sensors such as volce recording and specch recognition devices, touch-soreens, temperature
oF air pressure meters, gravity gauges, ete, may be of use for integration,

The positioning sensors are vehicle-oriented. They are used to determine the absohdte locations of
the mobile mapping platform with respect to a global coordinate svstem, e.g., WGS-84, While, the
mapping sensors are feature-oviented. They provide the positional information of objects {features)
relative 1o the vehicle in 3 local coordingte system. In addition, attributes of features can be
obtained from the mapping sensors. Preeise calibration is required to geometrically align the
positioning sensors and mapping seosors together. Accurate synchronization (time referencing) of
the sensors is also reguired.

3.3 Accuracy Assessment of Sensors

The choice of sensors and the effective infegration of sensors is 3 key to the development of a
mobile mapping system. Accuracy, cost, reliability, data rate, portability, power consumption as
well as integratibility are the most important factors o be considered. Among of them, acouracy
and cost are the primary factors for 4 system design and implementation.

337 Accurgey of Positioning Sensors

GPS s the most visble cholce for the determination of position information due to its wide
aceeptance and proved performance. GPS can be operated in a variety of modes. The associated
accuracies of each mode are swnmarized in Table 2 (Elluny and E1-Shelmy, 2000).

Table 2. Position accuracy of GPS

- GPS mode Horizonial Accuracy Verical
§3-03 BAESE Accusasy (RME}
Code Differental (Narrow Correlator, Carrier-rhase smoothdag)  D7im : 1.0m
LI Caer-phase RTK (Ploat ambigsitiesy 0.18 m ; (.25 m
Li/L2 Carrler-phase BTE. 003 m ; GO5m
LI and LI/L2 Post-mission Kinamalic : 003 m
L1 Precise ephemeris {with lonospheric Modeilings 3.0m

With respect to the attitude determination, there are a mumber of options, Table 3 gives a list of
possible sensors for attitude determination. The accuracies stated ave for tilt angles (roll and pitch)
below 20 degree. For more infurmation regarding these numbers, one may refor to Ellam and Bl
Shetmy {2000}, and Schwarz and El-Sheimy {1994},

in fact, only the IMU can provide all three attitude angles. For the other systers to provide all
three attitude angles, they must be combined with additional sensors. Alternative to the IMU
approach is te use GPS mohi-antenna systems. B has been used in the airbome and ship-borne
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environments whers its accuracy for aititude determination has been acceptable. However, for the
tand vehicle based mobile mapping spplications, such a multi-antenna based GPS system can not
reach the acceptable sccuracy level due to the fact that the baseline between the anfennas is
tiorited. Most mobile mapping systems use navigation grade IMU in oeder o meet the sccuracy
requirements. This is one of the reasons that make the initial development cost very high.

Table 3. Accuracy of sensers for determining sttitude

Sensor Pype Accuracy is Rolt Accarsey in Cost {USD)
AAAAAAAAAAAAA and Pick Azimypth

Mavigation Grade IMU <0.03° <@.03° =R100.06G
Six-Axis Tactical Grade IMET $.25° 28 BELO0G - 20,000
Twin Antenna GPS 08.5°-1.0° g.25¢ $2,000 - 6,000
HinteAcouracy Tl Sensor ¢.05° - $3500
Low-Accuracy Tilt Sensor €.25° - §700
Magnetic Azimuth Sensors - £0° 8250
3-Axis Magnetometer Integrated §.25° Y $700-1,200
with 2-Axis TileBensor 4 AR

333 Accuracy of Mapping Sensars

Considering the ervor contribution from the imaging component alone, the positioning accuracy of

ohject point coordinates derived from imagery is determined mainly by four factors: the object

distance (), the baseline length {8), the focal length ), and the mean sguare ervor of image

coordinate measurernents {mg) The along-track error component is the predominant error

contributing to-the total positioning ervor in mobile mapping applications. Tao (199%a) has

conducted a comprehensive analysis of the achievable accuracy from & steres imaging system. The

main conclusions can be surmmarized as:
ay The maximum baseline length between two cameras is restricted by the desired overlap
percentage; the overlap percentage is affecied by the field of view angle of the camera;
and the field of view angle is determined by the focal length and the camera sensing drea.
Therefore, a best trade-off 1s required for the configuration of these imaging parameters.
in Tao {199%a), a2 mothod 1o find an optimal combination of ireaging parameters was
developed.

by Under the assumption of that the manual measurement accuracy for a single Image point
is 0.29 pixel, the maximowm samera-to-object distance is 35m if the object positioning
accuracy of 30 cm s required (with a standard CCD stereo camera aystem). However, if
the image coordinate measurement accuracy of 0.2 pixel can be achieved, the positioned
object can be SOoy far from the camera. Therefore, development of sube-pixel image
measurement algorithros is of significant importance. The use of multiple-image matching
for point measurement has been considerad as an effective approach {Tao, 1997),

¢y The choice of camera types is critical to overall system performance. The camers
parvaraeters such as pixel spacing, sensing ares, clectronic noises, data capture rate and
storage requirement must be considered carefully. Cameras with small pixel spacing,
pixel synchronization unit and built-in A/D converter allow for obtaining more accuraie
tmage coordinate measurements, The use of largs sensor cameras will improve the overall
system aceuracy and permit flexibility on the configuration of imaging parameters.

An accurate calibration of interfor orientation parameters, rotation angles ¢ {rofation around the
axis 2} and the bascline is required. Based on the theoretical analysis {Tao, 199923}, the calibration
accuracies of 0.3 pixel of interior orientation parameters, 0.02° for the rotation angles ¢, 6.03° for
the relative orientation angle and 3.5 mm for the camera baseline have {0 be achieved, so that the
effects of the calibration errors onto the total systent positioning accuracy are at the same level of
that of errors arising from image coordinate measurements. However, calibration accuracy for the
rotation parameter o and K is not siringent.

2030



Mobiie Mapping Technology for Road Network Diata Acquisition

Accurscy for time referencing is also imporiant but 5 technisally achisvable. The tesis showed
that if the error of 107 seoond in synclwordzation can be conirodled, the resulting position error i
fess than 4 om af a vehicle speed of 80 kim per bowr (Schwarz and El-Sheimy, 1996}

23,3  Accuracy Improvement

The accuracy from an individual sensor component is discussed above. However, effective
corabination of these sensors and integrated processing of the sensory data will be able 1o further
improve the total system accuracy. There are basically two levels of the integrated processing: (1)
imtegrated processing of wultiple posttioning sensory data; and {2} irdegrated processing of
positioning and mapping sensory data. For exarple, IF GPS and INS are combined for positioning,
the INS drifts with fime can be fargely contrelled by using GPS updaies while GPS ouiages and
cyche ships can be corrected by using INS dats (Wei and Schwars, 1998 Schwarz and Wei, 1904,
Toth and Grejner-Brzezinska, 1998; and El-Sheimy et al, 1999). As for the second level of
imfegrated processing, image-based seguential triangulation using the tie poinis from the
overiapped images can be used fo delermine the orientation parameters of each image. This
technique can be used fo sugment the georeferencing accuracy devived frons the positioning
sensors or 1o bridge gaps where the GPS signals are lost. However, this technique s not as
effective as that being osed in the airborne phologrammetry, This s maindy due to the poor
trigngulation geometry of tie points obtained from the terresirial images. The sccuracy evaluation
and the antomatic determination of thess tie points can be found in Bruce and Chapman ([998),
One good example an the vse of this techoigoe for georeferenciong of terrestrial digital images can
be found in Silva et al. (2000).

34 The VISAT™ Mobile Mapping System

The VISAT™ systern was developed by The University of Calgary in cooperation with Geofit,
Fuc., Canada. The project began in November 1992, and the frst demonstration was given in July,
1993, The prodoction system was implerented in 1985, The VISAT™ has evolved from a 3-
camera system to a S~camera system, and is currently an 8-camera system. The overall objective of
the VISAT™ project was to develop a precise mobile mapping sysiem for read inventory and
general GIS data acquisition, which is sapable of providing an absolute positioning accuracy of 8.3
m and 4 relative acouracy of 8.1 m for ohject poinds within a 38 m corridor, at vehivle speeds of
S8-60 kin per hour (Schwarz et al, 1993,

The van-based VISAT™ system is shown m Figure 2. This system consists of a strapdown INS
systere, two LELZ GPS receivers, eight black/white CCD video cameras, an Antilock-Braking
System (ABS), an image conirad urdt, and 4 color S-YHS camera, The funetion of each componert
can be subdivided into primary and secondary functions {Schwarz and Ei-Sheinyy, 1996} In terms
of primary functions, the cameras provide 3D positioning with reapect to the VISAT™ vehicle
reference, which i most cases is the perspestive conder of one of the cameras. The position of this
reference with respest to the existing control is determined by differential GPS techniques, while
the camera attitude information is given by the NS, The ABS system will trigger the camera at
constant distance intervals using the VISAT™ controller trigger channel. In terms of sscondary
funetions, the cameras provide redundsnt image information of the objects, Le., more than two
tmages of the same obizct are available. The GPS is used to control INS drifl errors, while the INS
iz used to bridge GPS outages, correct GPS cyele ships, and perform precise intorpolation betwesn
GPS fixes. The ABS data can be used 1o update the INS data in case of the GPS signal blockage,

The road-related spatial data can be acquired through the on-Hne synchronization of GPS, NS,
ABS, and image data. The georeforencing parameiers of the moving VISAT™ reference sysism
can then be ohvained after processing the BOPS/INS inputs, Locations of ohiccts of interest in the
road corvidor with respect o the VISAT™ reference systern are determined during the post-
mission processing, using two or more georeferenced images. The information extracted can be
directly used o update or generate 1S databases.
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The imaging component of the VISAT™ consists of eight COHU 4980 video cameras, each with a
resolution of 640 x 480 pixels. The technical specifications of the camera are given in Table 4. The
cameras are housed in a pressurized case and mounted inside two fixed-base towers on top of the
van. Practical tests of the achievable system accuracy can be found in El-Sheimy (1996), and
Schwarz and El-Sheimy (1996).

S-VHS (?amera\ PS8 Antenna

e
Q

.. INS System

Figure 2 The VISAT™ mobile mapping system

Table 4. Technical specifications of the VISAT cameras

Parameters 1 Sgpecifications(RS 170 standard)

Image arca 64x48mm .

Imager type | IT CCD with on-chiy microlenses

CellSize 1 84x9.8micrometers
Resolution 768 x 494 wixels T
Field of view 43°{Hiand37°(V)

Electronic shutter Light ogptions: 1/50 ~ 1/10 000 second

4 Information Extraction and Management

The major efforts of research and development have been placed on the improvement of quality
and reliability of image georeferencing. Although automated information extraction from collected
trnages is of considerable importance, few work has been done in this area. The Ohio State
University (OSU), U.S.A., and The University of Calgary (UC), Canada, are most active in this
area (Tao et al., 1999). Nevertheless, the related techniques of automatic information exiraction
from image sequences have been extensively researched, especially in the areas of mobile robotics,
autonomous vehicle navigation and intelligent transportation systems.

Information management of large amount of images, mainly, raster data, as well as extracted
vector data have been dealt by many GIS researchers and IT (Information Technology)
practitioners. Information management has advanced to a point that vast amounts of image data
can be handled, archived and retrieved effectively by using the spatially enabled relational
database technology. At present, however, feature extraction is mainly manual. This iabor-
intensive process remains fairly costly in mobile mapping production and, therefore, prevents the
wide acceptance of mobile mapping as a primary mapping tool. In the following, the cusrent
research status of automated information extraction is reported.

4.1 Object Measurement

The objects of interest can be footprints of houses, street edges, centerlines, curbs, lane markers,
manholes, culverts, fire hydrants, traffic signs, telephone booths, electric poles, etc. In order to
calculate the 3-D coordinates of an object from images, at least two conjugate image points need to
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be determined. Since the orientation parameters of the cameras are known, the corresponding
epipolar lincs in a stereo image pair can be computed. Once a poind in the lefl image is measured
manuatly, the corresponding point in the right image can be determined by using the epipolar-dine
based image matching method. The area-based cross-correlation matching was used in the OSU
group for the automatic determination of image conjugate poinis (He and Novak, 1993}

Further improvement of the 3-D coordinate acouracy of object measurement was researched by Li
et al, {1996) and Tac et al. (1997} Their work focused on the use of muliiple images to perform
phologrammetric trisngudation. Thelr results demonsivated that the final 3-D coordinate accuracy
can be improved if multiple corresponding points in image sequences can be used. B is reguired
that multiple corresponding point be established first. In fact, use of multiple images is valuable
not only for enhancing the reliability of image matching, but also for increasing the 3-U coordinate
accuracy of pbotogrammetric friangudation. A semi-sutomatic muliple-image-based object
measurement method was developed by Tao et al {1997),

4.2 Road Centerline Reconstruction

Road centerline information has been extensively used to generate road network information
systems. Such information can also be used to derive road inspection parameters such as the
longitadioal profile and surface deformation, which are portard indicaiors for road mainienance.
The acquisition of ep-to-date road cenderfine data using conventional field survey s fairly difficult
due fo the cost and logistical reasons.

Since the image features of road centerlines are relatively distinctive, it 1s expected that automatic
reconsiruction of road centerlines from mobile mapping images can be realized. The first wial was
conducted by He and Novak (1892}, After the manual input of a starting point of a cenferline in
image, the line following algorithm was execuled to trave this cenderline. However, this method
cart not handle the difficult road scenarios and does not have the capsbility of continuous
reconstruction of road centerlines from a long image sequence.

A fuirly successful approach to automatic centerline reconstruction was developed by Tao (1996)
and Tao et al. (1998}, This approach is based on 3 new thewry “shape frorn image sequences”™ In
this approach, the GPS/NS trajeciory is used as an approximate 3-D road centerline shape model
This model is then gradually refined and updated by using road featré points extracted from
image sequences. Constraints-based feature exivaction and sophisticated multiple image matching
techniques were integrated into this approach. It has been tested extensively that the approach
functions very reliably even under poor imaging and road conditions. Ancther great advantage of
the approach is that continuous 3-D reconsiruction of road centerlines from entire Image sequences
can be realized.

4.3 Object Detection and Recognition

Without use of sufficient knowiedge or ruage constraints about ohjects, resulis of automatic object
recognition can never be reliable. Although there s an extensive literature covering the traffic sign
detection and recognition, many problems remain unsolved. He and Novak {1993) published thelr
results on the detection of mile makers from mobile mapping images. The focus was placed on the
recognition of numbers appearing on mile-maker tmages. Geischmann and Hahn {1994} developed
a method of identification and lecation of stop signs. Firstly, mathersatical morphology-based
operations were applied to detect the region of interest. Then affine-invariant features were
extracted to identify the simple shapes of objects. Many object recognition methods employed the
color segmentation approach (Janssen et al, 1993, Priese ot al,, 1994; Tong ot al, 1999} However,
the segmentation results raay be subjected to the conditions of Hghting, shadows, weather, and sign
painting, etc. The robustness of these approaches-is still a major concern.

Semt-automatic object detection scheme presents an alternative due to the complexity of automatic
objeet recognition, The basic principal of this scheme is that the human operator plays a roke for
object recognition. After an object is recognized by a human operator, automatic detection and

i
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precise focation of objects are then conducted by the system (Tao and Lin, 1994). Tac (19995) has
developed an approach (o extract and locate vertical line features from mobile nage seqiences. In
this approach, a map database was used to predict the approximate location of the object. Then a
set of algorithms, such as line grouping, feature corvespondence and line reconstruction was used
o detect the presence of the object and locate precisely the object from the image.

Exwept for the above mentioned work, there are some of interesting research addressing the generic
road exiraction from image sequences. In fact, automatic road extraction was 2 main topic for
robet navigation and sutonomous vehicle navigation, Interesting readers may refer (o the Hierature
{Waxman ot al., 1987; Twk et al, 1988; Ma et al, 1999; Habib, 2000). Automatic road width
measurernent has been investigated in Gajdamowicz {1999).

5 Applications of Mobile Mapping Systems

Mebile mapping is an innovative concept. With a mapping system nstabied on a roobile platform,
e.g., van or helicopier, many of costly field surveys can be replaced. Hts potential apphications
appear 1o be Hmitless. Typical applications inglude:

Mapping of reads and rafiways for assef management and engineering planning

Moapping of roads and ratiways is perhaps the main applcation market. Mobile mapping systems
can delivery maps of road features at the sob-meter sccuracy. Such maps can be used for
transporation deparbments for road assessment wanagement, Tansporiaiion planning and
engineering. Engineers are then able to access road images and ativtbutes for any englneering
purposes without going to the field. The typical end products out of a mobile mapping project are:
a} captured digital images of roads and pavements
b} road centerline maps derived from steres images
¢} positions of visible objects, such as traffic signs, manholes, guardrails, bridges, culbvens,
utility poles, buildings, frees, and road crossings, ete.
4} road related feature information, such as mile marker positions, distance atiributes, road
segmenis, and road atiributes

Esifity mapping and inventory

These maps are mainly used by utility and telecommunication companies. The acaursey may not
be as strict as land surveying maps. However, it requires more frequend updating. Uhility features
such as fransformers, power lnes, telephone lines, street Hight poles, are need o be geocoded and
finked to a road centerline based map database. Normally, the heights or the offsets of utility poles
and cable attachments need to be measured. This inforraation helps companies for design, planning
and maintaining of eleciric unities, phone or cable routing.

fnfrastracture mapping for emerging responses

Due to the wide implementation of H-811 services for emerging responses in North America.
Positions and afiributes of buildings, important landmarks, telephone booths ete. are required for
the establishment of eroergence response databases. | helps decision makers to Javout the response
routing and dispatch emergency vehicles, The images collected can be used to assist the appraisal,
evaiuate the condition and prepare for any special treatment,

it is worth roentioning that TS presents a huge potential market for mobile mapping applicstions.
il is projected that 3209 billion will be invested in [T8 between now and the year 2011 in the form
of consumer products and services. The full-scale deployment of mobile mapping technology will
take place for ITS data acquisition, database updating and information management.

