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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.

The pro

describefl in the ISO/IEC Directives, Part 1. In particular the different approval criteria neededfor the
different| types of ISO documents should be noted. This document was drafted in accordance with the
editoriallrules of the ISO/IEC Directives, Part 2. www.iso.org/directives

Attention is drawn to the possibility that some of the elements of this document maybe the subject pf
bhts. ISO shall not be held responsible for identifying any or all such patent rights. Details of aijy
phts identified during the development of the document will be in the Introduction and/or qn

patentri

patent ri

the ISO1

Any trade name used in this document is information given for the conveniénce of users and does not

edures used to develop this document and those intended for its further maintenance 'ate

st of patent declarations received. www.iso.org/patents

constitute an endorsement.

For an ¢
assessmyg

Barriers

The com

ISO/TS 1

sensorm

bdels for geopositioning:

— Geographic information — Imagery sensormodels for geopositioning

— Part

lidarand sonar

xplanation on the meaning of ISO specific terms andjexpressions related to conformity
ent, as well as information about ISO’s adherence to.the WTO principles in the Technicpl
to Trade (TBT) see the following URL: Foreword - Supplementary information

hittee responsible for this document is ISO/TC ISO/TC 211, Geographic information/Geomatig

0130 consists of the following parts, under the general title Geographic information — Imagety

2: Geographic information — Imagery sensor models for geopositioning — Part 2: SAR, InSAR,
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Introduction

The purpose of this Technical Specification is to specify the geolocation information that an imagery data
provider shall supply in order for the user to be able to find the earth location of the data using a detailed
physical sensor model for Synthetic Aperture Radar (SAR), Light Detection And Ranging (lidar) and
Sound Navigation And Ranging (sonar). The intent is to standardize sensor descriptions and specify the
minimum geolocation metadata requirements for data providers and geopositioning imagery systems.
Observations in this document are the generic meaning of the word; observations are not in the meaning
of ISO 19156 observations.

V
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hstamountsofdatafromimagingsystemshavebeen collected, processed and distributed bygoy
apping and remote sensing agencies and by commercial data vendors. In order for this data to

btermines the ground coordinates of an object from image coordinates, is a fundamental py
ep. Because of the diversity of sensor types and the lack of a common sensor model stand
om different producers may contain different parametric information, lack-parameters red
escribe the sensor that produces the data, or lack ancillary information necessary for geopo
nd analysing the data. Often, a separate software package must be developed to deal with d
ich individual sensor or data producer. Standard sensor models @hd geolocation metadg3
rencies or vendors to develop generalized software products that.are applicable to data from
hta producers or from multiple sensors. With such standards, different producers can des
polocation information of their data in the same way, thus promoting interoperability of data
pplication systems and facilitating data exchange.

hrt 1 provided a location model and metadata relevantto.all sensors. It also included metadat
whiskbroom, pushbroom, and frame sensors, and.'some metadata for Synthetic Apertu
AR) sensors. In addition, it provided metadata forfunctional fit geopositioning, whether the
as part of a correspondence model or a true replacement model. It also provided a schema
etadata elements. Comments on Part 1 stated that metadata needed to be specified for a
bnsors. The technology of such sensors has'now become sufficiently mature that standardj
bw possible. This Technical Specification extends the specification of the set of metadata
quired for geolocation by providing\physical sensor models for Light Detection And Rangir
nd SOund Navigation And Ranging-(sonar), and it presents a more detailed set of elements
his Technical Specification also defines the metadata needed for the aerial triangulation of

ements.

ernment
be useful

extraction of geographic information, further processing of the data are needed. Geopositioning, which

ocessing
hrd, data
juired to
sitioning
ata from
ta allow
multiple
cribe the
between

W specific
re Radar
function
for these
dditional
zation is
plements
1g (lidar)
for SAR.
irborne

nd spaceborne images. This Technical Specification also provides a schema for all of these metadata
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TECHNICAL SPECIFICATION ISO/TS 19130-2:2014(E)

Geographic information — Imagery sensor models for
geopositioning —

Part 2:
AR, InSAR, lidar and sonar

Scope

1

This Technical Specification supports exploitation of remotely sensed images. ltspecifies tH
models and metadata for geopositioning images remotely sensed by Synthetic Aperture Rad
Interferometric Synthetic Aperture Radar (InSAR), LIght Detection And Ranging (lidar), an|
Npvigation And Ranging (sonar) sensors. The specification also defines the metadata neede
agrial triangulation of airborne and spaceborne images.

This Technical Specification specifies the detailed information, tlfat shall be provided for

description of SAR, InSAR, lidar and sonar sensors with theassociated physical and g
irfformation necessary to rigorously construct a Physical Seénsor Model. For the case whery¢
geoposition information is needed, this Technical Specification identifies the mathematical

fdr rigorously constructing Physical Sensor Models that.rélate two-dimensional image space

dlmensional ground space and the calculation of the associated propagated error.

content of the data the users generate.

2| Conformance

—3

his Technical Specification specifies 5 conformance classes. There is one conformance
ich type of sensor. Any set of geopositioning information claiming conformance to this
pecification shall satisfy the requirements for at least one conformance class as specified in
The requirements for eachrclass are shown by the presence of an X in the boxes for all claus
application test suite (ATS)required for that class. If the requirement is conditional, the box ¢
The conditions are defined in the corresponding UML models.

wn ©

@)

Table 1 — Conformance classes

e sensor
ar (SAR),
d SOund
d for the

A sensor
eometric
b precise
formulae
to three-

This Technical Specification does not specify either"how users derive geoposition data or the format or

class for
lechnical

Table 1.
es in the
bntains a

Section of this part of ISO 19130
Al11 | A1.2 | A1.3 A2 A3 A4 A.5 A.6
SAR X C X
InSAR X C X
Conformance Lidar X X X X
Class
Sonar X X X X
Aerial triangulation X C X

3 Normative references

The following referenced documents are indispensable for the application of this document. For dated
references, only the edition cited applies. For undated references, the latest edition of the referenced

document (including any amendments) applies.

© IS0 2014 - All rights reserved


https://standardsiso.com/api/?name=7ef4708d199549e23d0a18196c9f1c92

ISO/TS 19130-2:2014(E)

ISO/TS 19103:2005, Geographic information — Conceptual schema language
[SO 19107:2003, Geographic information — Spatial schema

ISO 19108:2002, Geographic information — Temporal schema

ISO 19111:2007, Geographic information — Spatial referencing by coordinates
[SO 19115-1:2014, Geographic information — Metadata — Part 1: Fundamentals

I1SO 19115-2:2009, Geographic information — Metadata — Part 2: Extensions for imagery and gridded data

[SO 19123:2005, Geographic information — Schema for coverage geometry and functions
ISO 19157:2013, Geographic information — Data quality

ISO/TS 19130:2010, Geographic information — Imagery sensor models for geopositioning

4 Terms and definitions

For the purposes of this document, the following terms and definitions apply!

4.1
active s¢nsor
sensor (466) that generates the energy that it uses to perform the sensing

4.2
active s¢gnar
type of dctive sensor (4.1) that transmits sound waves inteithe water and receives the returned wavegs
echoed from objects in the water

4.3
adjustalhle model parameters
model parameters that can be refined using.avdilable additional information, such as ground contrpl
points, t

[SOURCH: ISO/TS 19130:2010, 4.2]

improve or enhance modeling cottections

4.4
ARP
aperture reference point

3D location of the centre pfithe synthetic aperture

Note 1 tolentry: It is usdally expressed in ECEF coordinates in metres.
[SOURCH: ISO/TS§19130:2010, 4.4]

4.5
area redording
instantaneously recording an image In a single frame (4.2Z]

4.6

attitude

orientation of a body, described by the angles between the axes of that body’s coordinate system and the
axes of an external coordinate system

[SOURCE: ISO 19116:2004, 4.2]

2 © ISO 2014 - All rights reserved
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4.7
attribute
named property of an entity

[SOURCE: ISO/IEC 2382-17:1999, 17.02.12]

4.8
azimuth resolution
<SAR> resolution (4.60) in the cross-range direction

N
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>
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N
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[

ofitside of this angle is too little to provide a usable return (4.62).

cpmplex image

cpordinate system

pte-ttoentry-Thistsustatty measuredirtermrs of threimpulse response of the SARsersor-&-66)ammd
stem. It is a function of the size of the synthetic aperture, or alternatively the dwell time (e.g. largep4
longer dwell time - > better resolution).

OURCE: ISO/TS 19130:2010, 4.7]

9
pam width
BAR> useful angular width of the beam of electromagnetic energy

bte 1 to entry: For SAR, beam width is usually measured in radians and is the'angular width between t
at have 1/2 of the power (3 dB below) of the centre of the beam. It is a pteperty of the antenna. Pows
bte 2 to entry: Angle, measured in a horizontal plane, between thédirections on either side of the axi
e intensity (4.37) of a beam of energy drops to a specified fraction/of the value it has on the axis.

OURCE: ISO/TS 19130:2010, 4.8, modified — Notes 1.ahd 2 have been added.]

10
roadside

lipsoid at the nadir point of the ARP (4.4)
OURCE: ISO/TS 19130:2010, 4.9]
11

'st-level product produced-by*processing SAR Phase History Data (4.48)

12
atum
hrameter or set gf parameters that define the position of the origin, the scale, and the orient

OURCE: IS@"19111:2007, 4.14]
13

rocessing
perture -

wo points
r emitted

b at which

BAR> direction orthogonal to the velocity vector (4.81) and parallel to the plane tangent to the Earth’s

htion of a

ppression angle

Note 1 to entry: Approximately the complement of the look angle (4.42).

4.14

D

ifferential Global Navigational Satellite System

enhancement to Global Positioning System that uses GNSS and DGNSS to broadcast the difference
between the positions indicated by the satellite systems and the known fixed positions

©
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4.15
Doppler angle
<SAR> angle between the velocity vector (4.81) and the range vector (4.58)

[SOURCE: ISO/TS 19130:2010, 4.19]

4.16
Doppler shift
wavelength change resulting from relative motion of source and detector

Note 1 toremtry—tn the-SAR contextitisthefr CUEITY shift iulpuacd omraradar bigud} thretoretative-motion
between the transmitter (4.79) and the object being illuminated.

[SOURCH: ISO/TS 19130:2010, 4.20]

417
draught
vertical dlistance, at any section of a vessel from the surface of the water to the bottomlof the keel

[SOURCH: IHO Hydrographic Dictionary, S-32, Fifth Edition]

4.18
easting
E
distance|in a coordinate system, eastwards (positive) or westwards (negative) from a north-south
reference line

[SOURCH: ISO 19111:2007, 4.16]

4.19
field of egard
total anélular extent over which the field of view (FO¥J/(4.20) may be positioned

Note 1 tolentry: The field of regard is the area that‘is‘potentially able to be viewed by a system at an instant |n
time. It is|determined by the system’s FOV and therange (4.54) of directions in which the system is able to poinft.

[SOURCH: Adapted from the Manual of Phetogrammetry]

4.20
field of yiew
FOV
instantapeous region seen.by)a sensor (4.66), provided in angular measure

Note 1 tolentry: In the aiftborne case, this would be swath (4.75) width for a linear array, ground footprint for gn
area array, and for a whiskbroom scanner it refers to the swath width.

[SOURCH: Manualef Photogrammetry]|

4.21
first return
first reflected signal that is detected by a 3D imaging system, time of flight (TOF) type, for a given
sampling position and a given emitted pulse

[SOURCE: Adapted from STM E2544]

4.22
frame
<lidar> data collected by the receiver (4.59) as a result of all returns (4.62) from a single emitted pulse

Note 1 to entry: A complete 3D data sample of the world produced by a lidar (4.40) taken at a certain time, place,
and orientation. A single lidar frame is also referred to as a range (4.54) image.

[SOURCE: Adapted from NISTIR 7117]

4 © ISO 2014 - All rights reserved
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4.23
geiger mode

photon counting mode for lidar (4.40) systems, where the detector is biased and becomes sensitive to

individual photons

Note 1to entry: These detectors existin the form of arrays and are bonded with electronic circuitry. The electronic
circuitry produces a measurement corresponding to the time at which the current was generated; resulting in a
directtime-of-flight measurement. Alidar thatemploys this detector technology typically illuminates alarge scene
with a single pulse. The direct time-of-flight measurements are then combined with platform location/attitude
(4.6) data along with pointing information to produce a three-dimensional product of the illuminated scene of

s VN I 1 : . b I | 1 -1 : - . : 1 1 1
1IteTES . AUUItIondal PLOCLTSSIITE IS dPPIHCU WITILIT TCITITOVES TXISUITE TTUISTC PICSTIIUIIT ULIT Udid LU produlc

exploitable data set.
[JOURCE: Adapted from Albota 2002]

4{24
geodetic coordinate system

cpordinate system in which position is specified by geodetic latitude, geodetic longitude an
three-dimensional case) ellipsoidal height

[JOURCE: ISO 19111:2007, 4.18]

4|25

geodetic datum

ditum (4.12) describing the relationship of a two- or three-dimensional coordinate system to {
N

N

bte 1 to entry: In most cases, the geodetic datum includes anellipsoid description (ISO/TS 19130:201

[JOURCE: ISO 19111:2007, 4.24, modified — Notes 1 and 2 have been added.]

4{26
geographic coordinates
Idngitude, latitude and height of a grotihd or elevated point

Npte 1 to entry: Geographic coordinates are related to a coordinate reference system or compound c
rgference system. Depth equals negative height.

27

pographic informatjen

formation concerning’phenomena implicitly or explicitly associated with a location relati
hrth

o1 5 0e

—
Lo

OURCE: ISO<9101:2002, 4.16]

428
geolocating
geopositioning an object using a Physical Sensor Model (4.68) or a True Replacement Model

a visually

d (in the

he Earth
D)

bte 2 to entry: The term and this Technical Specificatiorrmay be applicable to some other celestial bodlies.

pbordinate

Ve to the

[SOURCE: ISO/TS 19130:2010, 4.34]

4.29
grazing angle
<SAR> vertical angle from the local surface tangent plane to the slant range direction (4.56)

Note 1 to entry: It is usually measured at the GRP and approximately the complement of the incident angle (4.35)

[SOURCE: ISO/TS 19130:2010, 4.39, modified — Note 1 to entry has been added.]
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4.30

hydrophone

<sonar> component of the sonar system which receives the sound echo and converts it to an electric
signal

4.31
heave
oscillatory rise and fall of a ship due to the entire hull being lifted by the force of the sea

[SOURCE: IHO Hydrographic Dictionary S-32, Fifth Edition]

4.32
hydrographic swath
<sonar> [strip or lane on the ground scanned by a multi-beam sounder when the survey vessel proceeds
along its|course

[SOURCH: IHO Hydrographic Dictionary S-32, Fifth Edition]

4.33
image c;mrdinates
coordindtes with respect to a Cartesian coordinate system of an image

Note 1 tojentry: The image coordinates can be in pixels or in a measure of length.(linear measure).

4.34
image fqrmation
<SAR> ptocess by which an image is generated from collected Phase History Data (4.48) in a SAR system

[SOURCH: ISO/TS 19130:2010, 4.51]

4.35
incidentangle
vertical angle between the line from the detected element to the sensor (4.66) and the local surfage
normal (fangent plane normal)

Note 1 tojentry: It is approximately the complement of the grazing angle (4.29).
[SOURCH: ISO/TS 19130:2010, 4.57, modified — Note 1 to entry has been added.]

4.36
instantgneous field of view
instantaheous region seenbya single detector element, measured in angular space

[SOURCH: Manual of PhHefogrammetry]

4.37
intensity
power pér unit’solid angle from a point source into a particular direction

NOteltO bty T ol Lo Tid o (A AN o ffininnt colibpvation boc notbonn dosnato colonlars Sbhcalibn it cibyy 0
SHery-—rypicarr yottiaeH oSttt et Carotrat o aS ot ot e 6o eto-Carctrate-anSortteHIte St Y5

relative intensity is usually reported. In linear mode (4.41) systems, this value is typically provided as an integer,
resulting from a mapping of the return’s (4.62) signal power to an integer value via a lookup table.

4.38

last return

last reflected signal that is detected by a 3D imaging system, time-of-flight (TOF) type, for a given
sampling position and a given emitted pulse

[SOURCE: Adapted from ASTM E2544]

6 © ISO 2014 - All rights reserved
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4.39

layover

visual effect in SAR images of ambiguity among returns (4.62) from scatterers at different heights that
fall into the same range-Doppler-time bin

Note 1 to entry: The effect makes buildings “lay over” onto the ground toward the sensor (4.66)velocity vector
(4.81), akin to perspective views in projective imagery.

4.40

lidar

liphtdetection and Tanging
system consisting of 1) a photon source (frequently, but not necessarily, a laser), 2) a photendetection
system, 3) a timing circuit, and 4) optics for both the source and the receiver (4.59) thatuseq emitted
lgser light to measure ranges (4.54) to and/or properties of solid objects, gases, or particulates in the
atmosphere

Npte 1 to entry: Time of flight (TOF) lidars use short laser pulses and precisely record\the time each Igser pulse
s emitted and the time each reflected return(s) (4.62) is received in order to calculate the distancg(s) to the
sqatterer(s) encountered by the emitted pulse. For topographic lidar (4.80), theSe)time-of-flight measurements
are then combined with precise platform location/attitude (4.6) data along with pointing data to produde a three-
dimensional product of the illuminated scene of interest.

441

linear mode
liglar (4.40) system in which output photocurrent is proportional to the input optical incident|intensity
(4.37)

Npte 1 to entry: Alidar system which employs this technology typically uses processing techniques to d¢velop the
time-of-flight measurements from the full waveform thatds reflected from the targets in the illuminated scene of
interest. These time-of-flight measurements are then combined with precise platform location/attitude|4.6) data
along with pointing data to produce a three-dimensional product of the illuminated scene of interest.

—

JOURCE: Adapted from Aull et al., 2002]

4|42

lgok angle
vertical angle from the platform down direction (4.50) to the slant range direction (4.56), usually measured
at the ARP (4.4)

Npte 1 to entry: It is approxiniately the complement of the depression angle (4.13).

4{43

njean sea level
MSL

ayerage height of the surface of the sea at a tide station for all stages of the tide over a 19-yedr period,
upually détermined from hourly height readings measured from a fixed predetermined referemce level

[JOURCE: IHO Hydrographic Dictionary S-32, Fifth Edition]

4.4%
multibeam sonar
wide swath (4.75) echo sounder for use in seabed mapping and surveying using the multi-beam principle

Note 1 to entry: Depths are measured directly below and transverse to the ship’s track. The width of the swath is
a function of the number of beams and their aperture.

[SOURCE: IHO Hydrographic Dictionary S-32, Fifth Edition]

© ISO 2014 - All rights reserved 7
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4.45

multiple returns

multiple signals returned and detected for a given emitted pulse, such as when a laser beam hitting
multiple objects separated in range (4.54) is split

[SOURCE: Adapted from ASTM E2544]

4.46
objective

optical element that receives light from the object and forms the first or primary image of an optical
system

4.47
passive sonar
type of ppssive sensor (4.66) that only receives sound waves from external sources and does-nottransmlit
any sourld waves

4.48
phase history data
PHD
video phase history data

raw raddr return (4.62) signal information after demodulation

Note 1 to entry: Usually stored as a series of range (4.54) lines, each contaiing information from a specific range
bin (4.55). PHD can be thought of as a table of five columns: In-phase-sighal, Quadrature signal, Range (4.54
Doppler Angle (4.15), and Time.

<

4.49
platformp coordinate reference system
engineerfing coordinate reference system fixed to the colléction platform within which positions on the
collectioh platform are defined

[SOURCH: ISO/TS 19130:2010, 4.65]

4.50
platfornh down direction
downwafd normal to the platform horizental plane

4.51
point clgud
collectioh of data points in 3D;space

Note 1 to pntry: The distanee-between points is generally non-uniform and hence all three coordinates (Cartesign
or spherig¢al) for each point'must be specifically encoded.

4.52
projectipn centre
perspectivecentre
pointlochted in three dimensions through which all rays between object points and image points appear
to pass geometrically

Note 1 to entry: It is represented by the rear nodal point of the imaging lens system.
[SOURCE: ISO/TS 19130:2010, 4.62, modified — Note 1 to entry has been added.]

4.53
pulse repetition frequency

number of times the system (e.g. lidar [4.40]) emits pulses over a given time period, usually stated in
kilohertz (kHz)

8 © ISO 2014 - All rights reserved
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4.54
range
<SAR> distance between the antenna and a distant object, synonymous with slant range

4.55
range bin
<SAR> group of radar returns (4.62) that all have the same range (4.54)

[SOURCE: ISO/TS 19130:2010, 4.69]

456

rlmge direction

slant range direction

<BFAR> direction of the range vector (4.58)

Npte 1 to entry: It is nominally the direction from a radar antenna to an object, representedby a vectoy from the
ARP (4.4) to the GRP for SAR.

—

JOURCE: ISO/TS 19130:2010, 4.70, modified — Note 1 to entry has been added.]

4{57
range resolution
spatial resolution (4.60) in the range direction (4.56)

Npte 1 to entry: For a SAR sensor (4.66), it is usually measured in texms of the impulse response of the spnsor and
processing system. It is a function of the bandwidth of the pulsé€,

—

JOURCE: ISO/TS 19130:2010, 4.71]

4(58
range vector
vector from the antenna to a point in the scene

—

JOURCE: ISO/TS 19130:2010, 4.72]

4{59
receiver
hardware used to detect and.r'ecord signals

Npte 1 to entry: In lidar (4.40),and sonar systems, the receiver detects and records reflected pulse retufns (4.62).

4|60
resolution (of a sernsor)
sinallest differefice between indications of a sensor (4.66) that can be meaningfully distinguished

—

JOURCE: JSQ/TS 19101-2:2008, 4.34]

4|61
resolution (of imagery)

smalest distance hetween two uniformly illuminated ohjects that can he separately resolved in an

image

4.62

return

<lidar> sensed signal from an emitted laser pulse which has reflected off of an illuminated scene of
interest

Note 1 to entry: There may be multiple returns (4.45) for a given emitted laser pulse.

4.63

scan

set of sequential frames (4.22) collected during a single full cycle of a mechanical scanner representing a
cross-track excursion from one side of the field of regard (4.19) to the other and back again
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4.64

scan mode

SAR mode in which the antenna beam is steered to illuminate a swath (4.75) of ground at various angles
relative to flight path throughout the collection

Note 1 to entry: Steering the antenna also allows dwell time to be increased and provides the ability to collect
strips at angles non-parallel to the flight direction and with better resolution (4.60) than Stripmap mode.

[SOURCE: ISO/TS 19130:2010, 4.77]

4.65
ScanSAR mode
special cpse of stripmap mode that uses an electronically steerable antenna to quickly change théswath
(4.75) beling imaged during collection to collect multiple parallel swaths in one pass

[SOURCH: ISO/TS 19130:2010, 4.78]

4.66

sensor
element pf a measuring system that is directly affected by a phenomenon, body;or Substance carryinga
quantity|to be measured

[SOURCH: ISO/IEC GUIDE 99:2007, 3.8]

4.67
settleme¢nt
general Ipwering in level of a moving vessel, relative to what itslével would be were it motionless, due o
the regidnal depression of the surface of the water in which the’ship moves

Note 1 tojentry: Settlement is not an increase in displacement.
Note 2 tojentry: Settlement is measured as an angular tilt:@about the centre of gravity of the vessel.
[SOURCH: IHO Hydrographic Dictionary S-32, Fifth Edition]

4.68
sensor hodel
<geopositioning> mathematical description of the relationship between the three-dimensional objeft
space anf the two-dimensional plane'of the associated image produced by a sensor (4.66)

[SOURCH: ISO/TS 19130:2010;4,80]

4.69
sidescan sonar
type of spnar that transmits sound energy from the sides of a towfish, creating a fanlike beam on eith¢r
side that|sweeps the'seafloor, and continuously records return (4.62) signals, creating a “picture” of the
seafloor pnd any-other objects

Note 1 to putry: Sidescan sonar is used for imaging bottom features and targets in a wide variety of water depths.