& Conciuding Bemarks

Mobile mapping represents 3 significand advance in mulil-sensor integrated digilal mapping. i
g ECf #
provides a new avenue towards rapid and cost-effective collection of high-guality road related

2034



Mobile Mappiog Technology for Boad Network Data Acquisition

spatial information. B is a troly melt-disciplinary endeavor that involves navigation and
positioning, photogrammetry, geodesy, digital imaging and Gegspatial mformation Systems.

The fast commercialization transfer of the technology to the market indicates its industrial demand,
The systems initially developed by the University of Calgary, Canada, and by the Ohio State
Elniversity, USA, have been both commercialized.

However, it ¢ a fact that current mobile mapping systems have not gained widespread acceptance
in the mapping and surveying community. This is mainly due 1o its technical complexity and the
associated high development costs. The initial investioent for such a system is considered oo high
for most survey and mapping firms, especially if the svstem is not operated daily, The other reason
is that many ground objects can not be captured by the vehicle-based mobile mapping systems, for
example, building fostprints and parcels that are important elerments for surveving and mapping.

The author believes that mobile mapping will demonstrate s power in much wider application
areas, particolarly in ITS related applications, that is beyond the conventional surveying market.
With the contimious advancement of mobile mapping technology as well ag the reduced costs of
the system development, mobile mapping potential will be explored further,
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LESSON 4
MOBILE MAPPING SYSTEMS

ntroduction

A more reeent development has emerged in spatial data collection - mobile mapping
systerns (MMS3). It is relatively new io the sense that the first operational system was
established in the early 1990s at the Center for Mapping at the Ohio State University with
the development of the GPSVan' . Saon after this development, research was undertaken
at the University of Calgary in this same arena with the development of the VISAT (Video,
Inertial, and SATellite GPS) van'. The idea was to provide an accurate and economieal
means of collecting spatial data. Conventional methods were too expensive and time
consuming,

A mobile mapping system can be defined as "a movisg platform, upon which
multiple sensor/measurement sysierns have been integrated to provide three-dimensional
near-continuous positioning of both the platform and simuliansously collected geo-spatial
data, with no or limited ground control using single or multiple GPS base stations” [Grejner-
Brzezinska, 2002]. It involves the integration and mansgement of different data collection
devices along with data processing and management software to provide the user with the
focation of spatial features that exist on the earth. Three basic measurement components
comprise most MMS: global positioning system (GPS), inertial measurement unit ({MU) or
ather form of dead-reckoning sensor, and an image capture system. Thus, a mobile mapping
system that utilizes multiple sensors is “the product of integrating the concepis of kinematic
geodesy and digital photogrammetry, to acquire, store, and process, measurable guantities
that sufficiently describe spatial and/or physical characteristics of a part of the Earih’s
surface” [Mostafa and Schwarz, 20011,

While a MMS is often associated with data capture strategies using vans, in reality it
invoives any scenaric where the sensors are in motion.  This includes, in part, vans,
airplanes, satellites and humans walking from place to place. Lidar (Light Detection And
Ranging), or laser altimetry, is an example mobile mapping system where the image caplure
involves range measurements instead of conventional imagery. This techunology will be
discussed separately. (ither image caphure techniques, such as hyperspectral, promise o
expand the applications of mobile systems.

Land vehicle navigation has been around for some time. Numerous developments
have occurred in

Automatic Vehicle Location and Navigation {AVLN)
Intelligent Vehicle Highway Systems (IVHS)
Intelfigent Transportation Systems (T8}

Mobile Mapping Systems (MMS}

& ®» @& 2

Technologies, Ing.
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management architecture.

¢ Not controlled by a dispatcher center,

but part of a fleet that is being served
by a traffic control center.

e The control center is 2 mobile service
center

{ e Vehicles receive updated information

regarding traffic and weather

information without the control cenier

being able to identify them,

Lesson 4 SURE 382 Geographic Information Systems I Page 2
SYSTEM _ CHARACTERISTICS APPLICATIONS
Autonomous | Stand-alone vehicles with positioning i Used in personal vehicles
! devices and a map database for on-line guidance and
assistance; basically
replacing paper maps and
_ yellow pages
Fleet s Fleets of vehicles linked to a contrel | Civic applications, such as
Management center via communications link. police, fire fleets,
s  Although positioning sensors are ambulance, delivery
available in the vehicles, the map services
databases are not necessary.
+ The control center is responsible for
the transmission of the necessary
1 information to the vehicle on call
Advisory ¢ A blend of autonomous and fleet & Used for access to route

information, such as real-
tune traffic information,
turn restrictions, one-way
streets, and, in some
systems, weather
conditions.

e Essential to minimize
route travel time and to
prevent and avoid traffic
congestion.

Inventory and

s  Autonomous vehicles equipped with

Used in the inventory of

Mapping navigation and imaging sensors. road conditions, mapping,
« May have a communications link and general GIS
with a conirol center | applications.
Portable - Autonomous systems that are not Used by tourists, hikers, real
| permanently instalied in a vehicle estate agents, hunters,
business travelers, and
7 others. ‘
Table 1. AVLN Systems, Characteristics and Applications [from El-Sheimy, 1996}

AVLN systems are classified into 5 different types [El-Sheimy, 1996]: autonomous,
flect management, advising, inventory and mapping, and portable. The characteristics and
applications are shown in table 1. In early AVLN systems, a single sensor was used for
navigation purposes. These included GPS, land-radio-station techniques ke LORAN C,
road-facility infrastructure such as beacons, or dead-reckoning (DR} systems like a compass
and odometer. But, they all have weaknesses when used singularly.  Therefore
developments into integrated systems were undertaken to provide better performance, more
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versatility, increased accuracy, and improved reiiabiiiw The significant drawback is the
high cost associated with integrated systems [El-Sheimy, 19961

With the technological developments that have occurred in these three areas, along
with the enhancements in computers and computer processing, MMS has undergone
significant changes during the decads‘: that it has been utilized in production. For example in
the first generation of the GPSVan ', wheel sensors (odometers) and gyros were used to
determine heading, attitude, and distance.. Today, these systems have been updated with
MU, Moreover, digital camera systems that were crude by today's standards have been
upgraded to reflect the developments in this area as well.

Why is mobile mapping important since we already have numerous tools that allow
us o capture data efficiently? As we will see, by integrating different sensors into a
complete system we can optimize the data collection.  Many of the sensors are
complementary tools that provide useful, and sometires redundant, information. The
sensors found in many mobile mapping systems utilize different physical principles that help
the user determine object properties in different forms. The result should be better
interpretation of the scene [Grejner-Brzezinska, 2001al.

Mobile Mapping Systems

The VISAT van is designed to achieve high accuracy survey data collection in an
operational environment with speeds up to 60 km/hr.  The system is comprised of a
Honeywell Laser-Ref U] strapdown inertial measurement system, two Ashteck 212 GPS
receivers, a cluster of 8 video cameras, an anti-braking-system (ABS) pick-up, a Super
Video Home Systern (SVHS), and an image control unit. El-Sheimy and Schware [1998-
991 identify the primary and secondary functions of the components in table 2.

Sensor Primary Function | Secondary Function
GPS Provides the camera position 8 3D | Controls the INS error propagation
Space e  Provides system synchronization
______ ¢  (Gives coordinates in WGS 84
NS Provides the camera orientalion in | « Bridges GPS outages
300 spave ¢ Corrects GPS cycle slips
s {3ives gwecise interpolation between GPS fixes
Cameras | Two  georeferenced cameras | e  Provide redundancy, 1., more than 2
{ provide the position of objects in cameras/images of the same ob}s.ct
i 3D space e Can be used to update pavigation data through
) ‘ triangulation procedure
ABS | Triggers the cameras at constant | Updates the INS data if the GFS signal is blocked for
distance intervals perinds longer than the INS bridging level requived to
777777 fix GPS ambiguiies (half a cycle}

Table 2. Primary and secondary functions of VISAT sysiem mm;’sanems Hrom Kb
Sheimy and Schware, 1998-99, p. 2761
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Not all MMS utilize the same number or types of sensors. For example, Lambda
Tech® operates the GPSVision™, which utilizes a Trimble 7400 dual frequency GPS
receiver, a Litton LN-200 INS, and two progressive CCD cameras (one color and one
black/white). Figure | shows the GPSVision ™ MMS, Grejner-Brzezinska [2001a] presents
a list of different mobile mapping systems available at that time. These are shown in table 3.

Figure 1. GPSVisionTM mobile mapping system.

As we can see, a multitude of sensors can be utilized in a particular MMS. As an
overview, the functions of these different sensors are shown in table 4 [Grejner-Brzezinska,
2001a].

Mobile Mapping Concepts

Advanced mobile mapping system consists of four basic parts within an operational
environment. Three instruments are required, namely an imaging component, a
georeferencing component, and a photogrammetric measurement component. They are
brought together through a calibration component. These are described as [Grejner-
Brzezinska, 2001a]:

e System calibration, which is performed after the system is completely assembled,
consisting of
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MM>S Developer Navigation Sensors | Mapping Sensors |
GPSVan” Center Jor Mapping, Ohio State | s GPS/gyro/wheel counter | 2 CCD, volee
University e GPS/ANS (second recorder
. ] generation of system
- VISAT University of Calgary GPS/INS/ARS Ehw CCDand |
" i color SVHS
GeoVan Geospan Corp., USA GPS/DR 16 VHS, voice
. meorder
GPSVision © | Lambda Tech, Inc,, USA CLGPSANS | 2eolar CCD
KIss University of Bundeswher U GPS/IM U Inclination P SVHS, 2 biw CCD,

azimuth measurement

A_subs:,, stem (GAMS)

Maunich and GeoDigital, Odometer/Barometer vaice recorder
: Germany
ON-SIGHT _  Transmap Corp., USA GPS/ANS 4 color CCD
RGIAS Rowe Surveying & GPS Video, laser range
Ezwmeeims, Inc., USA fonder
TruckMap John E. Chance, Im UsA GPS/gyro/WADGPS Laser range finder, |
video camera R
WUMMS Wohan University, China GPS 3 video cameras, faser |
rangs finder
- ROMBAS Highway and Traffic GPS Digital video camera
: | Consultants, Ltd, NewZealand ¢ L
DT ' Digiiai Data 'i‘echnoiogieé, Inc., | GPS Touch-screen, voice
L USA B | regorder
POS/LY™ Applanix Corp., Canada GPS/INS/distance nnamrsng L OCD, video
4290 i instrument (IMIYGPS

Sensor Fumtimmlﬁ“ '
GPS ® image geoprocessing in 3D
s  Time synchronization between GPS and INS
s linage time fagging
e NS error coutvol
& Aceess to the 313 mapping frame through WGH84
ING = lmage orientation in 3D
+  Supports image georeferencing by:
o Bridging GPS gaps, and
o Providing continuous {156 Hz) trajcciories between GPR |
racasurement epochs
s Supports ambiguity resolution after losses of lock, and cycle siip
‘ detection and fixing
Camera e Collects imagery used to derive object position
o Two {or more} cameras provide 3D coordinates in space
o Single camera provides 2D coordisates or 3D if
AAAAA overlapping images ave used
Laser Raswe Finder s Supports feature extraction from the 1maoery by providing |
) precise distance (typically measuring accuracy is about 2-8 )
Voice Recording, Touch Screens, | e Attribute collection sensor
Barometer, Gravity Gauge

Table 4. MMS sensors and their ﬁmwmns&m}
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o OPS/INS lever arm — this is the distance between the phase center of the GPS
anternna and the center of the INS body frame.
o Camera calibration.
o INS/camera boresight calibration, which is the distance offset and angular
relationship of the INS and camera to the body frame.
o (GPS/INS/image data collection, which comprises
o  GPS/ANS/camers time synchronization.
o Data logging.
o Image compression and storage
e (JPS/INS post processing invelving the georeferencing of the time tagged irvages by
computing the six exterior orientation parameters
e lmage processing of the images to determine the location of the georeferenced
features of interest within the imagery.

The “brain” within a MMS is the onboard PC. 1t is used to integrate and support the
different measurement systems. The computer will take the data measurements and store it
for later processing. Finally, it can be used to facilitate the interaction between the MMS
and the system operator during the data collection phase {Grejner-Breezinska, 200161

Navigation

The navigation component consists of two basic systems: GPS and the IMUL The primary
fanction of the GPS receiver is to provide position information for the imaging sensor at the
instant of measurement (exposure), although it is also possible to use the GPS for platform
orientation. In addition, it can also be used to control errors that accumulate within the
MU, The GPS receivers are used in a differential mode with one receiver located on the
vehicle and one receiver set up over a known control point in the survey area. For a more
robust solution, two base stations can be occupied simultaneocusly with GPS. This will yield
two positions for the GPS roving receiver and helps in quality control of the MMS. Carrier
phase is generally measured because it provides a much higher accuracy than pseudorange
mcasurements,

From the GPS carrier phase, ranges from the satellite to the receiver along with their
range rates are output from the receiver. These measurements yield position and velocity
values for the vehicle with respect to the initial point. Using differencing technigues, the
orientation of the system can also be determined. The disadvantages of GPS include [El-
Sheimy, 1996)

e Possibility of eycle slips

1t is possible to use multiple GPS receivers on the vehicle to determine the orientation of the platform and
also to provide redundancy/backup to the primary GES receiver,
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s The range and range rates are not truly independent
¢ The accuracy at the GPS sample rate cannol meet the accuracy requirements for
orieniation of the system,

As we are all aware, the globsl positioning system provides us with very acourate
positioning data over the emtire surveying mission. Unfortunately, GPS does not work
properly in all environments. GPS measurements are susceptible to poor satellite geometry,
cvele slips, satellite outages, and a dynamic lag that may oceur during vehicle maneuvers.
Situations where such conditions can occur can be found in urban centers (the so called
urhan canyom) and along highways where overpasses and tunnels obstuct the satellite
signals.

Mareover, within a MMS, the relationship between the phase center of the antenna
needs to be known relative to other sensors. But, the phase center is not a physically
identifiable point, nor is it stable in time or space [Greening et al, 20001 The effect is
generally dependant on the elevation of the satellite and varies as the satellite signal
direction changes. There is also a problem when the variation of this phase center
movement is superimposed on the GPS data for determination of tropospheric seale factor.
Errors in the range of 10 cm have been found in the vertical component.

Greening et al [2000] also draw upon personal experiences with problems nvolving
solving for integer ambiguities. Over the years, they have found situations where i appears
that the integer ambiguities bave been solved but in reality may be incorrect, which could
introduce errors up to the 30 om level. Generally this affects the vertical component more.
For accurate {centimeter level) results, the integer ambiguities rmust be known for all
satellites and maintained, or quickly resolve, during the photo wission. Comparison of
forward and reverse processing of GPS can be used to find this problem but this does not
always work. The problem with the integer ambiguity is exacerbated by other
environmental conditions such as sudden PDOP changes that could ocenr in aireraft banking
operations, multipath, baseline distances, radio frequency (RF) interference, and phase
center variations. From experience and under reasonably good conditions, “the positional
accuracy {1o) relative to the ground station(s) may vary from 3 1o 30 om, in any component
(X, Y, 2), even during a single mission completed in a short time period” [Greening et al,
20601,

The second element of the navigation component is the inertial navigation system
(INS), which accurately measures linear acceleration and angular rates. One of the
advaniages of the IMU is that it is a self-contained system that does not rely on external
sensors, such as the necessity to capture satellite data as in GPS. Ut primary function is to
obtain the orientation of the camera at the exposure. Additionally, when used in the
positioning mode, it can also be used for bridging between GFS outages, to correct for cyele
slips, and to provide precise interpolation between GPS epochs [El-Sheimy, 1996]. Overa
short period, INS positions and navigation results are extremely accurate. Unfortunately,
over time the errors will tend to accumulate,
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There are two different types of inertial navigation systems. In the gimbal system the
inertial unit is always moving whereas in a strapdown sysiem the inertial unit is fixed to the
vehicle. Conceptually, the use of a strapdown inertial measuring unit (IMU) is very simple.
The instrument consists of 3 gyroscopes that are used 10 measure angular motion and 3
accelerometers, which measure forces in 3 different orthogonal axes in the inertial or fixed
non-rotating frame.  The IMU is based on Newton’s law of motion given as [Grejner-
Brrzezinska, 2001bl:

Foatg

where ¥ is the veetor of the total inertial acceleration, o is the applied force vecto, and g
is the vector describing the total gravitational acceleration, While the MU does not
measure the gravitational field, it is affected by the forces due to gravity. Therefore, for
navigational purposes, gravity information must be provided to the system processor.

An inertial survey begins with an initial alignment to determing the initial position,
velocity and attitude of the platform. The angular velocity can be integrated in time thereby
yielding the vehicle's change in orientation measured with respect to the initial orientation.
In other words, the vehicle’s attitude and velocity are known. The forces are used in a
double integration with respect to time giving the difference in position from the initial
point. Due to the double iniegration, the position is time dependent and the errors will
quickly accurnulate [El-Sheimy, 1996].

To control errors within the IMU, the system needs to be regularly updated. Errors in
the inertial navigation system stem from the initial sensor misorientation, accelerometer
biases and gyro-drift [Grejner-Brzezinska, 2001b]. In the past this has meant stopping the
vehicle so that the IMU comes to rest again. This is referred to as a ZUPT (Zero Velocity
Update). There are several disadvantages to using a ZUPT in MMS [EI-Sheimy, 1996]:

s Limits the system to semi-kinematic applications

s It is not possible to safely stop the vehicle on highways or on high-traffic roads
without interrupting the flow of waffic

& Stopping the vehicle reduces productivity, which negates one of the advantages of a
MMS.