Note 2 to entry: This includes synthetic aperture sidescan sonar.

4.70

single beam sonar

type of sonar that produces one narrow sonar beam directly beneath the transducer (4.78)/receiver
(4.59) and receives a return (4.62) echo from the closest object

Note 1 to entry: Single beam sonar is commonly called a single beam echosounder (abbr: SBES).

4,71

sonar processing system

system that processes the sonar signals to determine the geopositions of objects sensed by sonar sensors
(4.66)

10 © ISO 2014 - All rights reserved


https://standardsiso.com/api/?name=7ef4708d199549e23d0a18196c9f1c92

ISO/TS 19130-2:2014(E)

4.72

Sound Navigation And Ranging

sonar

sensor (4.66) that uses sound navigation and ranging technology for sensing

4.73

squat

effect that causes a vessel moving through water to create an area of lowered pressure under its bottom
that increases the effective draught (4.17) (i.e. lowers the vessel in the water)

Npte T to entry: The effectis a result of Bernoull’s principle of fTuid dynamics. The squat represents th¢ increase
effective draught.

—-
=

Npte 2 to entry: For a ship underway, the change of level of the bow and stern from the still.water copdition in
rgsponse to the elevation and depression of the water level about the hull resulting from the bow and sfern wave
systems.

[JOURCE: Implementation Specification — a Draught Information System forthe St. Lawrencg Seaway,
418, modified — Note 2 to entry has been added.]
4|74

stare

s¢anning mode consisting of a step stair pattern

Npte 1 to entry: This applies to a HARLIE transceiver, based on a yolume phase holographic optical elerhent.

4{75

swath
<lidar> ground area from which return (4.62) data ate collected during continuous airborne lidar (4.40)
operation

=z

bte 1 to entry: A typical mapping mission may,€onsist of multiple adjacent swaths, with some overlap, and the
operator will turn off the laser while the aircraft is oriented for the next swath. This term may also b¢ referred
td as a Pass.

4|76

sweep sonar
type of sonar that has several single beam transducer (4.78)/receivers (4.59) mounted on a boom, which
idthen operated parallel to(the water’s surface and orthogonal to the vessel’s direction of trav¢l

Npte 1 to entry: Sweep sounding is commonly called multi-channel echosounding (MCES).

4{77

swipe
sét of sequential frames (4.22) collected during a single half cycle of a mechanical scanner repifesenting
alcross-track'excursion from one side of the field of regard (4.19) to the other

4{78
tramsducer
devite that TONVETtS OME type Of eNergy to arnotiter

4.79

transmitter

component of sonar that converts an electrical impulse into a sound wave and sends the wave into the
water

Note 1 to entry: Transmitter is also called projector in multibeam echosounding.
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4.80

topographic lidar

lidar (4.40) system used to measure the topography of the ground surface

Note 1 to entry: Generally referring to an airborne lidar system.

4.81

velocity vector

<Radar> first derivative of the antenna’s position vector

5 Syn

5.1 Sy
A

V)

a 0o o W

col

mbols

)bols and abbreviations

3D Affine transform matrix

image vector

radar pulse bandwidth

3D Affine translation vector

number of columns (samples) in the image

correction for row-column to line-sample conversion.

correction for row-column to line-samplé’conversion
speed of light in a vacuum

speed of sound in the medium-in which the sonar operates
column in the row-column,coordinate system

physical radar antennaaperture

pixel width in CCS"— not applicable to SAR

pixel heiglit in CCS — not applicable to SAR

camerafocal length

Ground Reference Point (GRP)

sensor altitude, m HAE; also platform Heading

heading in reference to the local-vertical coordinate system, e.g. platform Heading

12

height (MSL) of the object the laser intersects, in kilometres.
object elevation, m HAE

elevation relative to elipsoid, e.g. sensor altitude, object elevation
In-phase (real) component of phase history data sample

index of frames

index of points
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K refraction constant, micro-radians

arbitrary constant

kq first order radial distortion coefficient

ko second order radial distortion coefficient

k3 third order radial distortion coefficient

L front nodal point of Iens

l line in the line sample coordinate system

1 line number

Io location of GRP in line direction in image space
Mp generic 3D point (in ECEF)

rotation matrix (various)

MEgcEF rotation matrix from the ellipsoid-tangential reference frame to the ECEF reference
frame
MErLL rotation matrix from the local vertical reference frame to the ellipsoid-tangential

reference frame.

Maeiv rotation matrix from the sensor reference frame to the gimbal reference frgme
(gimbal angles).

Mpra rotation matrix from the-gimbal reference frame to the platform reference frame
(boresight angles).

Msen rotation matrix-from scanner reference frame to sensor reference frame (s¢an
angles).

MyEr rotationmatrix from the platform reference frame to the local vertical refefence

frame((INS observations).

M, rétation about the x-axis (roll)

Mo rotation about the y-axis (pitch)

My rotation about the z-axis (yaw)

Mo the orientation matrix

nD. Down in the North East Down (NF‘D\ Coordinate Svstem cf Figure Cc4 (" " can

also be used to represent down in the North East Down (NED) "Coordinate System)

mE Eastin the North East Down (NED) or North East Up Coordinate System, cf. Fig-
ure C.4.

mN North in the North East Down (NED) or North East Up Coordinate System, cf. Fig-
ure C.4.

N North in the North East Down (NED) or North East Up Coordinate System

P pitch in reference to the local-vertical coordinate system
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P1, P2
pI/ Ps
Qc

Qs
Qo

Q,

R¢

Rs

rA

FECEF

rEP

rGim

rGps

I'GR
I'INS
'R
rsca
'SR

row

S(t)
Sy
Sy(t)
So

14

object point coordinate (ground space)

lens decentring coefficients

line and sample coordinates of a generic pixel in the image
quadrature (imaginary) component of phase history data sample

generic point in the image

vector representing a generic point in the image 1n the slant plane
vector representing GRP in the slant plane (ARP as origin)

vector from ARP to GRP (in ECEF)

range

ground range

slant range

range from front nodal point (L) to the point on the ground (A)
radial distance on image from principal point€g point of interest
azimuth resolution

vector from the ECEF origin to the GNSS antenna phase-centre in the ECEF refer-
ence frame (GNSS observations)

vector from the ECEF origin te.the ground point in the ECEF reference frame.

vector from the sensor tocthe gimbal centre of rotation in the gimbal reference
frame

vector from the GNSS antenna phase-centre to the INS in the platform reference
frame

ground range resolution
vectorfrom the INS to the gimbal centre of rotation in the platform reference frami.
range resolution

vector from the scanner to the ground point in the scanner reference frame (range).

slant range resolution

row in the row-column coordinate system

antenna position vector (in ECEF)

antenna position vector (in ECEF) as function of time
antenna velocity vector (in ECEF)

antenna velocity vector (in ECEF) as function of time

Aperture Reference Point (ARP)
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Syo antenna velocity vector at the ARP (first derivative of ARP)

s sample in the line-sample coordinate system; symbol has multiple meanings; mean-
ing of the symbol defined in context.

s adjustment for the range to account for distance from front nodal point to the lens;
symbol has multiple meanings; meaning of the symbol defined in context.

S0 location of GRP in sample direction in image space

T period of signal

T radar pulse width

t time

ty round trip travel time

ij unit vector in range direction in slant plane

fJA unit vector in azimuth direction in slant plane

X X coordinates within Earth coordinate system

Xh platform longitudinal axis

X|Y,Z right-handed Cartesian ground coordinate system

Xh, Ya, Za Cartesian coordinates in Local Vertical Coordinate System

XLYLZL the position of the sensor front nodal point in ground coordinates

X Yw, Zw Cartesian coordinates in World Coordinate System

X image coordinate (x-component) adjusted for lens and atmospheric errors

XGIM, YGIM, ZgIM ~ Cartesian’coordinates in Gimbal Coordinate System

Xp, Yo principal point offset in the x-y frame coordinate system

Xb Yp» Zp Gartesian coordinates in Platform Coordinate System

X4, Vs Zs Cartesian coordinates in Sensor Coordinate System

Xdca, VscaZsca Cartesian Coordinates in Scanner Coordinate System

Y Y coordinates within Earth coordinate system

Ya platform pitch axis
y coordinate in the x-y frame coordinate system

Y image coordinate (y-component) adjusted for lens and atmospheric errors

Z Z coordinates within Earth coordinate system

Za platform yaw axis

Z various z coordinates, defined by subscripts
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ap
ay,

ai, b1, c1,az, bz, c2

Doppler angle

the angle of the laser beam from vertical
Doppler angle of the GRP

local Doppler angle of a generic point

parameters for a six parameter transformation, in this case to account for array
distortions.

Bij coefficients of the unknown corrections to the sensor parameters
Bij coefficients of the unknown corrections to the ground coordinates
B radar beamwidth

y grazing angle

Ad angular displacement of the laser beam from the expectéd path
AXatm atmospheric correction for image coordinates, x-coniponent

Ayatm atmospheric correction for image coordinatesyy*eomponent

AXgec lens decentring errors, x component

Aydec lens decentring errors, y component

AXlens total lens radial distortion and degentring distortion, x-component
AYlens total lens radial distortion and’decentring distortion, y-component
AXradial radial lens distortions,-x*component

Ayradial radial lens distortiens, y-component

Ai unknown cornrections to the sensor parameters.

Aj unknowit¢orrections to the ground coordinates.

0 angular displacement of the range vector from the lens optical axis, x-component
E easting

A geodetic longitude

v residuals of the frame coordinates.

P covariance matrix

o covariance matrix element

Dps phase shift of signal

10) geodetic latitude

Peo rotation about the y-axis, pitch (equivalent to M)
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angular displacement of the range vector from the lens optical axis, y-component

roll (in reference to the local-vertical coordinate system)

5.2 Abbreviated terms

ANSI American National Standards Institute

APD Avalanche Photo Diode (ASTM E2544-07a)

ARDC Air Research Development and Command

ASTM Formerly the American Society for Testing and Materials

CLD Charge Coupled Device

CRS Coordinate Reference System

ChM Community Sensor Model

DEM Digital Elevation Model

DENSS Differential Global Navigational Satellite System

ECEF Earth Centred Earth Fixed

ENU East North Up

ED Earth Observation

FPR Field of Regard

FpV Field of View

FPA Focal Plane Array

GmAPD Geiger-mode Avalanche PhotoDiode

GNSS Global Navjgational Satellite System

GFD Ground-Sample Distance

HAE Height Above Ellipsoid

IFOV Instantaneous Field of View

IMU Inertial Measurement Unit

INS Inertial Navigation System

InSAR, Interferometric Synthetic Aperture Radar

IPR ImPulse Response

IR InfraRed

Ladar Laser Detection and Ranging System. This term is used interchangeably with the term
lidar. Historically, the term ladar grew out of the Radar community and is more often
found in the literature to refer to tracking and topographic systems.

Lidar LIght Detection and Ranging System
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MSL
NED
PHD
PPS
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Multi Beam Input-Output
Mean Sea Level

North East Down

Phase History Data

Pulses Per Second

PRF
RAR
Radar
SAR
sonar

TOF

5.3 Nd

Clauses
the Unif]

Pulse Repetition Frequency
Real Aperture Radar

RAdio Detection And Ranging
Synthetic Aperture Radar
SOund Navigation And Ranging

Time of Flight

tation

ISO/TS 1

dictionai

y in this Technical Specification.

jed Modeling Language (UML), describing the characteristics of sensor models. Whereas
9103 describes the way in which UML is used in the\NSO 19100 family of standards. It diffef
from stapdard UML only in the existence and interpretatiofiyof some special stereotypes, in particula
“CodeList” and “Union”. ISO/TS 19103 specifies the basic’data types used in the UML model and the data

Annex Blcontains a data dictionary for the UML diagrams in this schema.