Nonetheless, rero velocity apdates are important for significantly controliing INS error
accumulation where prolonged andfor frequent loss of GPS signals exist. In advanced
systems the integrated GPS/INS system can be programmed to tell the operator when a
ZUPT is required. This is done by monitoring the PDIOP from the GPS satellite
constellation and the duration of the GPS outage/blockage. Knowing that the error grows
with time, the system can predict when a ZUPT is required. Some systems will also activate
a ZUPT when the vehicle stops with the normal traffic flow,

How frequently should a ZUPT be performed? Most obviously, it is required before the

NS error accumulation gets too large. Grejner-Brzezinska and Toth 12003} indicate that for
prolonged GPS blockages, a ZUPT should be performed every 1-2 minutes during the
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blockage. For example, they show the effects of a free navigation on the accuracy with and
without a ZUPT. This is shown in table 5. In the first row, the free navigation was
performed for 148 seconds with no ZUPT. The resulting errors were .16, 845 and 8.16m
for easting, novthing and height coordinates respectively. Line 2 shows the effects when
using a 20 second ZUPT during the same 140 second interval (60 seconds free navigation,
30 seconds ZUPT, and 60 seconds free navigation). The results in the northing and easting
are reduced significantly, while the height compenent is only margisally improved,

Free Navigation ZUPT | Free Navigation | Tota] Error {meters)
{seconds) {seconds} {seconds} Fast | Morth | Height

60 ) 0 &0 0.6 1 045 | 0.16

60 L 20 60 10031 002 | 0.1l

Table 5. Effects of ZUPT on the aceuracy of the position |from Grejner-Brzezinska
and Toth, 20031

The reason for the ZUPT calibration is to control the INS ervors such that when
reacquisition of the satellite signal occurs that the integer ambiguities can be guickly and
correctly resolved. Again, Grejner-Brzezinska and Toth indicate that the longer the blockage
the more the need for a ZUPT. With no ZUPT for large gaps before reacquisition then the
number of ambiguities that will be resolved is significantly lower. The duration of the
ZUPT appeared to have little effect. Therefore a ZUPT for 10-20 seconds is sufficient for
ZUPT calibration,

Integrating GPS with the MU offers an alternative to IMU error control. In fact,
Cramer [ 1999] states that in the highly dynamic mobile mapping environment the GPS is the
best instrument to integrate with the IMU in order to meet the accuracy needs of the
mapping.

Working together, the GPY and INS form complementary position and navigation
systems. The GPS is used to reduce the long-wavelength erors that are present within the
inertial system. Moreover, when the GPS receiver loses lock on the satellites, the INS can
help reinitialize the GPS once lock has been reacquired. Finally, GPS has a relatively low
data sampling rate, normally 1 Hz, while the INS produces attitude and position up to 100
Hz.

How is the positioning done with an integrated GPS/INS sensor configuration? The
key is a Kabman filter. The system is comprised of a state vecior consisting of attitude,
position, velocity, accelerometer biases, and gyrodrifts. The filter is used to predict values
for the state vector.  As new measurements are made, the Kalman filter uses those
measurements to predict a more accurate stale vector. Since a Kalman filier is 3
mathematical model used o modify the state vector, any different types of filters exist.
Cramer [1999] states that a 15-state model may be acceptable for most cases. This filter
may contain 9 navigation-error terms that describe the position, velocity and attitude ervors
and & sensor-error terms that deseribe the performance of the specific MU such as gyro drift
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and accelerometer bias, Other error terms could also be added to this basic model, Rcanbe
shown schematically in figure 2.

Kalman filters can be either centralized or decentralized. In the contralized scenario,
both GPS and INS errors are modeled. Reference trajectory is determined through the INS
data measurements while the OFS daia are used to update the solution. A decentralized
Katman filter mtilizes two filters running continuously with culy occasional interaction to
cach other. The GPS data passed through its Kalan filter is used to determine position and
velocity data which are then used to update the INS Kalman Filer [El-Shetmy, 1996].

,,,,,,, o R
INS o @" INS Positioning e L 5
"""""""""""""""""""""""""""""""""""" State
Yector

Figure 2. GPR/INS integration procedure {from www.lambdatech.com/gpsv-3.html).

Diirect Sensor Orientation

As it can be surmised from the earlier discussions, the integration of GPS and IMU
can be used to orient the sensor in a process referred to as direct sensor orjentation (DSQ}{
The potential advantage of DSO is that it can eliminate the need to perform
acrotriangulation. The significance is that historically, aerotrianguiation {AT) has been used
to aid the photogrammetrist in thelr mapping projects. As a byproduct of the AT process,
the exterior oricntation parameters are determined. As Cramer stales, “determination of the
exterior orientation parameters is an essential pre-requisite for the geometric evaluation of
any kind of imagery from terrestrial, airborne or satellite based sensors” [Cramer, 1999,
p.59L.

There are several advantages of DS with respect to aerotriangulation [Cramer, 1999}

4 " N - ~ " . i~ - . - 3 > .
b Cyirect sensor orfentation is also referred 1o as dircet platform crientation, direct georeferencing, direct
geocoding, and even direct BO {for direct exterior orientation).
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»  The exterior orientation can be acquired faster within a combined GPS/IMU than
conventional aerotriangulation, including automatic AT with digital imagery.

s There is more flexibility in image acquisition since AT, cven with airborne GPS,
requires flights to be collected in well-known block functions which may be 2
disadvantage for small-arcas or linear projects.

e  While automatic AT has continued to mature, it requires a significant computational
burden that becomes even more difficult, and sometimes impossible, when the
matching is performed over areas of steep slops, no texture, forested and water areas,
and large urban areas.

QCuality Control

A critical element in the positioning of the vehicle is the quality control (QC)
component. The VISAT system handles QC in two different ways. First, i has
incorporated a real-time alert system that signals the user when the system performance will
not meet the expected accuracy of the survey. The second part is post-mission processing of
the data. This consists of a series of programs that correct for cycle slips within the GP3
measurements, performs INS bridging, and undertakes backwards smoothing. The modules
are employed to correct for a loss of the GFS signal. While post-processing can be used to
correct for some problems encountered in the survey, real-time C is necessary in order fo
ensure that sufficient INS and GPS data have been collecied to help process the vehicle
trajectory to the specified accuracy [El-Sheimy and Schwarz, 1998-991.

Poor satellite geometry is usually not a major issue provided that it only increases the
(3PS white noise. Using the numbers derived from the dilution of precision (DOP), an alert
can be activated to warn of poor geometry. Proper INS integration with GPS and proper
weighting of the observations will generally solve the geometry problem. But, poor
geometry could introduce correlated position errors. When this happens, additional regular
ZUPTs will be required in addition to the GPS data [El-Sheimy and Schwarz, 1998-991.

Another problem is cycle slips. When measuring phase with GPS, we can very
precisely measure phase change, or the fractional part of the GPS signal, at the receiver.
Unfortunately, it is not that casy to know the full integer number of wavelengths that existed
between the satellite and the receiver. This is referred to as the integer ambiguity. There are
methods that can be used to resolve this problem. A cyele slip occurs when we lose this
integer value, usually because of a loss of lock to the satellite.

The existence of a cycle slip can be found by predicting the GPS double
differences, V Alpregices, With the inertial system coordinates. Then the cycle slip difference,
v, is found by comparing the triple differences between the predicted and measured values
[Fl-Sheimy and Schwarz, 1998-991.

\ ) S
v (t} = VZI}‘Q‘PP* edicted X, Aq)Mcasmsd
where
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SVA{;)P; sdicied = \/‘Ap(i)/’/

'y

and: = the current epoch,
YVap = the double-difference range from the INS predicted coordinates,
VA = the GPS double-difference vahies, and
A = the wavelength of the carrier phase,

A simple approach {o fix the cvele slip in real-time is to find the absolute value of
v{i} and compare it o some threshold value. This threshold criterion must be under a full
cycle if centimeter accuracy is required. This will tell the user if any cycle slip has occurred
since the last GPS epoch. If the value for the cyele slip difference exceeds the threshold
then simply add the integer, as shown by

VAN ., = VAN, +INT{V)

where VAN is the integer value of the full wavelength and INT is the 'nearest integer'
function [El-Sheimy and Schwarz, 1998-99],

Another approach is to perform the cyele slip recovery by post processing.  If real-
fime s not necessary, this method is better since one can use the double~-differences directly
without the time differential of the wriple differences. This is done by modeling v{t) as a
function of the time through the epochs hefore and after the cycle slips thereby decreasing
the noise. Moreover, it is not always necessary to correct for loss of lock and cycle ships in
real-time [El-Sheimy and Schwarz, 1998-99].

INS bridging is generally osed in post-processing.  Iis advantage is that i utilizes
wmorg NS information. INS bridging involves using the inertial systemn predicted
coordinates for the position of the GPS receiver afler it acquires the satellite signal.
Provided that the INS errors are less than g half cyele, correct integer ambiguities can be
determined. I the errors are larger than this, a constant bias will be introduced into the
ambiguity. This can be eliminated using an on-the-fly {({¥'F} integer ambiguity procedure
{El-Sheimy and Schwarz, 1998-991.

As an additional measure of guality control, independent ground control can be
observed [Grejner-Brzezinska, 2001al. The control can either be existing control in the
survey area or new control established for an independent check.

{maging Component

An mmportant part of a MMS is the imaging system. The VISAT system consists of
8 digital cameras that are mounted in two towsrs. Each camera has a 640 x 4808 pixel
resolution. The two towers are placed on the top of the van with a fixed base between them.
This is important because it will remain a8 constant throughout the survey. Six of the
cameras are orienied to provide 230° of horizontal and 40° of vertical coverage. The other
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two cameras are used for special types of surveys, such as powerlines, and have a different
vertical field of view [El-Sheimy and Schwarz, | 3998-99].

All cameras are synchronized, therefore when an exposure is made the eight images
will all relate to the same vehicle position. The images are then compressed in real-time and
stored to a RAID (redundant array of independent bard disks). This system stores up to 20
GB of data, which corresponds to about 150 km of survey data. GPS time is tagged to each
image, which is used later in georeferencing [Ei-Sheimy and Schwarz, 1998-991.

The VISAT controller is an integrated part of the imaging system. Two input
channels are available for the ABS data and the GPS receiver strobe output. The controller
can perform the following functions [El-Sheimy and Schwarz, 1998-991:

e Triggers the camera so that exposures are made at a set distance along the survey
route,
turn the cameras off/fon when stopped at traffic lights,

+ automatically time tag distance-dependent cvents using GPS, like the start/end of the
ZUPT of the INS or start/end of GPS static periods,

s provide the synchronization pulse to ensure that all & cameras are exposed at the
same time, and

s  send an alert to the driver for ZUPT of the inertial system when fraquent (GPS signal
blockages are encountered.

Timing Component

A critical part of high accuracy positioning when utilizing multiple sensors is timing.
With three primary data collection instruments (GFS, NS and digital imaging system),
georeferencing the image means that the relationship of the imaging sensor to the body
frame as tied in by the GPS/INS system is time dependent. The system is brought together
by time synchronization. Two of the instraments have timing boards, namely GPS and INS.
GPS is an excellent reference frame. The INS also provides an accurate time reference but it
usually operates in a free-run mode and seldom is it related to Coordinated Universal Time
(UTC)[Grejner-Breezinska, 2001a}.

Generally in the MMS environment the INS clock is synchronized to the GPS clock
during initialization. [t ean also be calibrated for clock drift, or scale error, in post
processing.  The timing board, which is synchronized to the GPS, is used to time tag the
exposure of the image and the INS data records. Very high accuracy is possible. Grejner-
Brzezinska [2001a] reports that calibration of the timing board can be done to about 0.2%
with around Ippm’. Response times range from 5-10 s even for high event rates, such as
1,000 events/second. At a speed of 200 mw/s, the timing error amounts to 1-2 rm of error.

ppim i paris per million
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Georeferencing concepl

Georeferencing is the assignment of coordinates to feature points for a GIS.
Historically, when imagery was used to Jocate features, ground control points {GCPs) were
required. This led to indirect georeferencing since the location of the exposure station was
determined by aerotriangulation using the basic concepts of resection of the GCPs.
Determination of the control was an cxpensive phase that represented a large part of the cost
budget for a project, depending on the particular site.

Photogrammetrists have been trying for years to improve the accuracy of the exterior
orientation parameters and to reduce the number of GUPs needed for accurate mapping.
While some successes were recognized, for the most part these auxiliary data measurements
were abandoned for more robusi aeroiriangulation procedures. But with the advent of
airborne GPS, things began to change. For the first time, photogrammetric projects could be
undertaken with no ground control, although this was only true for block adjustment of
overlapping imagery. Still, other sensors required GCPs. With the troduction of
affordable and accurate INS, coupled with GPS, it is now possible to recover all of the 8iX
exterior orientation parameters, hence allowing the user to know the position and orientation
of the sensor being used and in the data collection.

The geocoding component of a MMS consists of three parts: a calibration module,
and position/altitude module, and a stereo module.  The situation of a mobile mapping
system is one that consists of three, and sometimes more, reference frames {see figure 3}
The goal is to obtain the spatial location of features in real-world coordinates, whether they
be in State Plane Coordinates, Universal Transverse Mercator (UTM) coordinates,
geographic coordinates (latitude, longitude, and height), or some other earth-fixed
framework. This referred to as the mapping frame (m-frame).

Yaw *§ .
1 3 (3PS Antenna
. : a8
NS
b-frame S &
b AR ) 3 b
by T ¢
W dr? i b
P -
) RGEE/
14 By e “ .
i rms(t) P N Camera
J (/,.«' c-frame
A f,/’ ¢
Feature LT ¢
m-frame

T
Point

X

Figure 3. Georeferencing geometric relationships.
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The vehicle iiself also has its own reference frame, which is referred to as the body
frame, or b-frame. When INS is cmployed, the b-frame 18 referenced to the inertial
coordinate system. Finally, there is the reference frame of the sensor system. Since this
frequently involves a camers, it can be called the camera frame or c-{rame.

The process of georeferencing involves taking the imagery that is in two-dimensional
space in the c-frame and transforming it to the me-plane. The c-frame is in a local coordinate
framework Lisd to one of the cameras, often the left camera. The vector from the camera {0
the object, designated as 1°, is transformed to the vector from the origin of the earth-fixed
coordinate system to the object, 1", This is given mathematicatly as [Ei-Sheimy and
Schwarz, 1998-99%

S r)i?s;{t}*“}{?(t} (R? E A ab,\)

where:
g = coordinate vector of point { in the m-frame,
(3 timc@cpm@mt vegtor deﬁnﬁd‘ ?etween th? origin of the mapping
conrdinate framework to the INS (or GPS) in the ny-frame,

{ time of exposure,
R {tj = time-dependent rotation matrix between the b-frame and the
m-frame, which is measured by the INS,
Rt = rotation matrix (sometimes referred 10 as the boresight matrix)

between the c-frame and the b-frame, which is defined in the INS
coordinate frame,

s, = scale factor applied 1o the photographic relating one cargera o one
point i,
° = goordinate vector in the ¢-frame, and

= offset distance between the INS and the camera, which s
commonly referred to as the boresight offset vector.

The relationship assumes that the IMU is rigidly attached to the body of the vehicle
such that the body frame is defined by the INS sensor frame.

The rotation matrix, R7{t), between the b-frame and the m-frame is defined as
[Greiner-Brzezinska, 20016}

—~sind —singeosd cosgpeosd
m — . 7 ‘- . < - P SN
Ri{y=i cosd ~singsind  cosgsind | Rt}

v cosq s5in @

where @ is the latitude, A ts the longitude and Rus(t) is the rotation matrix consisting of the
heading, pitch and roll angles. This latier rotation rnatrix reflects the transformation
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hetween the Fast, North and Up (ENU) coordinate systems to an carih centered, earth-fixed
coordinate system. I the mapping frame is expressed in a local coordinate system (ENU)
then R7 {1} is equivalent to Rpws(t).

Photogrammetric Measwrements

The digital cameras are synchronized to obtain the image at the same instant.
Through the GPS/INS on-board the vehicle, these images are easily georeferenced. The
cameras are used, together with photogrammetric theory, to obtain the 3-dimensional
coordinates of the features in the object space. To do this, each object must be capiured inat
least two cameras from different vantage points. While it is possible to obtain the position
from one image only, for high accuracy surveys, stereophotogrammetry is used. While
conventional photogrammetry relies on the bundle adjustment to obtain the six elements of
exterior orientation (the space location of the perspective center, Xy, Yo, and Zi, and the
rotation angles, ¥, @, and o}, mobile mapping systems can obtain these values directly from
the GPS/INS navigation information.

Once the images have been captured, the systers is used to identify the features in the
object space. Older systems utilized manual methods of identification of objects. Today,
many of the systems can perform automatic, ot nearly automatic, feature exiractiot. This is
casily done using image processing techniques and has been very successtul, especially for
linear features and ather features that have a recognizable geometric shape,

An example imaging system where near-real time automatic image processing is the
second generation MMS developed by The Obio State University {O8U) for the Ohio
Department. of Transportation (ODOGT) for road centertine surveys |Grejner-Breezinska and
Toth, 2003]. This systern consists of a downward looking, color digital camera. The
advantage of this configuration is that the scale is nearly a constant from frame to frame.
The predefined objects that are collected within the imagery are easify predictable. These
objects include line roarks, swrface texture variations, cracks, potholes and skid marks. In
tests conducted by Grejner-Brzezinska and Toth [2003] using post-processing technigues,
two important factors came into play for real-time processing.  First is the issue of data
acquisition overhead. While the camera used in the MMS was capable of taking up to 30
frames per second, the dual Pentium 1.7 GHz used could only handle about 10 frames per
second, requiring limiting the speed of the van to about 30 mph.

Second js performance of the image processing.  They found a time dependency
when performance is measured with respect 1o image guality and context.  Using
stercoscopic technigques, more processing time was required for images of poorer guality.
Image processing would consist of determining image space coordinates and polyline
extraction of centerlines. The object space coordinates would still be coarse FEGUIning
refinement using post-processing techniques.

Integrating instruments is not a new concept for photogrammetry.  For example,

merging flying height information 1o aid in the acrotriangulation is well documented in the
Hterature of the 1970s. With the onset of GPS, enterprising photogrammetrists began to
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mount receivers on-board the aircraft to capture the space position of the perspeclive center,
Again, this data was used to aid p serotriangulation. While the position of the camera was
now observable, the orientation of the camera platform was not. It was through the
development of isertial technology inlegrated with GPS that all of the six exterior
orientation parameters were now available.  This now gave the photogrammetrist the
opportumity to perform direct platform orientation.

Another important development that aided MMS was the development of good
quality and accurate digital cameras. Digital sensors are nol new but how these sensors
formed the image created problems from a photogramimetric point of view. For example,
many of the carly CCD sensors used in mapping consisted of a linear array. Here the image
was formed line by line with each line being exposed at a different position. Therefore, a
robust modeling of the sensor trajectory was required fo create a geometrically correct
scene.

Area CCD systenss offered an approach that was more compatible to the principles
used in photogrammetry and could be easily introduced into a working environment.
Unfortunately, they are limited in size when compared to the 23-om (97} square format
gsually used for photogrammetric mapping. For a typical aerial mapping project this would
mean a smaller footprint thus requiring mMore eXposures per flight line and more flight lines.
For example, a 37 x 37 sensor requires the acquisition of 9 times more imagery, which adds
time and increases data acquisition costs. This also increases the computational burden
considerably since the number of point measurements would increase by ong order of
magnitude.  But this can be made to be irrelevant when DRSO is aken into consideration
since this would decresse hoth processing time and costs. DSO plays an even more
imponant role when lingar sensors are used in the camera [Greiner-Brrezinska, 2001b)
Farly projects for corridor mapping did show that digital imagery is a viable option for
mapping. These smaller format cameras fit well into a corridor environment because the
area of interest is usually smalier than typical mapping projects.

Despite the smaller format, digital cameras do offer some advaniages over
conventional analog film. For real-time applications, digital imagery is essential, With
analog film, the film has to be developed and then scarmed before it can be used in digital
processing. Thus, digital imagery significantly reduces the turn-around time. Also, being in
digital form, it can be directly inputted into a soficopy workstation for feature extraction
processing. With DSO there is no need for aerotriangulation except for calibration and
quality control purposes. Therefore, the additional imagery needed becanse of the small
format becomes less of an issue. Additional advantages of a completely digital workflow
are |Grejner-Brzezinska, 200 1al:
improved triggering,
fow noise fevel,
no signal corruption during storage, and
no digitization peeded for the imagery.

8 ® & 2
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Digital imagery does require quite a bit of computer memory space.  Fortunately,
developments in data compression have almost negated this problem. In fact, Grejner~
Brzezinska points out that it can compete very effectively when matched against film-based
techniques. In a real-time environment, digital imagery can undertake a number of
irmportant tasks on the imagery. These are [Grejner-Brzezinska, 2001a; 2001b]:

s signal conditioning such as gain and offset control and color correction,
»  image enhancements like real-time histogram coliection and correction,
s imprinting, which is analogous o titling analog film, and

®  imMage compression.

While these advantages are impressive, there are some issues that the user needs to
recognize when one compares CCD arrays to analog film. These are {Grejner-Brzezinska,
2001a; 2001bj:

& It is impossible to manufacture a flawless areay of CCDs. The bad pixel can, though,
he identified and corrected for using Image processing interpolation techniques. But,
the potential exists for losing data.

e The read-out rate can be large, particularly in older systems. This is the time period
required 1o pass the digital numbers within the pixel arvay to the siorage mediur and
to “clear” the CCDs for the next image. This tirne may affect the flight planning in
aerial missions. Newer systems have increased this rate, generally by using multiple
ocuiput gafes.

s Since the image is found in an array, it has a linear characteristic. Pixels may
experience saturation or blooming. This an spill over to neighboring pixels.

s  When compared to film speed (ASA), CCDs have a radiometric sensitivity i the
100-200 ASA range.

e The radiometric resolution of most scanned photographs produce a 6-7 bit intensity,
CCDs, particularly cooled ones, can yield higher values, on the range of 10-12 bit
resolution. This is due to the good signal-to-noise ratio.

Calibration

Like all measurement systems, calibration is cructal if we are to know precisely the
accuracy of the measwrement system. Since a mobile mapping sysiem consists of three
different and separate measurement systems, it is important to know how each behaves
individually and, more importantly, how the system behaves during the measurement
Process.

Since MMS utilizes a direct sensor orientation, it is critical that a system calibration
he performed. Generally, three different calibrations exist: internal geometry of the camera
{camera calibration), offset between the GPS and INS (level arm calibration), and the offset
hetween the camera and the INS (boresight calibration). This calibration should be
performed to the highest accuracy possible since the subsequent measurements are all based
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on these parameters. Additionally, the spatisl relationships between the individual systems
must remain constant throughout the mapping project [Gre} ner-Breezinska, 2001b].

There are some jmporiant issues related to the calibration of the CCD cameras.
Conventional aerial camera calibration used to evaluate conventional 23~om format cameras
cannot be used to calibrate digital cameras. There are some guestions about the lopg-term
stability of the camera parameters. Thus, calibration using setf-calibration using different
test fields in in-sity field procedures would appear 10 be the ideal method of deriving the
camera parameters [Grejner-Brzezinska, 2601bL

The boresight transformation s required when using the exierior orienfaucn
parameters directly. There arg two components in solving for this tansformation. Firstis
the vector offset between the perspective center of the carners and the center of the INS.
The second component is the rotation piatrix from the h-frame defined by the INS to the ¢
frame, or camers optical axis. The determination of the boresight transformation is
generally accomplished by comparing the measurements from the GPS/ANS to those
obtained from an independent aerstriangulation (A1) adjustoent. A good AT solution that
can be used as a basis for a boresight calibwation requires a good-quality test range with
targeted points.

Grejner-Brzezinska {2001 presents & simple model to determine ihe offset vector
between the b-frame and c-frame.

. A s Koc [ax
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where ay, 3y, & are the boresight otfsels in the b-frame defined by the INS, R s called
. . . . S —-INS P

the aitiude matrix that is developed from the INS measurements, Kower and XKusp are

vectors defining the center of the INS b-frame and the camera projection center,

respectively, at some epoch. The subscript NED refers io the North-East-Down loeal
. . . eai s I L O . ~

Cartesian coordinate. From the GPS/MNS, X is known while Xnep is obtained from the

acrotriangulation and Ry is obtained from the inertial measurements. The only unknown

in this last cguation is a’.

Crreiner-Brzezinska  [2001h] aleo deseribes the determination of the boresight
rotation angles. This will involve taking the local reference frame defined by the GPR/NG
to the N-E-D systern multiplied by the reflection matriy, S. This resulls in a rotation matrix
defined in the photogrammetric reference framework of East-North-Up, Thus,

ENU o 1 MED
Ry =8 K,

where
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P i 0
§=t1 0 0
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Defining the attitude wmatrix determined photogramimetrically as Ro. then any
discrepancy berween RV and R, should represent the misalignment that exists between
the two systems. The boresight rotation matrix can be presented through the following
relationship {Grejner-Brrezinska, 2001b]

o ENU gy ENU b
R, =RFV =RV R

<

B

= Ry =R

ENL
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v

The {inal boresight rotation angles can be identified as 8k or the rotation in heading,
3@ or the rotation in pitch, and B or the rotation in roll. They are defined as {Grejner-
Brzezinsks, 2001bl:
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The physical offset of the individual components is usually determined from a
conventional survey. Using angles and distances, the relationship between the phase center

of the GPS antenna, center of the IMU axis and perspective center of the camers lens can be
determined. Since these are not physical entities that the surveyor sees, they are determined
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indirectly. For example, the phase center of the GPS receiver may be marked by the
manufacturer on the cutside of the antenna or by measuring the position of the fiducial
marks and knowing the focal length of the camera through a camera calibration report can
yield the location of the perspective cenier of the camera.

The offscts between the components needs to be supplemented with additional
information, namely the misaligniment of the different coordinate axes of the individual
components. Acrotriangulation is used to determine this misalignment, namely the &w, &g,
and Ax angle differsnces between the camera coordinate axis and the IMU axis. This is
done by comparing the exterior orientation rotational errors derived from the AT process o
these measured in direct sensor orientation. As long as the components are not changed,
these offsets should remain a constant [Cramer, 19991

GIS Data Collection

it is well recognized that data collection is the most expensive, of nearly so, aspect of
building & GIS. 1t is also labor intensive. Mobile mapping systems were developed to
decrease the cost in data acquisition and increase the tum-around time. Indeed, with corrent
technologies in MMS, the potential for antomation exists that should accelerate data
collection making it even more economical. Moreover, the aceuracy required by the GIS
community will also be met with current operational systems. As the technology matures,
one should expect to find even greater efficiencies in mobile mapping.

The measurements taken with the sensors on-board the vehicle provide locational
information that can be imported into a geographic information system {(318). Because the
features are captured with the cameras, their atiribuies can aiso be obtained snd ioput into
the (1S as well. This does imply that the attributes are only those iems that are visible. For
example, while a manhole may be identified when the vehicle is moving, the type of
manhole and information about wility facilities within the manhole cannot be captured
unless the vehicle stops, the manhole lid is removed, and measurements taken within the
manhole, Alternatively, the GIS may contain other data sources that can describe the utibity
facilities.

The VISAT systern uses a structured query language (SQL} to build the database.
also includes other windows that display a multitude of data, such as a base map or
scrial/satellite image, a vehicle trajectory window, and measurement window to help locate
the features in the object space [Fl-Sheimy and Schwarz, 1998-991.

Accuracy of Mobile Mopping Systems
Assesament of accuracy of a roobile mapping system involves a complex relationship

of a number of sensors along the processing chain. This includes the aceuracy of the GPS
position, INS position and attitude, identification and measurement of the features on the
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trmagery, results from the system calibration, distance between the image sonsors and the
ohject features, and the image sensor geometry.

The accuracy of GPS is dependant upon 2 rmumber of variables such as [Cramer,
199491

e gpproach to processing such as absolute or differential,
s observables, and
s satellite geometry.

It is possible o obtain position accuracies in the 10 em range for baselines up to
shout 30 km. Moreover, velocity can be determined to a fow cnys.

Fl-Sheimy and Schwartz [1998-99] tested the VISAT MMS in two different modes:
integrated GPS and INS and INS alone. A test field was constructed with 80 control pomnts
that were positioned with GPS. For assessment of accuracy, these were treated as “true”
values. The distance between the cameras and the control points fell between 16-30 m.
Remember that because of the short fixed base between the cameras, distanece o the objects
should not be too long.

The intcgrated GPS/INS involves gathering the vehicle navigation data from both
sensors and using them together to exploit the meagurement of each sensor. This method is
the preferred approach in an operational envirorment, but i does assume a continuous lock
an the GPS satellites. The INS only processing method involves ZUPTSs at regular intervals,
Within an urban arca, because the GPS signal can be frequently blocked, this is probably the
primary processing method.

The integrated GPS/INS resulis were found to be .13 m in the horfzontal direction
and 0.0% m in height. These are root mean square {rms} errors. In the NS only results, the
rms ervor was found to be 829 m in the horizontal direction and $.19 m in the vertical
Recause Fi-Sheimy and Schwartz constrained the control values, they feel that the more
realistic representations of the rms ervors are about 10 ¢m for the horizontal coordinates and
5 cm for height errors [El-Sheimy and Schwarz, 1998-991. Grsjner-ﬁrzezinskaé gives an
accuracy range of 10-20 am,

Accuracy in real-time is a bitle different. As we have seen, accuraie positioning
requites post processing of the GPS and INS data. Nonetheless, using 3 free inertial
navigation solution, real-time solutions are passible, but only at a lower accuracy because of
the time-dependent INS error rate. Thisisa long-term error. If one uses the INS pavigation
differences between two consecutive exposures, this long tenm effect is practically
negligible.  This has been shown fo be of sufficient accuracy for relative oriestation
purposes. Fost processing can be employed o correct the relative orientation in absolute
terms.  Grejner-Brzezinska and Toth 126631 have indicated that using a 1.3 m image

" This estiraate is based on a 2-m base between the cameras and an object distance of 5-28 m..
? This i the second generation mobile mapping system developed by G8U for ODOT and the specifics are
discussed earlier.
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separation distance, which yields about a 5% overlap that an error in relative orientation of
about 50 arc seconds will result in a linear offset of about 4.3 mum, which is negligible for
the relative orientation.

Cramer [1999] looked at the accuracy from the point of view of its competition with
aerotriangulation. His findings indicate that techuically and theoretically, DSQO can compete
with AT. This means that the main consideration is really one based on economic cONCErNS.

But, as Cramer [1999] also states, the construction of a combined GPS/IMU with
aerotriangulation should receive further consideration. While using AT increases the cost,
the computational budget is not as significant as it is with AT without GPS/IMU integration.
Moreover, this combined AT with GPS/IMU approach is very important in quality control
evaluation since the observed oricnialion parameiers are evaluated with the acrotriangulation
solution. Direct sensor orientation places a lot of reliance on the performance of individual
components such as the precise tme aligiment, the influence of external force upon the GPS
measurernents and the accuracy of the interior orientation of the sensor. Therefore, a
DSO/AT integrated approach can strengthen the solution, increase the reliability of the
results and provide a more robust self-calibration on the whole mapping system,

This same conclusion was reached by Greening et al {2000 These authors indicate
that the resulis of the camera calibration should be thought of as a priori estimates of the
interior orientation parameters that are subsequently massaged or adjusted with the bundle
adjustment with self calibration. Frrors, even small ones, in critical parameters can have a
significant effect on the results. For example, Greening et al {2000], drawing upon results
from Dr. T. Schenk, state that a 20 pm error in the calibrated focal length can vield a
comparable error of 0.7 m in the object space for mapping camera at a flying height of 5,000
m above ground.

Moreover, there is also an almost linear relationship between the focal length of &
camera and temperature.  When exposed to temperatures different than those that existed at
the time of calibration, the lens cone can experience expansion and contraction. This result
is shown in figure 4 [Greening et al, 2000} Therefore, it is important to sec that AT does
provide continuing benefit to the reapping process. In fact, Greening et al state that the
functions of AT include:

s densification or extension of contro} over the project area,

s perform seff calibration on interior orientation parameters such as the calibrated focal
length and other image distortions, and

s execute guality control/quality assurance over the project.
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One of the criticisma of direct sensor orientation has been the degradation of stereo
viewing within the model. A parallax free model is normally accomplished by visiling
points, often referred to as the von Gruber points, where parallax is manually removed.
Relative orientation results obtained by manual parallax removal can be different than
results obtained from conventional acrotriangulation, which can be further different from
direct sensor orientation, As Colomina [2002] states, residual y-paraliaxes were accepted in
the AT and even airborne GPS aerotriangulation results because of the classical two step
orientation process and this can also be handled in the DSO approach by modifying the two
step process. This can be shown in figure S where tie poinis could be observed and included
in a local bundle sohution.

The selection of the object space coordinate system causes an issue in
photogrammetry, which could be exacerbated in D3O, Figure 6 shows the effects of the
physical geometry in the photography of overlapping imagery and its projection onto a state
plane coordinate system. From the figure, the ellipsoid normals are not paraliel to each
other therefore the distance aa’ > bk > ¢’ > dd’. This relationship indicates that the
cllipsoid normals tend to converge. Thus, the coordinates of the point expressed in the
conformal mapping plane with an orthometric height defining the Z-compenent define a
systern that is not conformmal in the sense that it does not represent the real world situation
[Greening et al, 2000]. State plane coordinates represent the projection of curved points
onto a flat plane. This cannot be done without any distortion. Along with ellipsoid normals
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converging, there is also a projection scale factor. This means that the distance projects on
the plane, ec’, can differ significantdy from the distance aa’ that represents the exposure
stations of the camera. A more significant problem is that the physical relationship between
the eilipsoidal height measured by GPS and the orthomeitric height are not scale-compatible
with the projected points ¢ and ¢’ {Greening et al, 2000}
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Figure 5. Twao step orientation proposal [from Colomina, 2002},

What Greening et al {2000} and others have proposed is the use of local rectangular
coordinate system whose origin is near the center of the project. The X and Y coordinates
are oriented ecasterly and northerly respectively with the Z-coordinate approximating the
local vertical. This provides a true Cartesian coordinate framework that should be used not
only for aerotriangulation but also for map compilation.
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20001,

A related issue is the geoid and deflections of the vertical. It is well-known that the
ellipsoid and geoid are non-parailel surfaces. Additionally, there are no linear relationships
between the two reference surfaces. While we know how this geoid separation affects
heights, it also impacts on INS derived orientation {Greening et al, 2000]. The orientations
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from the mertial system are related to a local level surface which is perpendicular to the
local vertical whereas the relationship should be made with respect to the ellipsoidal nommal,
While it is true that acrotriangulation blocks often use the same scheme, Greening et al
indicate that their effects are very localized and therefore insignificant when AT is
employed.

As a comparison, Greening ct al [2000] performed a test on DSO by comparing the
results from three different tests: AT alone, D8O alone, and AT with observed orfentation
elements,  Upon achieving orientation, a compiler looked at the model o evalogte s
effectiveness jo making stercoscopic measurements. The conventional AT was used as the
benchmark since this approach is tried and true within the mapping industry.

The results when using directly observed exterior orientation parameters indicated
that about half of the models contained “moderate” to “severe” levels of y-parallax that
potentially made the measurements unreliable. On the positive side, the resulis did indicate
that they were accurate enough for ASPRS (lass H mapping standards at a scale of 17 =
1007 with 27 contours. The last test was 1o incorporate the observed exterior orientation info
the acrotriangulation. Here the resulis were slightly poorer than the conventional AT alone
process, but parallaxes were removed. This result vielded accuracies sufficient for ASPRS
Class | mapping standards at a scale of 7= 100" and 2° contours.

Benefits of Mobile Mapping Systems

There are numerous benefils that can accrue from MMS.  Grejner-Breezinska
[2001a] states that “multisensor systems provide complementary, fast, accurate, faul-
resistant, and costeffective data that can be used in g variety of mapping tools”. Other
benefits include {Grejner-Brzezinska, 2001a; 2001b]

A cost savings in data collection of around 18:1.
A reduction of ficld wips at again a 10:1 ravo.
Proactive assef management,

Improved service by reducing turn around time.
Increased productivity through avtomation.
Optimizing data Jow,

& 2 » & @ B

Conclusion

Mobile mapping is making a significant impact in spatial and atiribute data
collection for geographic information asysiems across the world,  Future technological
developments and a better understanding of the interchange between different sensors will
make MMS 3 more robust and dynamic real-time mapping and information management
systern.
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Na
ND

Review Questions

ol

(e

(4]

10,

b

i2.

Tiescribe, in your own words, what a mobile mapping system is in the context of the
information given in this lesson,

Describe the weaknesses of using a GPS-only navigation sensor.
Explain how GFS and INS are complementary navigation systems.

One of the issues of GPS is cycle slips. What is a cycle slip? How can they be
corrected?

Describe, conceptually, how georeferencing of features iv performed in a mobile
mapping system.

What are the advantages of an area CCD array over analog film techniques?

Describe issues that the user should be aware of when comparing a CCD array o
analog film.