ISO/TS 19103 requires that names of UML classes, with the exception of basic data type classes, include
a prefix that identifies the standard and the:UML package in which the class is defined. Table 2 lists the
prefixes [used in this Technical Specification, the International Standard or Technical Specification |n
which eafch is defined and the package each identifies. UML classes defined in this Technical Specificatign
a package named Sensor\Data Extension and have the prefix SE.

belong t¢

In this

represenfted with a dotted-gutline.

[echnical Specification, classes taken from other geographic information standards afe

Table 2 — UML class prefixes

S n

18

Prefix Standard Package
Gl ISO 19115 Citation
Ccv ISO 19123 Coverages
DQ ISO 19157 Data quality
GM ISO 19107 Geometry
MD ISO 19115 Metadata
MI ISO 19115-2 Metadata for Imagery
SC ISO 19111 Spatial Coordinates
SD ISO 19130 Sensor Data
SE ISO 19130-2 Sensor Data Extensions
™ ISO 19108 Temporal Schema
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Sensor Model Extensions

6.1 Introduction

ISO/TS 19130 specifies the common and sensor-specific components of sensor models for precise
geopositioning of imagery data. The specific sensors covered by ISO/TS 19130 are frame, whiskbroom,
pushbroom, and SAR sensors. This Technical Specification covers InSAR, lidar, and sonar sensors,
extends the SAR sensor model, and defines the sensor model for aerial triangulation. For sonar, the
use of non ship based platforms is not covered in this Technical Specification. Clause 6 specifies the

[%2)]

QO

]

et
o

ecify sensor-specific extensions.

2 SE_SensorModel

E_SensorModel is a specified subclass of SD_SensorModel that contains apdeéscription g
odeling methods and sensor manufacturer information to further specify thé.sensor and the 1
pproach. The UML for this extension is shown in Figure 1 and the data dictionary for this di
cated in Table B.1.

: MI_Geolocationinformation |
I
: SD_SensorModel |
i
I

+ for ImagelD: CharacterString |

« CodeList»
SE_DataModelingMethod

absoluteValue
basicSequentialModeling
collectionPlane
rectifiedlmage

reserved

vectorModeling
notApplicable

SE_SensorModel

+ sensorDataModeling: SE_DataModelingMethod[0..1]
+ sensorManufacturer: CharacterString [0..1]

+ o+ 4+ 4+ + 4+

Figure 1 — Extension to the Sensor Model

3 SE_Dynamics

he class SD_Dynamics provides a set of elements for describing the rates at which elements of

nd attitudechange overtime.SE_Dynamicsisasubclassof SD_Dynamicsthatallows furtherspe

the uncertainties in motion and attitude of the sensor platform. The UML for this extension
Figure-2'and the data dictionary for this diagram is located in Table B.2.

), and 11

f sensor
modeling
agram is

position
rification
is shown

©
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SD_Dynamics

acceleration: Acceleration [0..%]
angularAcceleration: AngularAcceleration [0..1]
angularVelocity: AngularVelocity [0..1]

attitude: SD_Attitude [0..1]

dateTime: DateTime

velocity: Velocity

SE_Dynamics

+ navigationalConfidence: DQ_QuantitativeAttributeAccuracy

constraints
{self.navigationalConfidence.nameOfMeasure = ‘covarianceMatrix’}

Figure 2 — SE_Dynamics

6.4 SE| PlatformDynamics

SE_PlatchrmDynamics isasubclass of SD_PlatformDynamics. It specifi€s additional parameters requirgd
to descripe the dynamics of platforms for sonar and lidar sensors;)T'He UML for this extension is shown
in Figurd 3 and the data dictionary for this diagram is located inTable B.3.

SD_PlatformDyhamics

+ trueHeading: Angle [0..1]
+ yaw: Angle [0..1]

eonstraints

(self.attitude->size F self.yaw->size) = 1}
(self.velocity->size + self.trueHeading->size) <=1}

Py

SE_PlatformDynamics

groundSpeed: Velocity [0..1]
heave: Angle [0..1]
settlement: Angle [0..1]
squat: Length [0..1]

+ o+ o+ F

constraints
{(self.velocity->size+self.heave->size+self.squat->size)=1}
{(self.trueHeading->size+self.settlement->size)=1}

Figure 3 — Extensions to platform dynamics

7 Refinement of SAR physical sensor model

7.1 Introduction

Remote sensing systems using radar (radio detection and ranging) send radio signals towards an object
and measure the intensity and phase of the reflected wave. The time difference between the sending
of the signal and its return provide the distance to the object. Real Aperture Radar (RAR) images are
along a line perpendicular to the flight track; they use the Doppler shift to filter out returns from points
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ahead of or behind that line. The intensity of the reflectance allows different types of surfaces to be
distinguished. In Synthetic Aperture Radar (SAR), the size of the antenna is synthetically enlarged by
treating a series of returns from a much smaller physical antenna that is moving relative to the target
as one long antenna (aperture). The distance the platform moves in synthesizing the antenna is known
as the synthetic aperture. By synthesizing a large array, SAR can enjoy the benefits of improved angular
resolution that come with large antennas without the technical and physical problems associated with
them. SAR can sum the returns received from any given point over the time in which the physical antenna
is moved along the length of the synthetic antenna. Figure 4 shows the geometry of a SAR measurement.

Typically, SARs produce a two-dimensional (2-D) image. One dimension in the image is called range

(q
n
r(
r
T
a

2N R

th

r cross track) and is a measure of the “line-of-sight” distance from the radar to the tange
easurement and resolution are achieved in synthetic aperture radar in the same manner-as.m
idars, from the time from transmission of a pulse to receipt of the echo. In the simplest SA
solution is determined by the transmitted pulse width, i.e. narrow pulses yield finé range re
he other dimension is called azimuth (or along track) and is perpendicular toange. To oh
rimuth resolution, a large synthetic antenna is needed to focus the transmittéd-and receive
to a sharp beam. The sharpness of the beam defines the azimuth resolution, A side-looking 1
AR-system that records the object space (the ground) on one or both sidés, of the flight path

ajectory. The ground directly below the sensor is not recorded.
SAR sensor
Depression angle
Flying
height Slant range

Ground range
Figure 4 — Geometry of a SAR measurement

0O/TS 19130:2010 specifiés the fundamental metadata models needed for geolocating SAR i
2, this Technical Specification defines additional metadata for SAR geolocation. In Annex C, it
W updated informative description of how to use the sensor models defined in ISO/TS 19130:
1is Technical Spegification for precise geopositioning of SAR images.

2 SE_SAROperation

E_SAROperationisasubclass of SD_SAROperation. It provides further information on the datad
ode used in a SAR operation. Figure 5 defines the extensions required to describe the ope

t. Range
ost other
R, range
solution.
tain fine
d energy
adar is a
or of the

nages. In
provides
010 and

ollection
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—_———ee e e e e e e —— o

: SD_Microwave
| SD_SAROperation
1
I
I

+ grpPosition: DirectPosition

e e e o — —

« CodelList»
SE_SARCollectionMode

SE_SAROperation

+ spotlight
+ stripmap
+ scan

+ collectionMode: SE_SARCollectionMode

Figure 5 — SE_SAROperation

8 Intdrferometric SAR

8.1 Introduction

Interferdmetric SAR, or InSAR, is the application of interferometry.to SAR images. An interferogram, the
interferdmetric overlay of two SAR images, taking amplitude (inténsity) and phase of both images inf
account, fis produced. InSAR allows for a three-dimensional measurement of a surface and is especial
useful for detecting minor surface deformation and mapping topography at millimetre or centimety
scales.

o< O

InSAR mpy be carried out in many ways. Single patlrinterferometry is the interferometry of two SAR
images thken from two antennas mounted on a cemmon platform. Repeat-pass interferometry is the
interferdmetry of two SAR images taken from two independent passes of a sensor over the same objedt.
Repeat-pass interferometry of two sensors gnitwo platforms flying almost at the same time and on the
same orhit is called tandem interferometry..Differential interferometry is a special form of repeat-pass
interferdmetry to detect local movements-of the ground.

ScanSARlinterferometry is a methgdyto increase the possible width of the coverage below the flight path
by focusing the system at points(of interest. The swath is subdivided into several sub-swaths. After the
beam haf imaged a sub-swath with a certain number of pulses, its depression angle is rapidly steergd
to a diff¢rent sub-swath. The result is a pattern of many small SAR image patches without complete
coveragd of the ground,

After the creationoft an interferogram, the phase is ambiguous beyond the interval [0, 2m]. The
ambiguifies are rémoved by a process called phase unwrapping. One method of unwrapping the phasegs
of an int¢rferogram uses lines to connect positions with the same phase differences. A line of this type
is called p cut.

8.2 InSAR geometry

The distance between the two imaging positions, either from single-pass dual-antennas or from single-
antenna repeat passes, is the baseline of InSAR. In dual antenna InSAR, while the baseline vector
can be at any orientation, it is often configured to either nearly perpendicular to the platform track,
called cross-track InSAR (Figure 6), or nearly parallel to the platform track, called along-track InSAR
(Figure 7). Cross-track InSAR is useful in mapping topography and topographic deformations, while
along-track InSAR is useful in detecting radial movements such as ocean currents. In single-antenna
repeat pass InSAR, the baseline vector is determined by the platform positions, which can be configured
to cross-track or along-track geometry:. It is also possible to command a platform to return to the exact
same position and make another observation at the exact same geometry, in which case the phase
difference recorded in the resultant interferogram image reflects, if the elementary scatters within each

22 © ISO 2014 - All rights reserved


https://standardsiso.com/api/?name=7ef4708d199549e23d0a18196c9f1c92

ISO/TS 19130-2:2014(E)

imaging element are not changed, the movement of the target along the radial direction between the two
observations. The amount of the displacement and the elapsed time between the two observations can be
used to determine the velocity of the surface movement or deformation. Differential SAR Interferometry
(DInSAR) is an application of InSAR for the detection of change in the geometry.

o5

c&  Shape of
(\&“6 Imaging Triangle
6(0\) Depends on Topology

Figure 6 — Cross-track InSAR Configuration (from Rosen et al., 2000)

Water Surface Currents

Figure 7 — Along-track InSAR Configuration (from Rosen et al., 2000)

Flgure'8-shows the various vectors in an InSAR geometry. The two antennas are positioned at 47 and Ap,
s¢parated by a baseline B. The target position is T. The location O is a reference position, su¢h as the

e bt cantra ar nadir naint Thao vactare fraom 0 +0 tha catallita +0 tha antanna nocitinnge f\nd to the
H-en-eehtre— e HaaH—Ppotit—re e etorsH oo —+6—+tne—Satenite—+o—+neahte i iaPpPoSiaohs ol

targetare.., P,,and T, respectively. The viewing vectors from the antennas to the target are I; and I,

© ISO 2014 - All rights reserved 23


https://standardsiso.com/api/?name=7ef4708d199549e23d0a18196c9f1c92

ISO/TS 19130-2:2014(E)

Figure 8 — InSAR Geometry

For cross-track interferometers, two modes of data collection are commonly used: single transmittqr,
or standard, mode, where one antenna transmits and both interferomeétric antennas receive, and dupl
transmitfter, or “ping-pong”, mode, where each antenna alternatively transmits and receives its own
echoes (Rosen et al., 2000). Single antenna repeat-pass InSAR opé€rates inherently in ping-pong mode.

The following relationship between interferometric phase, ¢and baseline and viewing vectors can be
derived (Rosen et al., 2000):

T=B +1, =P +p,,

i . 0
=P 1, =P, +p,l,
B=H-P (%)

2rp 27rp
(P:'/I—(P —-py)= ‘ ‘—‘1‘
1/2
A 2

2ap 2<11,B> B &)
Sl S | P S 1

A Py Pq

where Bl|= |§| is the length of the baseline; p; and p, are ranges from the two antennas to the target;|p

equals 1 for standard mode and 2 for ping-pong mode.