What are the benefits of a mobile mapping system?
Why is a system calibration uportant?
Pescribe the factors that affect real-time mobile mapping.

What are the sources of error within an IMU and how can these errors he minimized
an inerfial-only mode?

What arc the advaniages of direct sensor orienfation over conventional
aerotriangulation?

Describe the boresight calibration. What is itand how is it performed?
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Towns get new view from above
Picture system considered valuable municipal tool
By David Rattigan, Globe Correspondent, 9/5/2002

When Andover received its copy of the new “Pictometry" system, its Fire Department
wasted no time putting it to use. Deputy Fire Chief James Lynch used it to map out a safety
plan for the town's annual independence Day fireworks display.

"Last year some material fell into the crowd, so we wanted to set people back [an additional]
50 feet," Lynch said. Dragging the cursor across a deskiop site of the city’s athletic fields, he
was able to measure the distances from the shooting point, and draw a new perimeter. "I
could do it without going into the field, and without having to measure it off by hand.”

A group of communities northwest of Boston are the first in the state - and among the first in
the country - to purchase the Pictometry system, which promises to be a valuable tool for
police, fire departments, assessors, planners, inspectors, conservation departments,
engineers, community development departments, and others.

Planners and engineers have used aerial photos for mapping and planning for many years,
but Pictometry offers more images, from higher and lower points, and with oblique (45-
degree) as well as orthogonal (straight-down) angles. The images can integrate with
Geographic Imaging Software and its own Electronic Field Study software to measure
length, area, or distance; determine longitude, latitude, and altitude; fix the bearing of a road
and angles of intersecting roads; calculate perimeter and acreage, and more. As a result,
Merrimack Valley Pianning Commission executive director Gaylord Burke said, users can
"take a field trip on their desktop."

Andover planning director Stephen Colyer, who is also chairman of the Merrimack Valley
Planning Commission, was immediately impressed. "The measurement tool is extremely
accurate,” he said. " tested it out on some things | knew the measurement of, and it
measured both horizontally and vertically. The only error is the error you might make, and
where you put the pointer. It's unbelievable.”

Timothy Belcher, GIS project manager for the Lawrence Planning and Development Office,
said the system is providing him with new, updated aerial images. He envisioned being able
to overlay the city's GIS data into the software. "If somebody's interested in a certain site,
we can go to the picture, look at it, and then pull up the data as well," he said.

The Merrimack Valley Planning Commission helped arrange the two-year purchase of the
licensed system, making it the first regional council in the United States to acquire the
technology. Among participating communities, the system has been delivered to Amesbury,
Salisbury, West Newbury, Haverhill, Methuen, Andover, North Andover, and Lawrence.
Newburyport, Georgetown, and Groveland have purchased it and are anticipating delivery.
The purchase price was approximately $160,000 for two years, with communities paying
different shares of the total depending on their land size and the package of images they
bought. Communities can update every two years. The highest share was paid by Andover,
which has 32 square miles, got an extensive library, and paid $10,700 per year. The lowest

2081



was Lawrence, $2,200.

The system was delivered in June and July to most communities, which are loading it into
their own systems and training employees.

Pictometry Inc. president and CEO Richard A. Kaplan called the Merrimack Valley Planning
Commission communities "our beta site in Massachusetts.” He said the Massachusetts
Department of Transportation has hired the company to map the rest of the state.

Local officials charged with public safety said they are excited about its potential, as both a
training too! and for field use.

Andover's Lynch said a dispatcher could call up an image, and determine whether there's a
potential danger, such as a liquid propane tank. "If we're fighting a brush fire, they can warn
us if there are any hazards in the area," he said. "No question, it's a great tool.”

In a hostage situation, high-risk warrant service, or drug raid, police could learn where they
might encounter fences or other obstacles, and possible ambush points.

"From a S.W.A.T. perspective, these are invaluable,” said North Andover Police Chief Rick
Stanley, who is also control chief for the Northeastern Massachusetts Law Enforcement
Council's Regional Response and S.W.A.T. team. "You can look at it and see what you're
getting in to, without having to send real bodies in."

This story ran on page N1 of the Boston Globe's North Weekly section on 9/5/2002.
© Copyright 2002 Globe Newspaper Company.

< Back to the News Room home page.

L
Contacl us at 1-888-771-9714 or info@pictometry.com ©1895-2002 Pictometry Intemational Com.
For technical questions or comments relating to this web site, e-mail webmaster@piciomelry.com.
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Abstract

In this paper, the development and testing of an airbomne fully digital multi-sensor system for digital mapping data
acquisition is presented. The system acquires two streams of data, namely, navigation (georeferencing) data and imaging
data. The navigation data are obtained by integrating an accurate strapdown inertial navigation system with a differential
GPS system (DGPS). The imaging data are acquired by two low-cost digital cameras, configured in such a way so as to
reduce their geometric limitations. The two cameras capture strips of overlapping nadir and oblique images. The
GPS /INS-derived trajectory contains the full translational and rotational motion of the carrier aircraft. Thus, image exterior
orientation information is extracted from the trajectory, during post-processing. This approach eliminates the need for ground
control (GCP) when computing 3D positions of objects that appear in the field of view of the system imaging component.
Two approaches for calibrating the system are presented, namely, terrestrial calibration and in-flight calibration. Test flights
were conducted over the campus of The University of Calgary. Testing the system showed that best ground point positioning
accuracy at 1:12,000 average image scale is 0.2 m (RMS) in easting and northing and 0.3 m (RMS) in height. Preliminary
results indicate that major applications of such a system in the future are in the field of digital mapping, at scales of 1:5000
and smaller, and in the generation of digital elevation models for engincering applications. © 2001 Elsevier Science B.V. All
rights reserved.

Keywords: GPS /INS; Georeferencing; Mobile mapping; Multi-sensor systems; Airborne digital mapping; Digital camera

1. Multi-sensor systems for mobile mapping

During the past two decades, the mapping sci-
ences have progressively moved towards digital
mapping, making use of multi-disciplinary develop-
ments in the geomatics field. Instead of regarding
geodesy, photogrammetry, and remote sensing as
separate sciences, they are seen more as an inte-

* Corresponding author. Tel.: +1-905-709-4600 ext. 274; fax:
+1-905-709-7153.
E-mail address: MMostafa@applanix.com (M.M.R. Mostafa).

grated discipline today. Part of this development has
been spurred on by systems capable of acquiring and
fusing accurate globally referenced data in fully digi-
tal form with short turn-around-time in a cost-effec-
tive fashion. A mobile-mapping multi-sensor system
is, thus, the product of integrating the concepts of
kinematic geodesy and digital photogrammetry, to
acquire, store, and process, measurable quantities
that sufficiently describe spatial and/or physical
characteristics of a part of the Earth’s surface.
Various applications in GIS, airborne remote
sensing, and resource mapping often require data

0924-2716 /01/$ - see front matter © 2001 Elsevier Science B.V. All rights reserved.

PII: $0924-2716(01)00030-2
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capture in fully digital form, with sufficient accuracy
and in a cost-effective and fast manner. Therefore,
integrated digital image acquisition and navigation
systems have been developed for such applications
(cf. Cramer et al., 1997; Mostafa et al., 1997; Toth
and Grejner-Brzezinska, 1998). Such systems are
part of a continuing effort which started earlier for
the development of GPS-aided inertial navigation
systems in support of geomatics applications [see
Schwarz et al. (1993) for the mathematical model
and proposed applications, and Abdullah (1997), El-
Sheimy (1996), Reid et al. (1998), Schwarz (1995),
Skaloud et al. (1996) and Toth and Grejner-Brze-
zinska (1998) for applications].

b-frame ° w INS
mIIE
% min’!ch
b
PR F
z

2. Direct georeferencing model

As shown in Fig. 1, direct georeferencing of
digital images can be described by first introducing
the collinearity concept rearranged for object coordi-
nates as:

r =r (1) + s, RYr(1) (1)

where r} is the georeferenced 3D vector of coordi-
nates of an arbitrary object point G in the mapping
frame (M-frame); r¥ (¢) is the 3D vector of coordi-
nates of the exposure station E, of any imaging
sensor, at the instant of exposure, in the M-frame; s,

bb GPS antenna

Z GPS

Y ysinaes i X /ﬁ'v ) Y™
~ ¢
" G
c-frame l s "R)» &

XM

Fig. 1. Elements of direct georeferencing (see explanations in text).

2084



M.M.R. Mostafa, K.-P. Schwarz / ISPRS Journal of Photogrammetry & Remote Sensing 56 (2001) 1-12 3

is a scale factor per point per image for each imaging
sensor, implicitly derived during the 3D photogram-
metric reconstruction of objects using image stere-
opairs and therefore not explicitly computed in prac-
tice; RM () is a matrix rotating each imaging sensor
camera frame (c-frame) into the M-frame utilising
the three photogrammetric rotation angles w, ¢ and
x (cf. Moffit and Mikhail, 1980); and r; (¢) is the
3D vector of coordinates of the image point g in the
c-frame, expressed by:
¢ __ ,,C

re() =5 e B2 @
where x; and yg are the image coordinates of point
g corresponding to the object point G; x;, and yg,
are the principal point offsets from the CCD format
centre; k is a scale factor accounting for the non-
squareness of the CCD pixels; f is the calibrated
focal length of the lens in use.

Since the imaging sensor(s), the GPS antenna,
and the INS centre do not occupy the same point in
3D space, Eq. (1) can be modified to include the

position and orientation offsets which is expressed
by the formula:

g = (r?I‘iS/DGPS(t) +R¥(t)a‘|’5)

+ 5, (R¥(£)R)re (1) (3)

where r}is paps (1) is the 3D vector of coordinates
of the INS centre in the M-frame; RY (¢) is a matrix
rotating the INS body frame (b-frame) into the M-
frame; a‘l’3 is an offset vector between the INS centre
(b-frame origin) and the imaging sensor exposure
station E; b® is an offset vector between the INS
centre and the GPS antenna centre that is measured
and compensated for during GPS/INS data post-
processing; R® is a matrix rotating each imaging
sensor c-frame into the INS b-frame.

3. Multi-sensor system configuration

The configuration shown in Fig. 2 acquires two
separate streams of data, namely, the navigation and

Navigation
Component

GPS Antenna

Honeywell LRF 1l
INS

Antenna
splitter

Trimble 4000SS!

GPS Receiver
PPS

Imaging
Component

Kodak DCS 420c

Laptop PC

Kodak DCS 420c

Fig. 2. Hardware configuration.
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the imaging data. The navigation data is collected
using a Honeywell LRF III inertial navigation sys-
tem, and an Ashtech ZXII GPS receiver, connected
to a portable computer for raw data acquisition and
storage for subsequent post-mission processing. The
image data is collected by two low-cost Kodak
DCS420c digital cameras equipped with a 1.5 X 1K
CCD chip (9 um pixel resolution). To synchronize
the INS, GPS, and image data in a common time
frame, the INS records are stamped in real-time by
the Ashtech GPS receiver PPS (pulse per second)
signal, while a Trimble GPS receiver event marker
pulse is used to store the instant of time when an
image is captured by one of the cameras. Therefore,
all the data are synchronized in the GPS time frame
during data logging. The data acquisition is con-
trolled by a real-time data logging software which
downloads the GPS/INS /imagery data to the host
computers, and time tags the imagery and INS records
by the GPS receiver-derived time pulse.

4. Geometric design of a multi-camera system

Several researchers reported on the point position-
ing accuracy achievable from digital imaging sensors
such as the three-line CCD sensors (Cramer et al,,
1997), or digital frame cameras (DFCs) (cf. Mostafa
et al., 1997). Height determination with the small
format cameras is poorer by a factor of three to five
compared to horizontal coordinate accuracy (Schwarz
et al., 1993; Mostafa et al., 1998). These results were
confirmed by simulations. Poor height determination
accuracy is due to the poor quality of the 3D space
intersection, which can be demonstrated by the inter-
section (parallax) angle y between individual camera
exposure stations and an arbitrary single ground
object, which can be expressed by Eq. (4).

wP,(1 - 0) cos(LFov ))

=2tan™!
Y an ( 27 2

Legy =0° GP at image centre
FOV

(4

L
Lgoy =2tan™! (—fp-) GP atimage edge

where, w is the image size (in pixels) parallel to
flight direction; P, is the pixel size; O is the overlap
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percentage between two stereo images; Loy is the
camera lateral field of view angle; and L, is the
lateral location of a ground point (GP) in an image.
Note that y is mainly a function of w, for the same
overlap percentage.

Since positioning accuracy depends on the inter-
section geometry y (which is dependent on image
size), the theoretical accuracy of height determina-
tion can be derived by standard error propagation
techniques. This yields:

_ 2
O'ZG — ﬁ%” (ZE ZG)‘Y (5)
2Z:J" “"“(E)

where, 0, is the height standard deviation of ground
object point G; 0,,, the image measurement preci-
sion; and Z; and Z; the height of the exposure
station and the ground point G, respectively, in the
M-frame.

Note that the effect of image position and orienta-
tion has been neglected in order to separate and
empbhasize the effect of intersection geometry. Fig. 3
shows o for different intersection angles and dif-
ferent flight altitudes. In Fig. 3, three ranges have
been identified. They correspond to vy < 20°, 20° < vy
< 40°, and y > 40°. The poorest accuracy is achieved
in the first range. In the second range, a significant
accuracy improvement is obvious, while the accu-
racy improvement is minimal in the third range. On
the other hand, the typical intersection angle for the
1.5 X 1 K cameras used in this system ranges from
3° to 10°. This leads to the lowest theoretical height
accuracy. Larger format DFCs can provide better
intersection quality. At the time of system develop-
ment, however, they are more expensive for such a
low-cost system and their image acquisition data rate
is much poorer than that of the 1.5 X 1 K cameras.
Therefore, the imaging component of the system has
been designed to include two low-cost 1.5 X1 K
digital cameras, one of which is nadir, and the other
is oblique. This allows for covering the same ground
scene with a nadir and an oblique image that, when
simultaneously processed, provides a wider intersec-
tion angle and thus better height accuracy. This
concept has been validated through computer simula-
tions, which showed that height determination accu-
racy is improved by a factor of 3.5 using such a
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Fig. 3. Height determination precision as a function of the image ray intersection angle.

system. Stereo image matching becomes involved in
this case; see Cochran (1995) for a detailed discus-
sion.

5. System calibration

The overall system calibration is required to relate
GPS-derived positions, INS-derived attitude parame-
ters, and imagery-derived object point coordinates.
Two approaches were followed to calibrate the sys-
tem. Next, each of these approaches is discussed in
some details.

5.1. The terrestrial approach

This approach is implemented in a static terres-
trial fashion, where the digital cameras and the INS
are tightly coupled using a metal frame, so as to
ensure a fixed orientation offset (constant boresight),
which is a key assumption in such an approach. The
digital cameras are used to acquire a number of
images to a precisely surveyed target field, from
which their interior geometry, lens distortions, and,
for each image, the position of the exposure station
and the image rotation angles can be determined (for
details, see Mostafa and Schwarz, 1999). The system
was set up for 45 min at each station collecting
inertial data while an image per camera was captured
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to the target field. A total of 10 stations was occu-
pied by the system. The 10 images per camera,
together with 36 other images per camera that were
captured before attaching the cameras to the frame,
were introduced to a self-calibrating adjustment soft-
ware (Lichti and Chapman, 1997), together with
approximate orientation angles for each image, and
accurate exposure station positions, to resolve for the
camera interior geometry, lens distortions, and exte-
rior orientation parameters. The extra 36 images per
camera were captured in a configuration that was
optimised to strengthen the network for high preci-
sion determination of the camera calibration parame-
ters (cf. Fraser, 1997).

The inertial measurements were processed using
KINGSPAD in a static mode imposing zero veloci-
ties constraint to avoid system position drifts. The
calibration procedure was repeated after the test flight
using the same approach of data acquisition. Table 1
shows the statistics of the orientation offset (bore-
sight) between the INS b-frame and each camera
c-frame in the pitch and roll angles for both nadir
and oblique cameras resulting from the pre- and
post-flight calibration, respectively. Note that the
changes in the angles are within their estimated
precision. The azimuth component is, however, of
poorer quality than that of the pitch and roll. The
precision of each camera yaw angle is about 40" and
30" for the pre- and post-flight calibration, while
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Table 1

INS /camera relative pitch and roll (*)

Calibration Min. Max. Mean a
parameter

INS / camera relative pitch

Pre-flight  INS-Nadir 230 2.33 2312 0.009
INS-Oblique  29.55 29.60 29.570 0.016
Post-flight INS-Nadir 2.29 2.34 2.305 0.013
INS-Oblique  29.56  29.59  29.580 0.009
In-flight INS-Nadir 2.26 2.35 2.308 0.021
INS-Oblique 29.53 29.76  29.660 0.045
INS / camera relative roll
Pre-flight INS-Nadir 3.1 3.15 3.130 0.010
INS-Oblique —1.43 —139 —1410 0013
Post-flight INS-Nadir 3.12 3.16 3.140 0.011
INS-Oblique —1.41 —140 -1406 0.009
In-flight INS-Nadir 3.09 3.20 3.147 0.021
INS-Oblique —1.53 —1.36 —1450 0.039

those of the INS are 2.9’ and 3.2', respectively. The
reason for that can be explained by the lack of
horizontal accelerations exposed to the system dur-
ing such static calibration procedure.

The estimated distortion parameters of the lenses
used by each camera agreed within their estimated
precision for both the pre- and post-flight calibration.
For instance, Fig. 4 shows the radial lens distortion
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profiles estimated during the pre- (solid lines) and
post-flight (dashed lines) calibration for the nadir
camera and the oblique camera, respectively. The
digital camera calibration results agree with a previ-
ous work reported by Lichti and Chapman (1997)
and Mills et al. (1996), especially for the nadir
camera typically equipped with a 28-mm lens.

5.2. The in-flight approach

This approach has been used by Abdullah (1997),
Cosandier and Chapman (1995), Mostafa et al. (1997)
and Reid et al. (1998). In the case of the multi-camera
system presented here, the geometry and imaging
configuration differ significantly from those pub-
lished by the aforementioned authors and, thus, this
approach was first studied by simulations and, then,
was verified using the test flight data. The general
data-flow is shown in Fig. 5.

Due to the poor space resection geometry pro-
vided by the digital cameras at hand, the ground
control used in the test flight was spatially dis-
tributed to strengthen the geometry as indicated in a
nadir and an oblique digital images of the test flight
shown in Fig. 6. The flight pattern was also designed
to help reduce the correlation between the interior
and exterior orientation parameters. The image

b
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b
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o

Fig. 4. Lens distortion profiles of the nadir camera (left) using a 28-mm lens and the oblique camera (right) using a 52-mm lens, for

pre-flight (solid lines) and post-flight (dashed lines).
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Fig. 5. The multi-sensor system data-flow (in-flight calibration case).

dataset was first processed using GPS-assisted aero- 5.3. Terrestrial versus in-flight calibration—a com-
triangulation to decorrelate image exposure station parison

positions from image attitude angles, for better re-

covery of image attitude angles, to subsequently It is obvious that the terrestrial approach provides
determine each INS/camera boresight. Table 1 a higher precision calibration of the roll and pitch
shows the estimated INS /camera roll and pitch off- components of the orientation offset. However, it is

sets for both cameras.

Fig. 6. A nadir digital image (left) and an oblique digital image (right), October 1998 flights.

the opposite in the heading component. The advan-

3CP
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Fig. 7. Boresight roll and pitch components for INS /nadir (left) and INS /oblique (right).

tages of the in-flight approach are: the calibration
process and the data acquisition process take place in
the same environment; it cancels INS errors devel-
oped over time before photography, especially when
having horizontal manocuvres which improve INS-
derived heading precision; and it is much more
convenient if the system is used with different air-
crafts. The drawbacks are: it requires special calibra-
tion field, and the calibration accuracy is dependent
on the accuracy, density and configuration of the
GCP calibration field, the sensor geometry (poorer
results for smaller image size) and image point mea-
surement precision.

The advantages of the terrestrial approach are: it
provides stronger network geometry for aerotriangu-
lation, higher precision target mensuration in im-
agery (typically 1/20-1/50 pixel), and is much
more controlled than the in-flight approach. The
drawbacks are: its geometry is different from that
obtained during aerial image acquisition; it is not
consistent with the operational environment; the
INS-derived azimuth is of poorer quality than that
achieved in airbomne case; and any error in equip-
ment installation would result in the loss of calibra-
tion parameters and the calibration would have to be
repeated. Fig. 7 shows the calibrated boresight roll
and pitch components for both cameras, while their
statistics are listed in Table 1.

6. Multi-sensor system testing in flight
In October 1998, a test flight was conducted over

The University of Calgary (U of C) campus for two
consecutive days. The campus was chosen because it
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covers an area of about 150 ha where GCPs could be
easily established and because it has a detailed urban
character. The hardware configuration described in
Section 3 is used in this test flight as shown in Fig.
8. The dual-camera system introduced in Section 4
was used in these flights because it allows a direct
comparison between a single-camera system and a
dual-camera system. The flight altitude was chosen
at 400—500 m, and the flight pattern was designed to
cover the entire campus by a block of 50-60%
endlap and 30-40% sidelap, using repeated west-to-
east flight lines and a single flight per strip in the
opposite direction. Two cross strips were also flown
from south to north and vice versa. The flight pattern
is partially shown in Fig. 9.

Almost 100 GCPs were painted all over the cam-
pus. They are needed to provide an independent
reference to test the overall system performance
when using the airborne data (GPS, INS, and nadir

Fig. 8. The multi-sensor system used in the October 1998 test
flights.
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Fig. 9. Partial GPS /INS-derived trajectory of the Calgary test flight.

and oblique images) for positioning objects on the
ground. In addition, the in-flight aerial calibration of
the entire system, as discussed in Section 5.2, can be
tested in this way. Fifty-three percent of the GCPs
were placed on roads and parking lots, 27% on
medium-height building rooftops, and 20% on high-
est building rooftops, to end up with a 67-m maxi-
mum elevation above the ground. This is to obtain
large height differences between adjacent points (e.g.,
on the ground and on building rooftops) to be able to
calibrate the digital cameras and the entire system
in-flight, as for example, shown in Fig. 6. All GCPs
were surveyed using GPS utilizing multiple master
stations. A network adjustment was finally per-
formed to double-check the GPS-fixed baselines.
The network adjustment yielded GCP coordinate
precision at the level of about 1 cm (1) in planime-
try and 2.0 cm (1 o) in height.

The flight was done with wide tums to avoid
signal blockage by aircraft banking and, thus, the roll
angle was typically smaller than 15°. Further, mis-
sion planning was done to ensure a good sun angle
and good satellite sky distribution. Two master sta-
tions were kept running during the test period. One
was located close to the airport and was occupied by
a Trimble 4000 SSI, the other was on the rooftop of
the engineering building and was occupied by an
Ashtech Z XII receiver. This resulted in two inde-
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pendent GPS trajectories which, when compared,
agreed to be better than 10 cm, which is typical for a
2-8-km baseline. These values indicate that each of
the two independent solutions provides sufficiently
high-precision camera exposure station position. The
Ashtech GPS raw data together with the INS mea-
sured specific force and angular velocity raw data
were processed using the KINGSPAD software. The
Kalman filter-derived estimates of the positioning
precision are 0.04, 0.05 and 0.09 m, for latitude,
longitude and height, respectively. For attitude, they
are 0.0075°, 0.0097° and 0.0152°, for roll, pitch and
yaw, respectively.

The GPS/INS interpolated position and attitude
angles at each exposure station were used together
with the imagery to analyse the system performance
when using nadir plus oblique images. After pre-
processing the GPS/INS data to compensate for the
position and orientation offsets between the naviga-
tion and imaging sensors, the compensated position
and attitude parameters were used as observable
exterior orientation parameters (in M-frame) together
with their standard deviations and the image point
measurements from the commercial software pack-
age PCI OrthoEngine.

The resulting GCP coordinates from processing
stereopairs in direct georeferencing mode, or adjust-
ing strips or blocks, were compared to the reference
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Fig. 10. Positioning accuracy for five stereopairs using nadir images (left) or nadir and oblique images (right).

values on the ground, to analyse both the direct
georeferencing approach using stereopairs or GPS/
INS-assisted strip or block aerotriangulation. The
analysis was done as follows: using a stereopair of
nadir images; using a stereopair of nadir images plus
an extra oblique image; using a strip of five nadir
images; using a strip of five nadir images plus extra
oblique images as available; using a block of 3 X3
nadir images; and using a block of 3 X3 nadir
images and oblique images in addition to cross strips
in both directions.

Fig. 10 shows the RMS of the differences be-
tween the GCP coordinates as determined by GPS/
INS /imagery data using direct georeferencing and
the GCP determined by the land survey, for five
stereopairs (StPr_1 to StPr_5). Each stereopair had
four to seven targeted points. Fig. 10 shows the
results when using nadir images (left panel) and
when using the nadir and oblique images (right
panel). From Fig. 10, it is clear that the ground
coordinate determination accuracy is consistent in all
stereopairs and according to the expectations. The

2.0
Nadir Images

Nadir and Oblique Images

1.5

1.0

0.5

Ground Positioning Accuracy (m)

0.0

‘Strip1  Strip2 _ Strip 3

trip 4
| Easting [JJJilj Northing [ ] Height

[

trip 3

E Strip 4

Strip 1 Strip 2

Fig. 11. Positioning accuracy for four strips using nadir (left) and nadir and oblique images (right).
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Table 2
Positioning accuracy for nadir and oblique imagery using block
configuration

Easting (m) Northing (m)
RMS Max. o

Nadir image block results
069 03 031 071

Height (m)
RMS Max. o RMS

Max. @

03 03 1.93 079 08

Nadir and oblique and cross strips image block results
054 02 022 061 02 024 08 03 034

improvement in accuracy due to incorporating the
oblique imagery in the processing is minimal in the
horizontal components while it is major in the height.
The horizontal accuracy improved by only a factor
of 1.1. The height accuracy is improved by a factor
of about 2.3.

Fig. 11 shows the RMS of the differences be-
tween the ground coordinates as determined by
GPS /INS /imagery data and the land-surveyed ref-
erence coordinates, for four strips. GPS/INS-as-
sisted strip triangulation is used to determine ground
point coordinates without the use of ground control.
The left panel of Fig. 11 shows the accuracy when
using the nadir images only, while the right panel
shows the accuracy when using nadir and oblique
images. The first three strips were collected in the
first day of flight (October 8th) while the fourth strip
was collected in the second flight (October 9th)
using the same calibrated parameters of the first day.
It is clear that the absolute accuracy is consistent
between different days of flight. '

Table 2 shows the 3D ground positioning accu-
racy statistics when processing all the available im-
agery in block mode.

7. Summary and outlook

This paper described the development and testing
of an integrated airborne imaging/navigation system
for digital mapping. The major research and develop-
ment component in this project is the integrated
system design and software development. The multi-
ple camera system developed here can overcome
some of the inherent geometric limitations of small
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format digital cameras. They are the key to accuracy
improvement in such systems. The system perfor-
mance has been analysed by comparing the ground
point positions using GPS /INS /image data without
GCP to the land-surveyed coordinates of such points.
At an average image scale of 1:12,000, the achiev-
able ground point positioning accuracy in the direct
georeferencing mode using stereopairs is 0.5 m in
planimetry (10°) and 1.6 m in height. Adding one
extra oblique image to a nadir stereopair improved
the height accuracy to 0.7 m. Using GPS /INS-aided
single strips of nadir imagery, the system accuracy is
0.4 m in planimetry (1o) and 1.3 m in height.
Adding the available oblique imagery to those image
strips resulted in improved height accuracy of 0.6 m.
Using GPS/INS-aided block triangulation with the
nadir imagery only resulted in ground positioning
accuracy of 0.3 m in planimetry (10°) and 0.8 m in
height. Adding available oblique images to the block
improved the ground positioning accuracy to 0.2 m
in planimetry (1¢) and 0.3 m in height.

Replacing the initial one-camera system by a
dual-camera system improved the overall accuracy
by factor of 2.3 when using stereopair processing.
Using a block of vertical and nadir images and
longitudinal and cross strips improved the overall
accuracy by a factor of 4.8. Consistently repeatable
results were achieved when testing the system in
flight over the campus on two different days in
October 1998. The internal consistency of the system
is higher than the absolute accuracy with respect to
reference ground truth. Since system calibration is a
major contributor to the overall system error, espe-
cially for multi-sensor systems, two approaches have
been used, an in-flight approach and a terrestrial one.
In the terrestrial calibration, the environment is very
well controlled and repeatable, especially for camera
calibration. It is well suited to study different factors
affecting system accuracy. In the in-flight calibra-
tion, the separation of error sources becomes a more
complex task; yet it yields more accurate boresight
determination. In-flight and terrestrial calibration
methods have advantages and disadvantages. The
two different methods provide good enough bore-
sight determination for some mapping applications.
A comparison between the two approaches needs
further tests and detailed discussion, possibly in a
future paper.
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The system developed here is at the prototype
level and, thus, data acquisition was also imple-
mented at the prototype level. For example, the
multi-camera system containing two cameras for
testing was implemented using two separate laptops
and a GPS receiver to synchronise the acquired
imagery to the GPS time frame. In addition, the
navigation data was collected using a different host
computer with a different GPS receiver. Further, a
full inertial system and GPS receivers were used to
acquire only the raw data from the IMU and the GPS
cards. This significantly adds to the system budget
and reduces system portability. It is, therefore, rec-
ommended to design an industrial computer system
that can accommodate the necessary boards for si-
multaneous navigation and image data acquisition.
This would greatly improve system portability and
cost. Besides the work presented here, map produc-
tion using the Kodak DCS series has been reported
(cf. Congalton et al., 1998). However, since these
cameras are not designed for aerial surveys, the
long-term stability of their calibration could be prob-
lematic and has to be well studied before using them
in mapping.
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BODY:
The planes! The planes! The Orange County supervisors' eye-in-the- sky snoop planes will be
flying over your yard any day now!

And if there's anything out there you don't want the supes or other government officials to
take a gander at, you'd better move it or cover it up.

What I'm referring to here is the county's plan to take aerial digital photos of every square
foot of Orange County and compile them in a restricted-access computer database. Then, at
the touch of a button, various government officials -- police, emergency dispatchers,
planning officials, tax assessors and so on -- will be able to call up a detailed three-
dimensional image of any street, house, driveway or back yard in the county.

I've been ranting and railing against this $184,000 aerial mapping scheme for months now --
as have many of you. Although proponents say it could be a valuable, even life-saving,
governmental tool, I think it's kind of spooky to have a local government agency
photographing our back yards -- legal, yes, but still spooky. And in a column earlier this
month, I promised to let you know when the photo-planes started flying.

Well, the photography session will begin just as soon as the sun peeks out.

Whenever the next clear day is, we'll be flying," county spokeswoman Diane Thomas told me
late Friday afternoon. It could be (today) or it could be next Thursday; it all depends on the
weather."

Unfortunately, I can't give you a precise schedule of where in the county the two aerial

photography planes will be flying on any given day; that also depends on the weather. One
day they may be over Huntington Beach, the next day over San Clemente. It will take them

http://www.asprs.org/publications/pers/ 2002journal/february/georef.html
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two to three weeks to shoot the 45,000 digital photos needed.

But they shouldn't be hard to spot: They'll be small, Cessna-type planes flying on straight
parallel tracks -- back and forth and back and forth -- at a  bout 4,000 feet or lower. If you
see one, you are, of course, free to make whatever gesture you feel is appropriate.

What will the aerial photos show? That's open to debate. When it first came up last fall,
proponents likened it to looking at your neighbor's house from 50 feet away. Since the public
uproar over government intrusiveness, however, they've downplayed the detail.

For example, Brian Fitzpatrick of Pictometry International, the New York-based company
that's taking the aerial photos, says if you were lying naked in the back yard when the plane
flew over, the photos would show a fuzzy image of a person but wouldn't show what sex you
are.

Maybe not. But I've seen samples of the photos, and in addition to images of sexless people,
they'll show your house, your car, your pool, your patio furniture and that deck you forgot to
get a building permit for. They'll also clearly show whatever message you'd like to lay out in

2- or 3-foot-high white letters on your roof or lawn.

If you're unhappy about this, I guess you can call the Board of Supervisars -- the main
number is (714) 834-3100 -- although previous barrages of taxpayer complaints haven't
done any good. It looks like a done deal.

So keep an eye out. Because tomorrow or the next day or one day very soon, the planes will
be coming to take your picture.

And the county government doesn't care if you're smiling or not.

Gordon Dillow may be reached at (714) 796-7953 or via e-mail at gldillow@®aol.com.
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Pictometry and US Geological Survey
Announce - Cooperative Research and
Development Agreement.

October 20, 1999

Company: Pictometry International

Rochester, NY -- The United States
Geological Survey (USGS) and Pictometry
International LLC (Pictometry) announced
today a Cooperative Research and
Development Agreement (CRADA), which
opens a virtual, or "cyber” window on
rapidly growing US counties.Users will be
able to zoom in and out, on streets, houses
and even cars, in their own town, or across
the country from their computer at home or
work," said Stephen R.Macdonald,
Pictometry's Vice President of Business
Development,

Under the CRADA, USGS will provide
Pictometry with Digital Orthophoto
Quadrangles (DOQ's) selected from USGS
archives for the fastest growing 400 urban
counties across the US. Pictometry will
convert the DOQ's from the UTM coordinate
system to Latitude/Longitude and
recompress the images for use within
Pictometry's Electronic Field Study (EFS)
client software and Pictometric Image
Library server application.Pictometry shall

2100

DGI 2009 is Europe’s larges
gathering dedicated to high
discussion addressing the m
challenges of the defence al
government geospatial intel
community will take place o
16th -22nd at the QEII cent

London.
I {

DGI 2009 is Europe’s larges
gathering dedicated to high-
discussion addressing the m
challenges of the defence ai
government geospatial intel
community will take place o
19th -22nd at the QEII cent
London.




A daily newsletter includes the latest
posts to multi-author All Points Blog.
To unsubscribe, see the note at the
bottom of your latest issue.

GEOSPATIAL TECHNOLOGY STOCKS

YAHOO! FINANCE

Enter Symbol . SEARGH. ./
(& Quote (" Web

ADSK - NMS $24.68 -
AUTODESKING
3 MONTHS CHART

. A

ALg Sep (=4

GEOY - NGM $23.56 .
GEOEYE INC
GRMN - NMS $24.69 °
GARMINLTD
MSFT - NMS $24.085 °
MICROSOFT CP
ORCL - NMS $18.06 °
ORACLE CORP

PBI - NYQ $23.14 -
PITNEY BOWES INC
DSGX - NGM $2.75 .
DESCARTES SYS GRP
SIRF - NMS $1.28
SIRF TECHNOLOGY
TRMB - NMS $19.266 °
TRIMBLE NAVIGATN

More from Yahoo! Finance
Buying a car?

Search for local Auto Loan

QUOTES DELAYED: MASORQ 15 Mit
NYSE & AMEX 20 MIN

COPYRIGHT FRIVACY

provide USGS with an Agency wide license
for the use of EFS (approximately 10,000
end-user licenses).USGS shall also have
access to Pictometry's Image Warehouse
(pictometry.com) of high resolution,
orthogonal and oblique, color Pictometric
Images for internal use.USGS hopes to
bolster selected scientific projects with the
use of Pictometry, for example studies of
the Chesapeake Bay, South Florida,
Yellowstone, Middle Rio Grande, Platte
River and natural disaster analyses, such as
Hurricane Floyd, Irene and others.

"This CRADA will make the DOQ data
available to users through a very exciting
tool that will provide detailed imagery to a
wide variety of applications," said Hedy
Rossmeiss!, Project Manager for USGS.

USGS also hopes to gain further experience
in collecting and using GPS data with high
resolution images, and USGS hopes to
increase the visibility of USGS's DOQ data
by incorporating the data into Pictometry's
Electronic Field Study (EFS) client
application.Images within EFS are
automatically nested within the USGS
DOQ's according to their unique spatial
coordinates.