8.3 Interferometric SAR operation

While surface reconstruction of InSAR is different from that of SAR, only a few additional parameters are
required in the InSAR sensor model. These parameters include the geometrical relationships between
the target and the positions of two antennas or the single repeat-pass antenna. In the two-antenna
configuration, all parameters for the two antennas shall be exactly the same except that their positions
in the platform are different. In the single antenna repeat pass configuration, the sensor parameters
for the different observations shall be the same except that the observation times and positions in the
multiple passes are different. Figures 9 and 10 define the extensions required to describe the operation
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of InSAR. The data dictionaries for this UML model are located in Tables B.5 and B.6 and the code lists

in given in B.2.1.11 and B.2.1.12.

SD_Microwave :
Sensor Data::SD_SAROperation :
1
|

SE_InSAROperation

collectionMode: SE_InSARCollectionModeType
receiveTime: SE_InSARTime

transmitterReceiver: SE_InSARTransmitReceiveType [0..1]
transmitTime: SE_InSARTime

+ + + +

constraints
{if self.collectionMode=SE.InSARCollectionModeType.pingPong then self.transmitterReceiver->size=0 endif}

SE_InSARTime -
«CodelList»

+ timeFunction: CharacterString [0..1] SE_InSARCollectionModeType
+ timeTable: DateTime [0..*] {orderer}

+ pifigRongMode
+ ‘standardMode

constraints
{self.timeFunction->size+self.timeTable-size>0}

«CodelList»
SE\IhSARTransmitReceiveType

+ firstAntennaTransmit
+ secondAntennaTransmit

Figure 9 — InSAR Operation
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Sensor Data::SD_SensorParameters

I

|

: + offsetAndOrientation: SD_PositionAndOrientation [0..*]
| + operationalMode: CharacterString [0..1]
I
I
|
|
I
|

constraints

{if self.identification.type="frame' or
self.identification.type="pushbroom' or
| self.identification.type="whiskbroom'
| then self.detector->size=1
1 else self detectora>size=0 nnrﬁf’}
I {if self.identification.type<>'InSAR' then self.InNSARAntennaPosition-size=0 endif}
: {if self.identification.type<>'InSAR' then self.offsetAnOrinetation-size>0 endif}

+InSARAnNtennaPosition | 0..1

SE_InSARDualAntennaPosition

+ firstAntennaPosition: SD_PositionAndOrientation [0..1]
+ secondAntennaPosition: SD_PositionAndOrientation [0..1]

constraints
{self .firstAntennaPosition->size=self.secondAntennaPosition.size}

Figure 10 — InSAR dual antenna position

9 Lidar physical sensor model

9.1 Dadscription of sensor

9.1.1 Iptroduction

Alidar (LIght Detection And Ranging) sensor is often mounted on-board an aircraft or a satellite. During
the flight, the lidar sensor pulsé€s a’narrow, high frequency laser beam toward the Earth through gn
opening |n the bottom of the platform. The lidar sensor records the time difference between the emissign
of the lager beam and the retiirn of the reflected laser signal to the platform. Multiple reflections of|a
signal pylse emission are&also possible.

9.1.2 Types of lidar

There arg five.basic types of lidar systems:

— Rangefinder

Range finders are used to measure the distance from the lidar sensor to a solid or hard target.
— DIAL

Differential Absorption lidar (DIAL) is used to measure chemical concentrations (such as ozone,
water vapour and pollutants) in the atmosphere. A DIAL lidar uses two different laser wavelengths,
which are selected so that one of the wavelengths is absorbed by the molecule of interest while the
other wavelength is not. The difference in intensity of the two return signals can be used to deduce
the concentration of the molecule being investigated.
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— Doppler lidar

Doppler lidar is used to measure the velocity of a target. When the light transmitted from the lidar
hits a target moving towards or away from the lidar, the wavelength of the light reflected /scattered
off the target will be changed slightly. If the target is moving away from the lidar, the return light
will have a longer wavelength; if the target is moving towards the lidar, the return light will be at a
shorter wavelength.

— Multiple receiver lidar

9

Al
fd

d
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of a target in three dimensions.

- Full waveform lidar

Used for studies of soft targets.

2 Information required for geolocating

5 a subclass of SD_OpticsOperation, SE_LIDAROperation defines the lidar-specific metadata frequired
r precise geopositioning of lidar data. Geolocation information for lidar shall include the dire¢tion and

time of each laser pulse, as specified in the UML model shown in Figufre 11. The data dictionar} for this

agram is defined in Table B.7.

SD_OpticsOperation

+ instFieldOfView :Angle
+ swathFieldOfView(zAngle

SE_LidarOperation

+ numberOfPulse :Integer
+ pulselntensityValue :Real [1..%]
#-pulselntensityTimeDirection :SE_LIDARPulse [1..*]

constraints

{self.pulselntensity TimeDirection->size=self.numberOfPulse}
{self.pulselntensityValue -> size=self.numberOfPulse}

«Data Type»
SE_LidarPulse

+ pulsePointing :Vector
+ pulseEmissionTime :dateTime
+ pulseReturnTime :dateTime

Figure 11 — Lidar operation
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ar physical sensor model

10.1 Description of sensor

10.1.1 Introduction

Hydrographic surveying is usually conducted on a dynamic platform and in an environment that is
constantly changing. As far as possible, the many influences that affectaccuracy of survey measurements
shall be accounted for and applied to the final survey data.
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lakes, be

interfere
electrom
resolutia

Asboth|
[DGPS] 4
accurate
a multibg
of sound

10.1.2 (

10.1.2.1

Four bas

— Single beam echo sounder system

A sir
rece

— Swa
Swaf
sign
this

— Swe

Swe
oper]

erwater to obtain imagery of geological and manmade features at the bottom of seas, rivers

n and the attenuation.

orizontal and vertical positioning become increasingly more accurate-(using code phase DGNS
nd carrier phase DGNSS [kinematic]), knowledge of the vessel’s attitude becomes critical fg
positioning of sonar beams on the ocean floor. The increased path lengths of the outer beams

speed through the water column.
onfiguration

Types of sonar

c types of systems are currently used for hydrographic surveys.

gle beam echo sounder system produces one sonar beam directly beneath the transducer ar
ves a return from the closest point at which it intersects the seabed.

th (multibeam or interferometric) sonar systems

h sonar systems have a‘single transducer or pair of transducers that transmit(s) a fan-shapsg

ep or boonvsystems

bp systems are characterized by several transducers mounted on a boom, which is thg

equi

hsors are used to detect and survey objects in water using sound. Sound or ultrasonic waves\ay

Cause electromagnetic radiation is generally not usable for imaging through water. Sound'wavés
have maphy characteristics that are similar to electromagnetic waves, such as reflection,réfractio
nce and diffraction. Unlike electromagnetic waves, they are elastic longitudinal waves whereas
agnetic waves are transverse waves. The higher the frequency used, the gteater will be the

pam system result in greater errors due to ray bending and reqtiire a more detailed knowledge

p

hl perpendicular to-the ship’s direction of travel. Returns are received from the points whey
fan intersects the\seabed and are converted into discrete depth values. Signal backscatter
strepgth can be measured to provide imagery in a way similar to sidescan sonar systems.

ated.parallel to the water’s surface and orthogonal to the vessel’s direction of travel. This is the
valent of having a number of single beam echo sounders mounted in a line. The transducers ar

S
r
n

d

n

e

equally spaced. If the echo comes, as is assumed, from the midpoint of the sonar beam, the result
will be sonar bottom coverage with a constant width, independent of water depth.

— Side

scan sonar systems

Sidescan sonar systems generally have two transducers mounted transversely in a towfish. In a side
scan the transmitted energy is formed into the shape of a fan that sweeps the seafloor from directly
under the towfish to either side. Sidescan sonar sensors measure backscattered signal strength to
provide qualitative information in the form of a “sound image”. They do not provide definitive depth
measurements. There are significant differences between interferometric and beamforming sonar.

Interferometric sonar, also referred to as Phase Differencing Bathymetric Sonar (PDBS) systems,
use the measurement of phase at each of several receive elements to determine the angle from which

28
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the acoustic return originates. Once the phase of the acoustic return has been precisely measured,
the differences between the phase at each of the receive elements are used to calculate the angle

from which the return originated. This angle of origin, in combination with range calcula
the two way travel time, provides a discrete location on the seafloor.

ted from

Beamforming is a signal processing technique used in sensor arrays for directional signal

transmission or reception.

10.1.2.2 Single beam echo sounder system

Alsingle beam echo sounder system consists of four basic components: a transducer or a transm
r¢ceiver, and a control and display system. These components are depicted schematically-inFif

Control

&
Display

Transmitted p

Bottom echo

N~ '
O Sea floor
\O\

.

Figure 12 — Single beam sonar systems

1D.1.2.3 Swath system

The sounding position coordinates shall be calculated by adjusting for system offsets such as
antenha, motion reference units, transducer position and alignment.

itter and
bure 12.

pulc 14

ing

the GNSS

The cross-track distance and depth shall be calculated from the range (determined by measuring the
two-way time travel) and the beam angle, as shown in Figure 13. Depending on the system either phase,

amplitude or a combination are used to measure depth.

In the scanning sonar/scanning profiler system for swath sounding, a single beam is mechanically
rotated through (part of) a circular arc. A measurement is taken and then the transducer is rotated over
an angle equal to the beam angle. A new measurement is taken, the transducer is rotated, and etc.
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M{ o

0 |

(measured depth) d Boan\< (ange = 1720t z=way
angle travel time)

y 1
(cross-track distance)

Figure 13 — Swath system

10.1.2.4| Sweep or boom system

Like swafh systems, sweep systems produce soundings along a line¢riented in the cross-track directiop,
except that the coordinates of each sounding are simply those of each transducer. Figure 14 shows that
there will be separate offset values for each transducer.

z

1 )

i

Draft

Limiting 100 % (measured depth) d

coverage depth

Y !
(cross-track distance)

Figure 14 — Sweep system
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10.1.2.5 Sidescan sonar system

water depth

fish layback

height of fish above bottom

2 L

Figure 15 — Height and position determination of sidescan senar system

Fish layback = sqrt[(0,9 x cable out)2 - (h+fg)?]

where

a  offset of tow point from echo sounder transducer;
h  height of tow point above waterline;

fg depth of sidescan sonar fish = water depth ¢height of fish above bottom.

NPTE1 A factor of 0,9 of the towing cable lerigth is sometimes used to calculate fish layback length
tHis is dependent on the altitude of the sonar fish above the water bottom. This is recommended to b
wiater depth but is not always attained. For'deep depths different factors may be used or an acoustic p
system may be used to determine fish relative to either the towing vessel or a ‘chase boat’.

Sidescan sonar is used to locate objects. A shallow water multibeam or single beam sonar syste
tq determine the smallest depth over the objects. Sidescan sonar data are collected over the
addition to multibeam orsingle beam depth data. The operator acquires sidescan sonar dat]
wed system. The sideséan sonar system used on the continental shelf can be operated out to

pight above the bottom of 8 % to 20 % of the range scale in use. The ideal value is 15 %, as
gure 15.

Since the sonar is pulsing at a fixed rate based on its range scale, the speed that the towfish
tqwed will have an effect on the ability to resolve items. In general, the slower the fish is tg
greater the resolution of the imagery obtained.

11}
tq
nlaximum range of 500m although 150 m is commonly used. The towfish should be maintajined at a
h
F]

however
e 10 % of
psitioning

m is used
seafloor
@ using a
a typical

thown in

is being
wed, the

minimum

NPTE 2  Typically, sidescan sonar is towed at a speed such that objects to be detected would receive a
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example

of how the required towing speed may be computed (if using a paper recorder replace the 3 in the equation for

maximum speed with 5).
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Maximum speed (metres/second) = Target size (metres) x prt/3)(seconds -1)

prr is the pulse repetition rate = reciprocal of pulse period andknots= metres/second x 1,9

E For a 100 m range scale with 7,5 pulses/second:
— Maximum vessel speed = 4,8 kn
— For a 150 m range scale with 5 pulses/second

— Maximum vessel speed = 3,2 kn

Figure 16 — Speed ealculation for sidescan sonar system

formation required forgeolocating

ntroduction

hr-specific metadata needed for geolocating sonar data are specified in 10.2.2 to 10.2.

pdata classes)defined here, together with sensor-independent metadata classes defined

0130 and ifvthis Technical Specification, provide sufficient information to construct a physic
odel forgeolocating the sonar data. The informative Annex E provides a detailed description
tems-and their operation and an example on how to use the metadata defined in ISO/TS 1913
Technical Specification to geolocate the sonar data.