The resulting effect allows users to select a
specific location and drill down into the
image, affording object identification and
Jocation with astonishing resolution, clarity
and point accuracy.Pictometry is pleased to
have this opportunity to share research and
development activities with the USGS.In
addition to the inclusion of USGS DOQ's
into Pictometry's Image Warehouse,
Pictometry hopes to broaden the scope of
image users beyond map makers, planners,
surveyors to include real-estate buyers and
sellers, economic development activities,
environmental advocates, public safety,
business executives, school students and
the general public.Stephen R.Macdonald
"Pictometry has lowered the cost, risk,
delay and removed the rocket science
associated with providing extremely high
resolution, remote sensed, geo-referenced
imagery.It's our goal to standardize the
method in which imagery is collected and
delivered and in so doing make it extremely
affordable.Our strategy only serves to
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complement the goals of USGS!"

Following the granting of its US patent,
Pictometry developed revolutionary
hardware and software which automatically
captures and georeferences digital images
from small air craft.The Pictometric images
are low cost and contain greater detail than
any commercially available imagery.In
addition to containing revealing lateral
angles, every part of the image reveals its
coordinates and measurements between
any points in the image.

"Tt's like taking thousands of field trips from
your desk top" said Hedy Rossmeissi,
Project Manager for USGS. Instead of
waiting weeks, or months for traditional
imagery, Pictometry is instantly ready for
use in any computer running Windows 95,
98 and NT.

USGS officials were quick to recognize the
dramatic enhancements afforded by
Pictometry to their traditional Digital
Orthophoto Quadrangles (DOQs).The DOQs
once inserted in the Pictometry's EFS
software provide the "big picture” for
orientation which is now linked to the
detailed Pictometric images which afford
lateral views, horizontal and vertical
measurement, annotations which come
from or go to other geographic information
systems.

The combined products provide powerful
new tools and cost savings for public and
private land information users who need to
share a virtual field trip with information
partners.Pictometry has been greeted
enthusiastically by County officials
concerned with public safety, zoning and
property appraisal as well as federal
agencies concerned with disaster relief or
environmental information.Commercial
users such as real estate professionals,
insurers and lenders have begun to study
the impact of Pictometry on the cost and
efficiency of their current land information
practices.
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Stephen R.Macdonald

275 Alexander Street
Rochester, NY 14607

Direct Voice: (540) 659-5199
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COUNTY LINES

December 2001
By Jason Miller

Software gives small Arlington the big picture

Arlington County, Va., fire chief Edward Plaugher can detail every square mile, building and land
feature of the Washington, D.C., suburb, which covers 26 square miles and has a population of 189,000.

Even with such human expertise, the county Fire Department uses a system of digital pictures and
metrics software to view its territory. Plaugher said the system helps the fire department respond to
emergencies and other calls because dispatchers and firefighters use it to see, in seconds, what a house
or building looks like, what is around it and how tall it is.

Arlington County was the first U.S. county to install the Pictometry Information System and Electronic
Field Study, both from Pictometry International Corp. of Rochester, N.Y. The system came in especially
handy Sept. 11, when a hijacked jet crashed into the Pentagon—in Arlington County.

Soon after the crash, county workers pulled up pictures of the structure. The software measured the area
of the crash and provided county authorities, the FBI and military police with as many as 12 views of
the building.

«“We could count the windows and figure out how large the blast damage was,” Plaugher said. “We can
plot ... exact measurements of the critical components of the incident scene and then pass the
information to the other authorities.”

Plaugher said federal authorities were given printouts of Pentagon pictures so they could orient
themselves within the large area of land.

The system, which cost the county $14,000, runs on a 1-GHz Pentium III notebook PC from WinBook
Computer Corp. of Hillard, Ohio. The notebook has 256M of RAM and a 20G hard drive.

The system runs on Microsoft Windows operating systems and can be used with most geographic
information systems software, said Dick Kaplan, the company president and CEO.

Pictometry provided digitized aerial photographs of the county in square mile sections from three
directions: straight down, 40 degree side angles from north to south and from east to west. Pictometry
then divided the county into 49 subsectors of 750 square feet and created nine more oblique angle
pictures.

The county stored the images and through the Electronic Field Study software measured the distance
between two points, the radius of a section and other features.

Arlington County’s images take up 9G of storage. Larger counties might need anywhere from 60G to a
terabyte of space, Kaplan said.

“Before this system, we had to measure the distances by hand,” Plaugher said. “This gives us a prefty
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wonderful operational capability.”
The department shared the data with the county police, public works, parks and recreation, and
environmental services departments.

© 1996-2008 1105 Media, Inc. All Rights Reserved.
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Pictometry In the News

Pictometry: aerial photography on steroids

When a call comes into a 911 center from a call phone, an approximate location can be
determined. However, that location might be as much as 100 yards away. What ifa
dispatcher could pull up straight-down or oblique views of the area and while talking to the
caller pinpoint the exact location of the call right down to the street corner from which the
citizen was calling?

With a new system from Pictometry International Corp. of Rochester, New York, this is
entirely possible. Pictometry is a visual intelligence system that uses aerial photography to
capture, process and analyze orthogonal (straight down) and oblique (taken from angles)
images to create aerial “maps” of a given area in 3D.

This method of gathering images allows users to view and analyze any house, building,
intersection, fire hydrant, tree or other physical feature in a given area. The advantage of
this becomes clear in the above scenario where the dispatcher would use Pictometry's
Electronic Field Study ™ (EFS) software to view actual imagery of the area where the call
was originating from to pinpoint the caller's exact location. This information could be passed
on to first responders dispatched to assist the caller.

“Public Safety can see where that person is without having to guess that the individual is
within 100 years or meters of where that cell phone is telling them the caller is,” says Lou
Oshier, director of law enforcement communications in Erie County, New York. “Today, if
they pull up a map they get a 2D map. With this software, they see actual imagery of where
the person is located [in 3D).” Oshier points out that Erie County is in the process of
implementing this technology, which he dubs as either Phase 1.5 or 2.5, depending on what
leve! of compliance the PSAP is in. Dan Pennacchia, Pictometry's senior vice president of
sales and marketing says, “With Pictometry's newly formed partnerships and applications
with Plant Equipment, Inc., Tiburon Inc. and Brite Computers, 911 call-takers will be able to
see an actual picture of where the person is calling from within seconds and dispatchers will
be able to send those coordinates to public safety computers in mobile vehicles within
seconds.” Pennacchia says, “Pictometry is going to develop additional partnerships and
applications with other companies that perform similar solutions where necessary.”

After a terrorism incident or natural disaster, this capability has many applications. It can be
used for planning purposes to help first responders plan perimeters, roadblocks,
evacuations, etc. In fact, Pictometry was used in Arlington, VA after 9-11, because the
company had already gathered imagery for the Pentagon (see images). Arlington Fire
Department officials used Pictometry images of the Pentagon taken before the crash to plan
their response after the disaster. “We used the software to measure the area of the crash
and the extent of the damage, and provided county authorities with as many as 12 views of
the building,” says John Snyder, Arlington County Fire Department management specialist.

“In any immediate situation, you can be looking at the imagery, plan around the imagery and
coordinate that information in terms of what fire, police, EMS or other groups need to know
about or do around the disaster area,” Snyder says. “This helps users every single day by
providing them with a visual view of where they are going before they get there.”

What Is Pictometry?
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Unlike satellite image photography, which only allows the tops of buildings to be
photographed, Pictometry, which was introduced by the company about two years ago, is
able to capture every feature in its entirety. This is possible because in addition to using the
orihogonal images captured in traditional aerial photography, up to 80 percent of
Pictometry's images are oblique, or taken from angles, allowing users to see a complete
view of every feature in a given area. So, instead of just seeing the tops of buildings, users
see the sides of these buildings right down to street level.

Pictometry International Corp. captures these images with a camera-equipped Cessna 172
light aircraft; an aircraft chosen for its flexibility and its ability to fiy down low. it takes the
company anywhere from 10 to 60 days to gather the images, depending on the size of the
county and other conditions such as weather. Most pictures are taken when the leaves are
off the trees and there isn't snow on the ground. Images are also not gathered when it's
rainy.

When gathering images, the company breaks the county to be photographed into square
mile sectors. Each sector is called a community sector. Crews begin capturing imagery in
each sector from three views: straight down and from 40-degree oblique angles i.e., one
from the north to south and one from east to west. “In a sector that has any kind of
development [residential, commercial, industrial, hospitals, schools, road systems, etc.], we
come down very low and take that one square mile and break it into 49 sub-sectors [or
neighborhoods]. Each one of these is approximately 750 feet square in size,” says Dick
Kaplan, President and CEO, Pictometry International Corp. Each 750-foot-square
neighborhood is captured from two opposing views (one from east to west and the other
from west to east). “When we are done, we literally have every square foot of the county
captured from up to 12 different views,’ Kaplan says.

The company then catalogues these full-color digital images, which are updates every two
years, into software libraries called Electronic Field Study, or EFS, that are arranged by
county for use by law enforcement, fire depariments, EMS agencies, public works and other
municipal depariments. "Anyone who needs geographic referencing, planning or measuring
ability can benefit from these images,” says Kaplan.

Using the images

These high-resolution images, combined with EFS, which enables zoom, measurement,
location and annotation - make Pictometry an in dispensable tool for first responders.
Emergency teams can coordinate and communicate much more effectively when they are
all viewing the targeted areas from multiple angles, using the same images and data sets,
whether in the command center of in the field. A tour of an area can be made from the
desktop with a bird’s eye view, allowing agencies to save time and respond more
accurately.

Once in EFS, the images can be accessed in two ways. One, the user can access them by
entering an address. All the pictures of that address will instantly come up as thumbnail
images on the side of the screen. The other way is to go to a map and simply click on the
area you wish to view. To view in more detail, the user double clicks on the thumbnail
images that pop up.

Once the user has pulled up a full-screen image, the software offers a number of tools that
gan be used to enhance the view. One is the distance tool, which allows the user to
measure things contained within the image. For example, firefighters could measure the
distance from fire hydrants in the area to the inflamed house while en route to a call to
determine the length of the hoses they will need. By drawing a line around a parcel where a
hostage situation is taking place, for instance, law enforcement officers could learn the
square footage of the area and pre-plan how they will arrive at the scene.

Scott Hill, the company’s senior vice president of operations, recalls surveillance, that he
was part of as a captain with the Rochester (New York) Police Department, where this
technology would have come in handy. A narcotics squad brought a ladder to help monitor
drug activity from a vacant building. It was too short. “With this technology, they could have
measured and known exactly how much ladder was needed,” Kaplan says.

The software’s location tool allows users to click on any point in the image and receive
coordinates for that point. There’s also a bearing tool that enables users to draw a line down
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a road, for example, and learn how many degrees from north the line is traveling. If there's a
fork in the road, users can utilize this tool to measure that angle. Measuring angles in this
way might prove beneficial in a surveillance operation. For instance, in a surveillance of
three houses, the tool might help law enforcement determine what lens to place on the
camera to enable it to capture all three houses in a single view.

One of the most important tools, says Kaplan, is the annotation tool. This tool enables users
to attach unlimited amounts of information to an image. To track crimes, this would eliminate
having a map on the wall with pushpins stuck in it. Officers could actually pit a dot on the
Pictometry images in every place that a crime had occurred. Then when an officer clicks on
a specific for in an image, information on every crime that took place at that location would

pop up.

“If there were a series of burglaries in an area, you could actually highlight those houses
{within EFS), show what kind of burglary it was, and from there start to see some patterns,”
Hill adds.

Likewise, agencies could attach a list of hazardous materials stored in a building to its
Pictometry image. So if there's a fire at a specific site, firefighters can click on an image of
the building and learn about the hazardous materials stored within it, the name of the
building's owner, and where they can gain access to the facility. In addition, they can click
on neighboring facilities to learn if hazardous materials are being stored in other buildings
adjacent to the fire. This information would allow incident command to coordinate the
services of all first responders. Firefighters would know what hazards exist within the
building; EMS would be aware of the hazards rescuers might come in contact with and how
1o treat them; and law enforcement would know the type of perimeter that needed to be set
up around the affected area.

Other information atiached to the images might include floor plans; interior images;
streaming video; crime scene evidence; and directions or other text information for in-field
procedures such as setting up perimeters, access and egress routes, and staging areas.

“Supervisors or command staff have the responsibility for what goes on in an emergency
response,” says Hill. “They reaily need to know what goes on and in great detail. Pictometry
provides them with the information they need."

Too much info?

Due to Pictometry’s ability to capture close, detailed pictures of a geographical area, the
issue of privacy has come up. Currently, Pictometry is being used in Orange County,
California, where according to an article in the “Orange County Los Angeles Times,”
resident are concerned that these photographs and software technology will infringe on their

privacy through the software's image enhancing features that allow users to zoom in on an
area or object.

Such privacy concerns are really without merit, Kaplan points out. “We can zoom in 1o the
extent that we can make out a car and the model of a car, but we can't zoom in to the point
where you see faces or the number plates,” he says. “The images are static and we can't
tell identities of the people, homes of vehicles in them.”

The benefits of this technology are that it allows public safety professionals to view the
physical layout of the area on a computer screen long before they arrive at the scene. This
jets them begin reviewing ways to resoive potential problems en route o the call.

“Because you have all this information and so much more on the image, you know the
staging areas for emergency situations. You can look for parking lots for emergency
vehicles or helicopter landing areas. You could even get the geographic coordinates for the
helicopter,” Hill says.

Having access to Pictometry information saves time, and emergency response situations,
seconds can mean the difference between success or failure, and even life and death.

< Back to the News Room home page.
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Picture this: A town code enforcement officer wants to know whether a couple has put a deck on the back of their
house. The officer could drive by the house, but the view of the back yard is blocked.

So the officer, instead, turns to a computer and with a few mouse clicks has a color image of the back yard so
detailed that the number of trees planted along the property's border is clear.

Welcome to Pictometry, a company that blends computer software with aerial and digital photography to creale a
picture record of all the streets, buildings, houses, street lights and utility poles in a given area. The Rochester-based
company has photographed many of the counties along the Thruway, some cities in California and all of Massachusetts.

Last September, it was one of two companies hired to take aerial pictures of what was left of the World Trade
Center towers. Pictometry did the same in Arlington, Va., at the Pentagon.

Now, Onondaga County officials will have this service at their fingertips. The county has agreed to pay $88,000 for
a two-year contract with Pictometry.

In the next few weeks, Pictometry plans to make the final delivery of computer software program that contains
color and three-dimensional shots of every inch of the county's 780 square miles.

"You get the sides of buildings," said Karen Kitney, the director of the Syracuse and Onondaga County Planning
Agency. "You can get a lot of details from the ground. You can measure on screen. You can ¢-mail a photo to an
economic development client."

The county's planning, transportation, economic development and emergency communications offices already are
making use of the new system. The county can pass along all the information to the towns and villages - free of charge.
That means each town assessor and each village code enforcement officer can readily use the software.

The county already keeps acrial shots on file of all properties within the county. But the shots are black and white,
and they are stored in filing cabinets at SOCPA on the 11th floor of the Civic Center. Putting the information on
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computer makes it immediately accessible - and easier to analyze - for dozens of government workers.

At the 911 center, for example, director Stephen Wisely plans to load the photos of major intersections on the
personal computers that dispatchers use.

"We'll be able to pick out where the accident is," Wisely said.

In addition, the software program that manipulates the data gives users more options. The computer system can
measure a building, determine the acreage for an area or give the coordinates of a specific spot of land, according to
Richard Kaplan, Pictometry president.

"We capture every square foot of the county,” Kaplan said this week. "Then, within 15 seconds, you can look at up
to 12 different views of the same building.”

The easy access to people's front and back doors, windows and driveways has led to some claims of invasions of
privacy.

Two years ago, supervisors in Orange County, Calif., spent $184,000 to have Pictometry photograph and create a
pictorial library of the county. But when the supervisors tried to recoup the money by selling the images on the county's
Web site at $15 to $25 apiece, hundreds of residents complained. The supervisors eventually backed down, according to
the Orange County Register, and kept the images for government-use only.

Onondaga County officials have yet to decide how to handle the privacy issue. For now, they plan to make the
images available for government use and sct 2 policy for selling the images in the coming weeks. The county will not
own the images, but will lease them from Pictometry for two years. The county must give Pictometry a share of any
money made from selling the pictures. -

Dan Pennacchia, who heads the company's sales and marketing department, said the pictures do show the number
of doors and windows on a building. They are not detailed enough, however, to see through a window, read a license
plate or see the face of a person, he said.

“There's no ability to identify anyone,” he said.

The pictures are shot at 40-degree angles at 2,000 feet and again at about 4,000 feet, Pennachhia said. They are shot
during the spring and fall, when there is no snow on the ground or leaves on the trees, Kaplan said. The cameras are
mounted on a 172 Cessna and can take as many as 10,000 images a day.

"It's basically like mowing the sky," said Tim Dec, a sales manager with Pictometry who lives in Baldwinsville.

Pictometry said the county program should be ready by June. Soon after, county officials will deliver copies to
town and village offices.

"The assessors are really anxious to look atit," said Don J ordan, who works in county planning.

GRAPHIC: PHOTO; Stephen D. Cannerelli/Staff photographer; DON JORDAN looks at aerial images on a computer
terminal last week at; the Syracuse Onondaga County Planning Agency. Jordan manages the; agency's Geographic
Information Systems Program. At his left is a; large print of a digital image of Oneida Shores County Park. The; images
are from computer software purchased from Pictometry ; Map/ Photos; Photos courtesy of Pictometry International
Corp.; AERIAL PHOTOS GET DOWN TO EARTH; Onondaga County has agreed to pay $88,000 for a two-year
contract with; Pictometry International Corp. for a computer software program that; contains color and
three-dimensional photos of every inch of the; county's 780 square miles. The county's planning, transportation,;
economic development and emergency communications offices already are; making use of the new system, and the
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county can pass along all the; information to towns and villages free of charge. That means each town; assessor and
each village code enforcement officer can readily use the; software. Here are examples of the kinds of detail the photos
can; provide to local officials. The map above shows the approximate areas; in the photos. The colored boxes
correspond to the rules around the; photos and color key with the captions; the arrows indicate the tops; of the

photos.Color.;

LOAD-DATE: January 24, 2003

2112



oA v o
LOXISINCXIS  Totad Research System Switch Chient | Preferences | Sign Out | [2]Help

Search XResearch Tasks ' " A Total Litigatoerransactlonal Advisor‘Com

FOCUS™ Terms [pictometyy o ~ Search Within [Original Results (1-41) 2] |
- Advanced..._ -

Source: News & Business > Combined Sources > News, All (English, Full Text) {1}
Terms: pictometry and date(geq (04/01/1996) and leq (11/08/2002)) (Edit Search | Suggest Terms for My Search)

¥Select for FOCUS™ or Delivery
-

Firm gets latitude to map O.C. in 3-D;GOVERNMENT: Supervisors see uses for the detailed
photos, but do they invade privacy? Orange County Register (California) September 22, 2000
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Copyright 2000 Orange County Register
Orange County Register (California)

September 22, 2000 Friday MORNING EDITION
SECTION: NEWS; Pg. A0l
LENGTH: 779 words

HEADLINE: Firm gets latitude to map O.C. in 3-D;
GOVERNMENT: Supervisors see uses for the detailed photos, but do they invade privacy?

BYLINE: CHRIS REED , The Orange County Register

BODY:

The county government will soon have at its disposal a digital
database containing three-dimensional images of every square foot
of Orange County -- a prospect that delights law enforcement,
planning and public-works officials and alarms a privacy watchdog.

The high-resolution photographs of everything from backyard
patios to the infield at Edison International Field also will be
available to the public for a fee.

On Tuesday, the Board of Supervisors approved the unprecedented
initiative. Without discussion, members ratified a $ 183,952
contract with Pictometry International, which expects to survey the
county with its aerial-mapping technology in February and turn over
the image database by June.

The founders of the upstart Rochester, N.Y., firm patented the
mapping system in 1996 and have spent the past four years
fine-tuning it and developing commercial applications.

Orange County is one of the first governmental bodies in the
nation to sign up for Pictometry's services. Company officials say
given their system’s low cost and utility, they expect it to be in
near-universal use by local governments within a few years.

"We haven't made a presentation yet to a county that says they
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don't want it,” said Brian Fitzpatrick, Pictometry's West Coast
general manager.

Orange County's contract allows the county to resell the

database to cities and other local government agencies and use the
proceeds to recoup its costs. The deal also allows the county to
sell individual images to private customers, with Pictometry
receiving a royalty of 30 percent to 40 percent.

The county's Planning and Development Services Department plans
to develop an Internet site where individual images from the
February mapping can be bought for $ 15 to $ 25.

The county plans to bring Pictometry back every two years to
update the image database.

The images go beyond ordinary aerial imaging -- the plain,
straight-down satellite photos that long have been available.

Instead, the company puts cameras in slow-moving, low-flying planes
to build up a vast information bank of oblique (taken-
from-an-angle) images.

The result: A user of the technology can tap a few keys on his

PC -- a street address, tax 1D, latitude and longitude, eventually
perhaps just a phone number -- and immediately view a business or
home from many angles.

"The images are extremely sharp,” said Fitzpatrick, comparable
to "looking from 50 feet away at your neighbor's home. "

“It's quite incredible," said sheriff's Capt. Dan Wilkerson.
"You can literally look down streets and see what's there, "

Wilkerson said the Pictometry database will prove invaluable to
deputies involved in pursuits and emergency rescues, preparing for
drug raids, dealing with hostage crises and in virtually any
situation in which officers are unfamiliar with the lay of the land.

District Attorney Tony Rackauckas called it a great tool for
gathering evidence.

County technology czar Leo Crawford said public-works and
planning officials will be able to use Pictometry to take "digital
field trips," using the database to evaluate community needs,
measure parcels or buildings and check on hazardous conditions.

Fitzpatrick said it also could help environmental regulators
assess water runoff and pollution and assist tax assessors in
determining the value of property.

But an official with the Privacy Rights Clearinghouse said

Orange County appears to have embraced a far-reaching technological
innovation without considering all the implications.
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Jodie Beebe of the San Diego-based privacy watchdog group said
there was no question that the Pictometry technology was legal.

"You do have an expectation of privacy within the home," she said.

"Outside the home, that's fair game. "
But even if the technology is legal, Beebe said, it's still
troubling.

The detailed images could be purchased by potential burglars
and stalkers seeking entry to buildings, she suggested.

Telemarketers eager to sell aluminum siding or other home products
might survey subdivisions to get lists of potential clients.

"Information is always a double-edged sword," Beebe said. "I
don't think they've thought this out. "

Crawford, however, said county officials never saw the
Pictometry technology as raising any privacy issues.

And the retired aerospace engineer who's now the county's top
elected official seemed more in awe of the new technology than wary.

"It's pretty remarkable,” said Board of Supervisors Chairman
Charles V. Smith. "I got very excited about it very
quickly. "

Chris_ Reed@notes.freedom.com

Call: (714) 285-2862
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camera will sanpe images while the plane is flying at about 120 mph.; Levels of detail. Users
can click on any point on the map and view images of the area. See hard copy or graphics
file for illustrations. (Graphics reporting by Haeyoun Park) (Turney)
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Orange County Freezes Ambitious Aerial
Photography Project

By David Reyes
October 16, 2000 in print edition B-1

it was an easy sell: Cops, firefighters and county planners zipping down streets and across backyards with
a simple click of the mouse.

From Disneyland’s Matterhorn to the sluggish E! Toro Y, the notion of photographing every square mile of
Orange County with high-resolution aerial images was eagerly embraced by county leaders.

They even endorsed the concept that they could recoup the cost of the aerial mission by selling photos of
neighborhoods, cul-de-sacs and industrial complexes on the Internet.

But then reality knocked.

Hundreds of residents phoned and e-mailed the county, complaining that the ambitious photo shoot
smacked of Big Brother on some sort of paparazzi romp through the backyards of about 2.7
million county residents.

“We dropped the ball on this issue when we approved it,” conceded Supervisor Todd Spitzer. “There were
questions | should have asked and failed to.”

Indeed, the entire two-year, $184,000 aerial shoot is now on hold while the county reviews privacy and
legal issues. At issue is whether the county should contract with Rochester, N.Y -based Pictometry
International LLC, and if so, should the pictures be hawked for $15 to $25 on the county's Web site?

Elizabeth Schroeder, associate director of the ACLU of Southern California, says county bureaucrats were
too eager to snatch the latest in high-tech tools without weighing the social downside, such as loss of
basic privacy.

“| found it rather shocking that they can have technology that can go under the eaves and in your
backyards,” said Schroeder. “And if you can sell this information to private parties, you can easily sell
it to burglars.

“All of us have things in our backyard that we don’t want anyone else to see.”
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Supervisors acknowledged they weren't ready for the hundreds of phones calls and e-mails that poured in
after the board unanimously approved the project Sept. 19.

What makes Pictometry different from scores of other aerial products is that, rather than being taken from
directly overhead, pictures are taken at an angle that—once combined with the company's software—allows
users to zoom in on neighborhoods and measure the height, width and length of any feature in an image,

including gullies, buildings, trees, poles and roads.

Under terms of the contract, the company would take 60,000 photographs of the county from an airplane
flying at about 4,000 feet. The images would be stored in a county database and sold to cities
and governmental agencies, including police and fire departments.

Though supervisors were assured the project had been fully researched by county staff, Supervisor Jim
Silva said it's evident that questions on privacy rights, public access on the Internet and the
county's liability “stili need to be addressed.”

Board Chairman Chuck Smith, a retired civil engineer, said he continues to believe in the concept and
thinks it will be a money saver for county workers who deal with zoning and planning matters.

“We've asked for a legal review, and although we've given the go-ahead to do it, [the board] can limit it
from being distributed on the Internet,” Smith said.

For planning purposes, the aerial imagery is perfect, said Brian F. Fitzpatrick, West Coast general manager
for Pictometry. Rather than having a developer show an artist's rendering of a new shopping plaza, the
digital software allows a planner to test the developer's claims by immediately seeing what the site will look
like, he said.

Police officers would have the ability to view structures and barriers to tactical threats on a computer
screen in a dispatcher's office, in essence looking an area over until police get to the scene, said Sheriff's
Capt. Ron Wilkerson, who viewed a product demonstration.

“It's an interim measure until a helicopter arrives,” he said. “The resolution, | thought, was outstanding, and
at least it allows us to have something that we can bring up [on a screen] to get an idea of the
physical layout.”

As to the concern with privacy issues, Fitzpatrick is matter-of-fact. “There is no law that says you can't take
an aerial picture or sell it.”

The county spent months reviewing the company and its products, said county officials who sent a two-
person research team to New York last spring. In addition, officials said, a survey of 1,200 residents did not
reveal any distaste for selling the photographs on the Internet.

Vicki Stewart, manager for fiscal programs services, said the survey showed that 70% thought it was a
great idea, 26% were neutral on the matter, and only 4% didn't like the idea.

Stewart said she understood why residents would be sensitive to a proposal involving high-tech cameras
but suggested that, unlike satellite imagery as portrayed in Hollywood movies, “this is one shot in time and
it gets upgraded every two years.”

But Leo Crawford, the county's chief information officer, scoffed at allegations that aerial imaging gives
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viewers some special photographic ability to peek in windows and under bushes. “That's
laughable,” Crawford said. “The quality is just not there. You could probably tell if an individual is standing
there, but it's too fuzzy to note much else.”

Officials in Onondaga County in upstate New York, where Pictometry products are in use, said none of the
county’s 468,000 residents has complained about an invasion of privacy.

“There are tons of towns and villages around here that will be able to use it for real property tax
assessment work, and we might make it available to help site development in planning,” said Martin Ferrell,
Onondaga’s communications director. “it's a good way for people to look at the potential building site and
deal with issues like wetlands and whether there’s rail service.”

But what resonates among county residents isn’'t what the product can do or the number of bells and
whistles, but their privacy and who will have access to the photographs.

“I'm no attorney, but it looks fike this could be used by law enforcement to do a property search without the
owner's permission, a warrant or probable cause,” said Richard Lubline, an Aliso Viejo resident.

Recent Supreme Court rulings have held that aerial photographs are a “legitimate exercise” of the
investigatory powers of government, said Tony Amnold, associate professor at Chapman University
Law School.

"1t seems to me that this is one of the areas that will be coming increasingly before the courts,” he said.
“The [courts] may impose limits, for example, if it's a swimming pool and heights of buildings—that might be
reasonable. But if it captures a lot of detail and aspects of the property typically hidden from view of the
public, it may cross that line in the realm of privacy.”

But county supervisors have a more practical problem, Arnold said.

“Basically, people don't like people intruding in their privacy, which is maybe even more problematic for the
county than the legal issues, especially in Orange County, which has a particular sense of privacy.”

Related Articles
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Orange County Board Decides Not to Sell Aerial Photos Nov 08, 2000

Thousand Words Over Aerial Photos Oct 16, 2000

Google Maps redraw the realm of privacy - As street-level photos are added to the site, fears
of intrusion arise. Aug 07, 2007

o Differing Views on Images From Above Jan 16, 2006

More articles by David Reyes
More articles from the California | Local section

California and the world. Get the Times from $1.35 a week

Copyright 2008 Los Angeles Times

2118



AN

Preisliste Geodaten Aerowest

Stand: 21.10.2005

Login:
Inhalte:
Navigation:

>
>
>
>

Persénlicher Zugang
Luftbilder, DGM, Infrastruktur
stralRen- bzw. adressbezogen
Messfunktionen, Layer

o Datenquelle:
o DachaufmaR:

o Messprotokoll:
e 3D-Datensatz
o Lieferung

3D Luftbildauswertung Aerowest
1 Luftbild

1 maBstablicher Grundriss

4 maRstéabliche Seitenansichten
alle Langen, Flachen und Héhen
DXF

e-mail

quelle:
o DachaufmaR:

o Messprotokoll:
o 3D-Datensatz
o Lieferung:

9

1 Luftbild
1 maBstablicher Grundriss
4 maRstéabliche Seitenansichten

alle Langen, Flachen und Héhen
DXF
e-mail

Datenquelle:
Datenformat:
Auflsung:
Entzerrung:
Georeferenz:
DateigroBe:
Lieferung:

YV V VY VY

Aerowest, LVA
JPG, RGB, 24Bit
5cm, 10cm, 30cm

Datenquelle:
Auflsung:
Datenformat:
Georeferenz:
Lieferung:

YV V VYV

SRTM, Aerowest
100m

ASCII (XYZ), DTED
ja

e-mail

Datenquelle:
Auflsung:
Datenformat:
Georeferenz:

>
>
>
>

Aerowest

20m inkl. Bruchkanten
ASCII (XYZ), DXF

ja

AEROWEST GMBH Telefon:  (0231) 557 12 10
Thomasstralle 18-20 Telefax:  (0231)557 12 17
44135 Dortmund web: www.aerowest.de

e-mail info@aerowest.de

AEROWESTawmeH

» Datenquelle: Aerowest

» Datenformat: TIFF, RGB, 24Bit

» Auflésung: 10cm / 5cm

» Entzerrung: ja

» Georeferenz: ja (TIFF WORLD / GEOTIFF)
» DateigroRe: 75 MB (500x500m)

Lieferun D/D

» Datenquelle: LVA

» Datenformat: TIFF, RGB, 24Bit

» Auflésung: 30cm

» Entzerrung: ja

» Georeferenz: ja (TIFF WORLD / GEOTIFF)
>

DateigroBe: var.

» Datenquelle Aerowest

» Datenstruktur:  Blockmodelle mit Traufh&he
» Datenformat: ASCII, BLN, DXF, SHAPE
» Georeferenz: ja

» Lieferung: e-mail

Aerowest

Datenquelle
Datenstruktur: 3D Geb&ude inkl. Dachflachen
Datenformat: DXF, 3D STUDIO MAX, VRML
Georeferenz: ja

Lieferung: CD/ e-mail

Y V.V VY Y

gabe:

» Medium: Fotoglanzpapier
» Format: DIN A4 (30cmx20cm)
» Lieferung: Postversand

Alle angegebenen Preise gelten fiir nicht ausschlieBliche
Nutzungslizenzen gemaR unserer Allgemeinen Geschifts-
bedingungen und verstehen sich zuziiglich der zum Zeit-
punkt der Rechnungsstellung giiltigen Mehrwertsteuer.

Vertriebslizenzen und Sondernutzungen auf Anfrage.
Weitere Informationen: www.aerowest.de

ERview und AERODACH" sind geschiitzte Warenzeichen
der Aerowest GmbH, Dortmund.

Deutsche Bank Dortmund

(BLZ 440 700 50) 1208776

Amtsgericht Dortmund HRB 10286
Geschafpsfufger: Ralf Benfer. Hans Joachim Benfer



Aerowest Pricelist of Geodata
As of 10-21-2005

0000 | Geodata Server
> Login: Personal access
»  Content: Aerial photographs, DGM, infrastructure
»  Navigation: Street or address-related
»  Tools: Measurement function, layer
»  Interfaces: AeroDach/AeroView
Free of charge
2002 | AERODACH Roof Dimension Standard Roof
online
. Data source 3D aerial photograph analysis
. Roof dimension: 1 aerial photograph
1 plan view to scale
4 lateral views to scale
. Dimensions: All lengths, surfaces and heights
. 3D dataset DXF
. Delivery: Email
EUR 75.00/each
2003 | AERODACH Roof Dimension Complex Roof
online
. Data source 3D aerial photograph analysis
. Roof dimension: 1 aerial photograph
1 plan view to scale
4 lateral views to scale
. Dimensions: All lengths, surfaces and heights
. 3D dataset DXF
. Delivery: Email
Upon request
1010 | Digital Aerial Image Starting at EUR 25.00
»  Data source: Aerowest, LVA
»  Dataformat: JPG, RBG, 24Bit
»  Resolution: 5¢m, 10cm, 30cm
»  Rectification: Yes
»  Georeference: No
»  Filesize: Max. 5SMB
> __ Delivery: Email
EUR 1.00/ha
2040 t DGM Basis Starting at EUR 75.00
»  Data source: SRTM, Aerowest
»  Resolution: 100m
»  Dataformat: ASCII (XYZ), DTED
»  Georeference: No
»  Delivery: Email
EUR 1.00/km”
2050 | DGM Detail Starting at EUR 75.00
»  Data source: SRTM, Aerowest
»  Resolution: 20m, including break lines
»  Data format: ASCII (XYZ), DXF
»  Georeference: No
»  Delivery: Email

EUR 10.00/ha
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1020 | 10cm Orthophoto

Starting at EUR 75.00

»  Data source: Aerowest

»  Dataformat: TIFF, RGB, 24Bit

»  Resolution: 10cm/5¢cm

»  Rectification: Yes

»  Georeference: Yes (TIFF WORLD/GEOTIFF)

> File size: 75MB (500x500m)

»  Delivery: CD/DVD

EUR 25.00/ km"*

1020 | 30cm Orthophoto Starting at EUR 75.00

»  Data source: LVA

»  Dataformat: TIFF, RGB, 24Bit

»  Resolution: 30cm

»  Rectification: Yes

»  Georeference: Yes (TIFF WORLD/GEOTIFF)

»  Filesize: Variable

»  Delivery: Email/CD/DVD

EUR 12.00/ km?

2060 | 3D Block Model

Starting at EUR 75.00

»  Data source: Aerowest
»  Data structure: Block models having eaves height
»  Data format: ASCII, BLN, DXF, SHAPE
»  Georeference: Yes (TIFF WORLD/GEOTIFF)
»  Delivery: Email
EUR 15.00/ha
2070 } 3D City Model Starting at EUR 150.00
Data source: Aerowest

Data structure:
Data format:
Geo reference:
Delivery:

YV VYY

3D buildings including roof surfaces
DXF, 3D STUDIO MAX, VRML

Yes

CD/email

EUR 30.00/ha

3010 | Analog Aerial Photograph A4

»  Type:

> Medium:
> Format:
»  Delivery:

Color photograph

Glossy photographic paper
DIN A4 (30cmx20cm)
Postal delivery

EUR 20.00/each

the time of invoicing.

All prices on this list apply to non-exclusive user licenses as specified in our
standard business conditions and are subject to the VAT that is applicable at

Sales licenses and special use permits are available upon request.
Additional information is available at: www.aerowest.de

AEROVIEW and AERODACH are registered trademarks of Aerowest GmbH,

Dortmund.
AEROWEST GMBH Tel.: +49(0) 2315571210
Thomasstrasse 18-20 Fax: +49(0)23155712 17
44135 Dortmund Internet:  www.aerowe

Email: info@aerowest.de
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