10.2.2 SE_SonarOperation

The class SE_SonarOperation is a specified subclass of SD_SensorSystemAndOperation. SE_
SonarOperation and its subclasses specify the sonar-specific metadata required to describe sonar
operation for precise geopositioning of sonar data. This information shall be provided as shown in the
UML model of Figure 17. The classes shown in Figure 17, their attributes and their associations, shall be
used as specified in the data dictionary of Table B.8.
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collectionStartTime: DateTime
collectionEndTime: DateTime [0..1]

SE_Transducer

SE_DraftOffset

+transducer

1.7

+draft 0.1

SE_SonarOperation

+calibration

+ deployment: SE_sonarDeploymentType
+ type: SE_SonarType

1.%

+mode /

SE_SonarOperationMode

+tidalAdjustment 0..1

SE_SonarCalibrg

tion

SE_TidalAdjustment

Figure 17— Sonar operation

1p.2.3 SE_SonarOperationMode

The class SE_SonarOperationMode/specifies the operation modes of sonar. This information|
ptovided as shown in the UMInmodel of Figure 18. The classes shown in Figure 18, their attriQ
their associations shall be used as specified in the data dictionary of Table B.9, and the code li
irf B.2.1.7, B.2.1.8 and B.2(1.9:

shall be
utes and
Sts given
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« CodeList»
SE_SonarDeploymentType
SE_SonarOperation + hullMounted
+ towed
+ deployment :SE_SonarDeploymentType + offset

+ type :E_SonarType

0

« CodeList»
SE_SonarType
+mode | 1 + active
+ passive
SE_SonarOperationMode
+ beamAngle :Angle [1..*] {ordered}
+ beamSpacing :Distance [0..*] {ordered} .
+ mode :SE_SonarMode SE«SCgiE:-IIjVIb)ode
+ numberOfBeams :Integer -
traints + SD_MultiBeam
constrain + SD_SideScan
{self.beamAngle->size=self.numberOfBeams} + SD_SingleBeam
{self.beamSpacing->size=(self.numberOfBeams-1)} + SD_Sweep
+ SD_ScanningProfiler

Figure 18 — Sonar operation mode

10.2.4 SE_SonarTransducer

The sondr transducer is a major component of the sonarsystem. It transmits the sound wave through the
transmititer and receives the echo of the wave through the receiver. This information shall be providgd
as showf in the UML model of Figure 19. Thexglasses shown in Figure 19, their attributes and thejir
associations shall be used as specified in thetdata dictionary of Table B.10. Position is defined as the
x,y,Z (laypack or offset) distances from the RP"(Reference Position). The RP is the 0,0,0 coordinates from
which all system equipment is related, and*“direction” is defined as the angular orientation from the R[P.
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SE_SonarOperation

+ deployment :SD_SonarDeploymentType
+ type :SE_SonarType

+transducer | 1..*

SE_Transducer

+ operationFrequencies :Frequency [0..*]
+ operationWavelengths :Length [0..*]

constraints
{(self.operationFrequencies->size + self.operationWavelengths->size) >=1}

{if SE” SonarOperation.type="active’ th
self.transmitterinformation>=1 endif}

+receiverinformation 1.% +transmitterInformation 0..*
SE_Receiver SE_Transmitter
+ position :SD_Position + orientation :SD_Attitude
+ orientation :SD_Attitude + position :SD_Position

Figure 19 — Sonar transducer

p.2.5 Calibration and adjustmént

b a standard seund velocity of 1500 m/s is usually used or values may be selected from the
prrection Tables.

Z OD oL F0e s R

DTE In/some applications a sound velocity profile is used for giving more accurate depths.

En

set of calibrations and adjustments have to be applied to data collected by a sonar system for
bolocating the data. The calibration and adjustment information shall be provided as shown in/the UML
odel of Figure 20. The classes shown in Figure 20, their attributes and their associations shall be used
b specified in the data dictionaries of Tables B.11, B.12 and B.13, and the code list given in B.2}1.10. For
epths greater tham200 m, it is not always required to correct the measured depths for sound|velocity,

Mathews
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SE_DraftOffset SE_TidalAdjustment
« CodeList»
+ draftMeasureTime :Time [0..] + type :SE_TideAdjustType SE_TideAdjustType
+ draft :Distance [0..*] {ordered} + value :Distance [1..*] {ordered} —
- + time :Time [1..*] {ordered} + prediction
constraints ) + realtime
{self.draft->size=self.draftMeasureTime->size} constraints
{self.time->size=self.value->size}

+draft 0..1
+tidaIAdjustme%0..1
S — est
\h / + azimuthalOffset :Angle
+ pitchOffset :Angle

+ positioningTimeDelay :TM_IntervalLength
+ rollOffset :Angle

m
v
9

ES
q

SE_SonarOperation

+ deployment :SD_SonarDeploymentType
+ type :SE_SonarType

SE_BarCheck

+ depthOffset :DistanceN1..*] {ordered}
+ numberOfDepth (Integer

constraints
+calibration 1. {self.depthQffset->size=self.numberOfDepth}

SE_SonarCalibration

SE_SoundVelocityProfile

+\ffequency :Frequency
# numberOfMeasure :Integer
+ soundSpeed :Velocity

constraints
{self.soundSpeed->size=self.numberOfMeasure}

SE_NavCheck

+ positionValidationOnKnownMark :Boolean [0..1]
+ positionValidationOnlndependentNavSys :Boolean [0..1]

Eigure 20 — Calibration and adjustment

11 Aerjal triangulation

11.1 Introdiiction

Aerial trlangulation is a method of r]nfnrmining the gpnrnﬁ:rnnrn and other parameters of a sensorand
the imagery data taken by this sensor. Aerial triangulation requires an overlap of neighbouring images
in order to allow for the creation of a so-called block which is the entirety of all images involved in a
project. This requirement restricts aerial triangulation to the physical sensor model of area imaging
arrays. This clause addresses only frame camera sensors.

In the past, aerial triangulation was applied in order to restrict the expensive measurement of
Ground Control Points to a minimum. Today, a photo flight almost always includes the GNSS (e.g. GPS)
measurement of every projection centre. Therefore, aerial triangulation is applied in order to improve
the overall accuracy and the reliability. Ground Control Points are used only for a local and mostly
unknown datum shift between the coordinate reference system (CRS) of the GNSS and the local CRS.
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The heart of aerial triangulation is an adjustment process. The observations include the image
coordinates of the tie points, the GNSS-measurements of the projection centres, the IMU-measurements
of the projection centres (attitude), the image coordinates of the Ground Control Points, and the image
coordinates of the Check Points. The unknowns include the exterior orientation (position and attitude)
of every projection centre. The parameters describing the sensor (camera) may be taken as fixed
(calibrated) or as unknowns. However, the latter case is not feasible for most aerial applications.

11.2 SE_AerialTriangulation

T ainformation 1n tha claccac CF AarialTrviangnlation and i+e cvihelaccnc ic raoniirad £forr n'nn]n"ation by
e roHhatioh e erad 55 Sor— e Fa U e o a5 SuneaS5Se SSre guitre a0 2e 0104

— 1

agrial triangulation. This information shall be provided as shown in the UML model of Figlxr¢ 21. The
classes shown in Figure 21 their attributes and their associations shall be used as specified'in|the data
d|ctionary of Table B.14 and the code lists given in B.2.1.1, B.2.1.2, B.2.1.3 and B.2.1.4.

SD_PlatformParameters

+aerialTriangulation | 0..*

SE_AerialTriangulation

additionalParameter :double [0..*]
atName :CharacterString
gcpReference :CharacterString {04%]
terrainHeight :Distance

Y

SE_ATObservations SE_ATOtherResults SE_ATBIlock
+ errorType :SE_ATErrorType [0..1] + numberChégkPoints :Integer + blockID :CharacterString
+ errorSigmaAutomaticAPriori :Distance [0..1] + numberGcp :Integer + numberOfStrips :Integer
+ errorManualAPriori :Distance [0..1] + nuniberTiePoints :Integer + stripID :CharacterString [0..*]
+ eliminateFlag :Boolean

«Abstracty SE_ATStrip SE_ATImage
SE_ATUnknowns
stripID :CharacterString + blockID :CharactefString
blockID :CharacterString + imagelD :CharactgrString
numberOfimages :Integer + stripID :Character$tring

imagelD :CharacterString [0..*]
stripAzimuth :Angle
crabAngle :Angle

+ o+ + + + o+

«CodeList» «CodeList» «CodeList» «CodeList» «CodeList» « Codeist»
SE_ATDimensionType SE_ATErrorType SE_ATPointType SE_ATMeasType SE_StatisticalType SE_ATPeripheralDevice
+ X + rms + checkPoint + automatic + image + gnss
+ Xy + sigma + controlPoint + manual + strip + imu
+y + shadedIimage + block
+ z

Eicurae21 Aarvialtrianculation
gHre—== reFrartrahRgtation

11.3 SE_ATObservations

Information about the individual observations, as defined in SE_ATObservations and its subclasses,
is required for aerial triangulation. This Information shall be provided as shown in the UML model
of Figure 22. The classes shown in Figure 22, their attributes and their associations shall be used as
specified in the data dictionary of Table B.21.
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SE_AerialTriangulation

+ + + +

additionalParameter: double [0..*]
atName: CharacterString
gcpReference: CharacterString [0..%]
terrainHeight: Distance

11.4 SE

Informat
subclass
model of]
as specif

SE_ATGCP

+ o+ + o+ o+

gcplD: CharacterString
dimensionType: SE_ATDimensionType
errorGepAPriori: Distance

errorType: SE_ATErrorType
gcpPosition: DirectPosition
gcpElevation: Distance

pointType: SE_ATPointType

+ o+ o+ o+ o+

errorType: SE_ATErrorType
gnssCameralD: CharacterString
gnssimagelD: CharacterString
gnssPosition: DirectPosition
gnssElevation: Distance
gnssStriplD: CharacterString
gnssTime: DateTime

Figure 22 — Aerial triangulation observations

| ATOtherResults

SE_ATImage SE_ATObservations SE_ATImageMeasurements
+ blockIDy€haracterString etrorfype—SEATEMrorfype—=s imagetD:—CharacterString
+ imagell}: CharacterString + errorAutomaticAPriori: Distance + imagePointID: CharacterString
+ stripID: |CharacterString + errorManualAPriori: Distance + imagePointPosition: DirectPosition
y + eliminateFlag: Boolean
SE_ATTiePoints SE_ATGNSSMeasurements SE_ATIMUMeasurements
+ tiePo|ntsID: CharacterString dimensionType: SE_ATDimensionType dimensiofType: SE_ATDimensionTypq
+ meaqurementType: SE_ATMeasType errorGnss: Distance errorlmuKappa: Angle

++ ++ F A+ o+

errorlmuOmega: Angle
errorlmuPhi: Angle

efforType: SE_ATErrorType
imuCameralD: CharacterString
imulmagelD: CharacterString
imuKappa: Angle

imuOmega: Angle

imu Phi: Angle

imuStripID: CharacterString

ion about other results of aerial triangulation, as defined in SE_ATOtherResults and its
s, is required for aerial triangulation. This Information shall be provided as shown in the UML
Figure 23. The classes shown in Figure 23, their attributes and their associations shall be usgd
ied in the data dictionary’of Table B.22.
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SE_ATOtherResults

+ numberCheckPoints: Integer
+ numberGcep: Integer

ISO/TS 19130-2:2014(E)

SE_ATAdjustedPointPosition

+ pointID: CharacterString
+ pointType: SE_ATPointType

+ numberTiePoints: Integer

+ horizontalPosition: DirectPosition

+ verticalPosition: Distance

SE_ATAdjustedGCP

SE_ATCheckPoint

errorAdjustedGcp: Distance

+ + + +

gcplD: CharacterString

dimensionType: SE_ATDimensionType

errorType: SE_ATErrorType

errorCp:

+ + + +

Distance

errorType: SE_ATErrorType

checkPointlD: CharacterString
dimensionType: SE_ATDimensionType

SE_ATAdjustedTiePoint

SE_ATAdjustmentStatistic

+ 4+ 4+ + +

eliminateFlag: Boolean
errorAdjustedTiePoint: Distance
imagelD: CharacterString [1..”]
numberOfRays: Integer
pointID: CharacterString

11.5 SE_ATUnknowns
S

a

+ + B+ +

dimensionType: SE_ATDimensiq
type: SE_ATStatisticType
errorTieAdjustedMax: Distance
errorTieAdjustedMin: Distance
errorType: SE_ATErrorType
sigmaZero: Distance

nType

Figure 23 — Other result of aerial triangulation

E_ATUnknowns and its subclasses definerequired unknowns for aerial triangulation. This Inf
shall be provided as shown in the UML model of Figure 24. The classes shown in Figure 24, their 3|
d their associations shall be used.as specified in the data dictionary of Table B.23.

« Abstract»
SE_ATUnknows

SE_ATExteriorOrientation

SD_Optics

rmation

+ 4+ + +

approximateAttitude :SD_Attitude
approximatePosition :SD_Position
attitude :SD_Attitude
position :SD_Position

Figure 24 — Exterior orientation of aerial triangulation
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Annex A
(normative)

Conformance and testing

A.1 Selnsor model extensions

Al11 §

Test pur
SensorM

Test Met
Referend

Test Typ

A12 1

Test purj)rﬁse: Verify that navigational confidence information provided with the image data instantiatg

SE_Dyn
Test Met
Referend

Test Typ

A.1.3 §

Test pur
image d3

Test Met
Referend

Test Typ

A2 SA

ensor model completeness

pdel.

hod: Inspect the content of the metadata intended to support geopositioning.
e: 6.2

p: Basic

Pynamics

ics.
hod: Inspect the content of the metadata intendéd to support the navigational confidence.
e: 6.3
p: Basic
latform dynamics

bose: If sensor is sonar or lidar, verify that platform dynamics information provided with t}
ta instantiates SE_PlatfofmDynamics.

hod: Inspect the content of the metadata intended to support the navigational confidence.
e: 6.3

p: Capability

R operation

pose: Verify that geopositioning information provided with the image data instantiates SE_

LS

1S

Test pur

ose: If sensor is SAR, verify that SAR operation description provided with the image dat

instantiates SE_SAROperation.

Test Method: Inspect the metadata provided with the image.

Reference: 7.2

Test Type: Capability

A.3 InSAR operation and dual antenna position

Test purpose: If sensor is InSAR, verify that metadata about InSAR operation and dual antenna position
provided with the image data instantiates SE_InSAROperation and SE_InSARDualAntennaPosition.
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Test Method: Inspect the metadata provided with the image.

Reference: 8.3

Test Type: Capability

A.4 Lidar operation

Test purpose: If sensor is lidar, verify that metadata about lidar operation provided with the image data

in

T
R
T

T
d
S
T
R
T

T
1

—

- %

stantiatos SE T IDAROneration

stantiates SE_ LIDAROperation.

est Method: Inspect the metadata provided with the image.
eference: 9.2

pst Type: Capability

A.5 Sonar operation

pst purpose: If sensor is sonar, verify that metadata about sonar pperation provided with t
hta instantiates SE_SonarOperation, SE_Transducer, SE_DraftOffset, SE_SonarCalibrat
bnarOperationMode, and SE_TidalAdjustment.

est Method: Inspect the metadata provided with the image:
pference: 10.2.2,10.2.3, 10.2.4, and 10.2.5

pst Type: Capability

A.6 Aerial triangulation

pst purpose: If aerial triangulation method is used, verify that metadata provided with the in
stantiates SE_AerialTriangulation.dnd its subclasses.

est Method: Inspect the metadata provided with the image.

pference: 11.2,11.3,11.4,and 11.5

est Type: Capability

he image
on, SE_

age data

©
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Annex B
(normative)

Data dictionary

B.1 Overview

B.1.1 1

The layo

B.1.2 1

Specified
DateTim
metadat
it is an aj

B.1.3 I
For an er

For a me
indicates
to repreq

B.2 UML models

See Tabl{

ntroduction

it is as described in ISO 19115-1:2014, Annex B, except as otherwise described here.

pata type/Class

asetofdistinctvalues for representing the metadata elements: for example, integer, real, string,
e and Boolean. The data type attribute is also used to define metadata entities, stereotypes arnd
h association. If the data type of an entity or element is a class, spetifies the name of the class;|if
sociation, specifies the associated class.

pomain
tity, specifies the line numbers covered by that entity.

tadata element, the domain specifies the values:allowed or the use of free text. “Unspecified”
that no restrictions are placed upon the content of the field. Integer-based codes shall be usgd
ent values for domains containing codelists

s B.1 to B.23.
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B.2.1.1 SE_Aerial Triangulation Dimension Type codes (see Figure 21)

Name

Definition

1. SE_ATDimensionType

Z

2. X error in x-dimension
3. Xy error in the xy-plane
4 y error in y-dimension
5

error in z-dimension

B|2.1.2 SE_Aerial Triangulation Error Type codes (see Figure 21)

Name

Definition

1 SD_ATErrorType

2 rms

root Mean Square error

3 sigma

sigma error

Bl2.1.3 SE_AerialTriangulation Measurement Type codes(see Figure 22)

Name

Definition

1 SE_ATMeasType

2 Automatic

point positions are determined by an automatic process

3 Manual

point positions are measured manually

B|2.1.4 SE_Aerial Triangulation PointTFype codes (see Figure 21)

shadedimage

Name Definition
1 SD_ATPointType
2 checkPoint ground Control Point applied as Check Point
3 controlPoint ground Control Point applied as Ground Control Point
4

ground control point applied as a shaded part of the image

B|2.1.5 SE_Aerial Triangulation StatisticType Codes (see Figure 21)

Name Definition
1 SE_ATStatisticType
2 image statistical attributes valid for a single image
3 strip statistical attributes valid for a single strip
4. block statistical attributes valid for the block
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B.2.1.6 SE_DataModelingMethod code (see Figure 1)

Name Definition
1. SE_DataModelingMethod
2. absoluteValue
3. basicSequentialModeling
4. collectionPlane
5. rectifiedlmage
6. Resqrved
7. vectprModeling
8. notApplicable
B.2.1.7 | SE_SARCollectionMode (see Figure 5)
Name Definition

1. SE_SARCollectionMode

way in which SAR operates

2. scan beam is steered to illuminate a strip of ternain'that can be at any angle with
respect to the direction of motion
3. spot}ight antenna is steered to keep approximately the same ground area illuminated by

the beam

4. strigmap

beam sweeps a swath along a&trip’of terrain that is parallel to the path of
motion

B.2.1.8 | SE_SonarDeploymentType Code (see Figure 18)

Name Definition
1. SE_SonarDeploymentType location of sonar relative to platform
2. hullMounted sensor'that is mounted (attached) to the hull of a vessel
3. offsqt sensor that is mounted on a pole which is attached to the vessel
4. Towed measuring device/sensor that is towed (pulled) behind a primary survey plat-

form (e.g. vessel)

B.2.1.9 [SE_SonarMode Code (see Figure 18)

Name

Definition

1. SE_SonarMode

method of operation of sonar

2. SD_NlultiBeam

sonar system that emits multiple “beams” of sound waves in a fan-shaped pat-
tern to produce a swath of sounding data in a single pass over an area of the
seafloor

3. SD_YideSgan

fixed acoustic beams that are directed (in water) perpendicularly to the direc-
tion of travel in order to scan the bottom and generate a record of the bottom
configuration

4, SD_SingleBeam

echosounders that use one emitting and receiving “transducer”, which releases
a series of energy pulses ensonifying a small area underneath the platform

5. SD_Sweep

several single beam transducers operating simultaneously, sequentially or in
interleave phase and measurement of the amplitude is used for target detection

6. SD_ScanningProfiler

profiler comprises a small transducer array mounted on an electro-mechanical
stepper motor operate at much higher frequencies than echo sounders and
consequently have much reduced ranges and very little material penetrative
capability
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B.2.1.10 SE_SonarType Code (see Figure 18)

Name

Definition

1. SE_SonarType

class of sonar

2. Active

transmits and receives sound waves

3. Passive

receives but does not transmit sound waves

B.2.1.11 SE_TideAdjustType Code (see Figure 20)

Name

Definition

1 SE_TideAdjustType

2 Prediction predicted tidal heights (related to chart datum) calculatéd using histprical tidal
values, for a fixed location
3 Realtime tidal values derived in realtime for a fixed location.

B{2.1.12 SE_InSARCollectionModeType Code (see Figure 9)

Name Definition
1 SE_InSARCollectionModeType InSAR data collection modes
2 pingPongMode ping pong mode
3 standardMode standard mode
B{2.1.13 SE_InSARTransmitReceiveType Code (see Eigure 10)
Name Definition

1 SE_InSARTransmitReceiveType

InSAR antenna transmit/receive arrangement

2 firstAntennaTransmit

first antenna used for transmit

3 secondAntennaTransmit

second antenna used for transmit
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Annex C
(informative)

Synthetic aperture radar sensor model metadata profile
supporting precise geopositioning

C.1 Introduction

The purpose of this annex is to show how to use metadata defined in this Technical Specification and
ISO/TS 19130:2010 to accomplish precise geopositioning of images from Synthetic Aperture Radar
(SAR) imjagery systems. This annex is intended to give an example for using the common terminology
and a common frame of reference established in this Technical Specification and ISO/TS 19130:2010
to perfom precise geopositioning using a physical SAR sensor model. This annexprovides additionp
informatfion to Annex F of ISO/TS 19130:2010.

—_—

C.2 Overview for coordinate reference system descriptions and relationships

C.2.1 (General coordinate reference system considerations

The purgose of asensor model is to develop a mathematical relationship between the position of an objeft
on the Eqrth’s surface and the position of the image of that ébject as recorded by an overhead sensor. An
object’s dpatial position may be given either in relation to‘a‘coordinate system locally defined or relatiye
to an Eajfth reference. A horizontal (latitude and longitude) datum and a vertical (elevation) datum will
be requifed to define the origin and orientation of thecoordinate systems. Likewise, the corresponding
object’s position in an image may be defined withaespect to alocal sensor or platform coordinate system
or an Eafth-based datum. For purposes of this metadata profile, transformation between the varioys
coordingte systems may be accomplished-via a sequence of translations and rotations of the sensoif’s
coordinjte system origin and axes until it ¢oincides with an Earth-based coordinate system origin arnd
axes.

collectioh platform is shown in-Figure C.1. SAR geopositioning is dependent primarily upon the accurat
measurement of the sensor_position and sensor velocity, with acceleration being a secondary factqr.
SAR geopetric sensor models are completely independent of the sensor’s pointing attitude, which [is
quite different from geopositioning with passive light-sensing systems, such as Frame and Pushbroom
sensors. [This is becaduse SAR images or other products are created by processing the radar signal’s
time and frequency‘characteristics, rather than physical pointing characteristics. Raw SAR data cgn
be processed inté many products, one of which, known as a “detected image,” is commonly referrgd
to as a SAR.image. Only the quality of the product (e.g. noise level, dynamic range) is a function of the
pointing|direction of the antenna, since the magnitude of the returned signal is dependent upon the
amount of energy 1lfJuminating the region processed Into the image, which 1Is a function of the antenna
beam pointing. (This is analogous to a camera with an independently pointed light source, in which the
camera can point in any direction, but the quality of the image depends upon where the light is pointing
relative to the camera.)

An overyiew of some of the coordinate reference system frames to be considered for an airborne SAR
e
r

The platform attitude information is relevant to SAR geopositioning to the extent that the information
must be used to determine accurate position and velocity vectors of the sensor relative to a reference
coordinate system. However, it is expected that these transformations are accomplished within the SAR
product formation processor, and should not be needed to perform geopositioning from a SAR product.
This will be discussed in more detail in C.3.6. Hence, the discussion of platform coordinate systems and
angles is included in C.2.3 for reference only.
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Ys
Platform Coordinate
Reference System: (X,Y,Z) 4

iS

wn

M
tq

p
X

Tp simplify sensor madel development, a stationary, non-time dependent coordinate referen

ystem (X,)Y,Z) which is Earth-centred, Earth-fixed (ECEF), as shown in Figure C.2; with the ]
coincident with the equatorial plane. The X axis intersects, in the positive direction, the Gi

Za

Sensor Coordinate
Reference System: (X,Y,Z)¢

ObjectLocal Coordinate

Reference System: (X,Y,Z2)y

Xt

N

Vector between object local
reference and Earth reference

Earth Coordinate
Reference System: (X,Y,Z)

Figure C.1—= Multiple coordinate reference systems
2.2 Earth coordinate reference system

needed to which.alb other reference frames may be mathematically defined. Consider a co

eridian (fromwhere longitude is measured; longitude equals 0-degrees at Y equal to zero), Z i

the Earth’s rotation axis and has a positive direction toward the North pole, Y is in the e
ane and perpendicular to X and completes a right-handed coordinate system,; i.e. the cross-p
and\Y'is a vector in the direction of Z.
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Figure C.2 — Earth-centred and local surface (ENU) coordinate frames

e any point (A) on the reference surface may be described in (X,Y,Z) coordinates, or alternative
pivalent longitude, latitude, and elevation terms. Likewise, this point, the “object” point, can k
d relative to a local reference systefwattached to the surface, specifically in an East-North-U
ientation; where North is tangént to the local prime meridian and pointing North, Up vect
to the local zenith, and East ¢ompletes a right-hand Cartesian coordinate system.

latform coordinate reference system

m coordinate referénce system is defined with respect to its centre of navigation, fixed to tf

platform|

structure; e.g. the\aircraft as shown in Figure C.3. The axes are defined as: X, positive aloy

the headfing of the platform, along the platform roll axis; Y, positive in the direction of the starboa

(right)

ing, along the pitch axis such that the X,Y, plane is horizontal when the platform is at rest; an

Z, positiye downgalong the yaw axis. The platform coordinate reference system is also closely relatg
to a North-EastsDewn (NED) reference system with its origin at the centre of navigation. In horizont
flight, the pldtform Z, axis is aligned with the Down (mD) axis, and the North-East plane is parallel to t}
tangent plane to the Earth surface reference at the intersection of the mD axis, Figure C.4. Therefore, t}

=T o<

1

1

platform reference system orientation defined In terms of its physical relation (rotation) with this local
NED reference, Figure C.5, is as follows:

positive roll axis, X5 (positive from north to east).

(pos

axis,

76

itive when positive X, is above the NED horizontal plane, or nose up).

Ya, lies below the NED horizontal plane (right wing down).

Platform heading — horizontal angle from north to the NED horizontal projection of the platform

Platform pitch — angle from the NED horizontal plane to the platform positive roll axis, X;-axis

Platform roll — rotation angle about the platform roll axis; positive if the platform positive pitch
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Center of Navigation

Z, (+)

Figure C.3 — Platform coordinate reference’system and local (NED) frame
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Figure C.4 — Earth and local platform (NED) coordinate frames

The NED can be further defined to relate the local platform centre of navigation through a sequence of
angular rotations to the local Earth surface (ENU) reference; that is, the latitude, longitude and height,
relative to an Earth-based horizontal datum (e.g. WGS-84, Tokyo, etc.) and a vertical datum such as an
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Earth ellipsoid or an Earth Geoid. In turn, the local surface-based ENU reference can be translated and
rotated into the ECEF frame; that is latitude, longitude, and a gravity vector-based reference such as
WGS-84 or latitude (positive north), longitude (positive east), and gravity vectors relative to an Earth-
based vertical datum (e.g. OSU91A, EGM-96).

Areference ellipsoid is typically defined for a given reference system (e.g. WGS-84) and is mathematically
defined by semi-major and semi-minor axes (or alternatively an eccentricity). Conversely, the Earth
Geoid is a theoretical surface of equal gravity potential that is often used to define Mean Sea Level (MSL)
anywhere on the Earth’s surface. Geoids are mathematically defined by a set of sinusoidal harmonic
equations!) and are referenced by a particular gravity model, such as EGM-96. Generally, the Up or Down
directiorl;ls for local coordinate systems are given by to the local gravity acceleration vector, which fis
the normal to the Geoid surface. However, many positioning systems now use the Global Navigationpl
Satellite Pystem (GNSS), which generally provides height relative to the WGS-84 ellipsoid. Thus, collectign
systems must define the reference for any height or elevation fields contained in metadata. Height aboye
the ellipgoid should be referred to as HAE, height above the geoid should be referred to as HMSL or ML
(Height dbove Mean Sea Level), and height above the actual ground terrain level should be referred to
as AGL.

North, mN
A

Heading, H
Xa

East, mE

» East, mE Ya
Roll, R

Z
Y, X, a Down, mD

Pitch, P

» North, mN

v
Down, mD

Figure C.5 — Platform body coordinate reference frame and local (NED) frame

C.2.4 Typical imagery sensor storage layout

In common imagery formats, and in particular ISO/IEC 12087-5, picture elements (pixels) are indexed
according to placement within a “Common Coordinate System” (CCS), a two-dimensional array of rows
and columns as illustrated in the array examples in Figure C.6. Three coordinate systems associated
with digital and digitized imagery are commonly referred to: row, column (r,c), line, sample (4,s), and
x,y. The units used in the first two systems are pixels (and decimals thereof), while the x,y are linear

1) c.f, Manual of Photogrammetry, 5th Edition, ASPRS, 2004, pg. 192.

78 © ISO 2014 - All rights reserved


https://standardsiso.com/api/?name=7ef4708d199549e23d0a18196c9f1c92

ISO/TS 19130-2:2014(E)

measures such as mm (and decimals thereof), as will be introduced in C.2.5 and Figure C.6. The origin
of the CCS, as shown in Figure C.6, is the upper left corner of the first (or 0,0) pixel, which in turn is the
upper left of the array. Because the CCS origin is the pixel corner, and the r,c associated with a designated
pixel refers to its centre, the coordinates of the various pixels, (0.5,0.5), (0.5,1.5), ..., etc., are as shown

in Figure C.6.
Cs

igi ¢ (columns
CCS Origin | _ Cs | ¢ (columns) CCS Origin (columns) -~
- ¢ - > K T (0505 | 0515 | 0525 | (0535 |
©0505) | (0515) | (0525) | (0535 | (0545)
o o [ ) o
(] L] [J L] [ ]
C
Cq (1505) | (1515) | (1.525) | (1535 | (1.545) ! (1505) | (151.5) | (1525) | (1538 H-Q
p X
° ° ° ° o /] ¢ ° ¢ >
* s A/ L » S
2505) | 2515) | @5]25) | 2535 | (2545 (2505) | 2515 | 2529 | (2535
[ ] [ ] ° [ ]
[ ] [ ] [ ] [ )
(3505 | 3515) | 35)25) | (3535) | (3545) (8505) | (F545) | 3525 | (3535) g
° ° ° ° dX [ ] [ ] o o X
r (rows) r (rows)
\ / fe—s|
v fe—s]
0 dy vl dy
4
Non-Symmetrical Symmetrical Array

Figure C.6 — Pixel orientation within the)frame sensor coordinate system

C{2.5 Row, Column (r;c) to Line, Sample (£,s) coordinate transformation

The mathematical developments that follow-are based on a Line-Sample, (¥, s), coordinate systlem, with
the geometric centre of the image as the’origin. The (#,s) coordinates are computed from their (r,c)
cpordinates by two simple translations:

f=r—C£

s:c—CSI

where Cp and Cs are each half of the image pixel array size, in pixels, in the row and column dilrections,
¢spectively.

(C.1)

—

EKAMPLE1  Figure C.6 (Non-symmetrical Array): For Cp=4/2 =2,0 and Cs=5/2 = 2,5, then rp = 1,6 pixels and
cp = 4,7 pixels and

ép :rp—C4 =1,6-2,0=-0,4 pixels

Sp =Cp -C,=4,7-2,5=2,2pixels

cg = 3,1 pixels and

(Q =rg -C,=1,4-2,0=0,6pixels
SQ=¢Cq -C,=3,1-2,0=1,1pixels
C.3 SAR sensor imagery systems

C.3.1 Introduction

SARis an active sensor system that uses a series of radar pulses transmitted and received over time from
a moving platform to create an image. SAR differs from other types of radars, known as “Real Aperture
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Radars” (RAR), by creating a large “virtual antenna”, known as the synthetic aperture, which allows
tight focusing of the “virtual beam” along the direction of travel, known as the along-track direction.
This allows a SAR system to achieve much higher image resolution in the along-track direction than is
possible with a RAR system.

C.3.2 SARresolution

Resolution is a loosely used word; however, it has a very specific meaning that is important to
understanding SAR. Resolution is frequently, and loosely, used to describe the size of image pixels as
they are proje ] he ground
sample djstance [GSD) or plxel samplmg distance. The proper definition oflmage resolutlon is:

The smallest distance between two uniformly illuminated objects that can be separately resolved in an‘ilmagle.

Resolutign has an additional linguistic ambiguity, because “higher resolution” means smaller valug¢s
of resolution metrics and to “increase resolution” means to decrease those metric values making the
resolutign better. Conversely, “lower resolution” means larger values of resolutionymetrics and fo
“decrease resolution” means to increase the value of the metrics making the resolution poorer. Thiis
languaggq is illogical, but generally accepted. In this document, the use of ambiguous terms has begn
avoided.

Resolutign, in general, can be limited by many different factors, one of ‘which is the rate at whigh
informatfion is sampled. The GSD of an image is the result of a sampling‘process. If an image is samplgd
below it$ theoretical maximum resolution - undersampling - then~the sampling rate will determine
the resolution; however, the sample rate is not the same as thé resolution. Sampling at higher thdn
the theofetical maximum resolution - oversampling - will naot.change the resolution, but will waste
storage $pace or bandwidth by retaining significantly redindant information. GSD is important {o
photogrgmmetric calculations, because it defines the sample spacing in the image coordinate system
and is uqually related to the actual resolution of the system; however, it should not be confused with
resolutidn in either optical or SAR systems.

The resofution of a SAR system is measured in tenms of the system’s Impulse Response (IPR). This is the
width (elg. in metres) of the return generated by a small point reflector, which equates to the smalleft
distance|between two point reflectors that'can be distinguished as two objects (see Figure C.7). SAR
images dre very often oversampled in okder to retain as much information as possible. The Nyquist-
Shannon|Sampling Theorem states:

“Exact reconstruction of a continuous-time baseband signal from its samples is possible if the signpl
is bandlimited and the sampling frequency is greater than twice the signal bandwidth.”

2\
\
7 \
— A B A B
Distance between A and B is less than IPR Distance between A and B is greater than IPR

Two point reflectors are indistinguishable from one Two point reflectors are identified as two independ-
large reflector ent objects

Figure C.7 — Impulse Response (IPR) is how resolution is defined for SAR systems
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The optimal sampling rate is sometimes referred to as the Nyquist Rate or the Nyquist Frequency. This
theorem also applies to spatial signals, such as images, and the practical application of this to imaging is
thatin order to retain all of the information acquired by a sensor (e.g. radar or optical), the image should
be sampled at twice the resolution of the signal reaching the sampling device. Other considerations, such
as cost, efficiency, and value, may result in decisions to sample at lower rates. For SAR, it is common
to see sampling rates in the range from the Nyquist Rate to 1/2 the Nyquist Rate, which translates to
GSDs of 1/2 the IPR width to the IPR width, respectively. From the standpoint of SAR photogrammetry,
the GSD of the pixels is more important than the IPR; although understanding the range and azimuth
resolution equations are fundamental to the photogrammetric process.

3.3 Basicradar principles

C

Rpdar systems, in general, are ranging devices. They measure the time it takes for a signal trahsmitted
by an antenna to return to that antenna (or, in some cases, a different antenna), as well as the mpgnitude
of the returned signal, as shown in Figure C.8. The resolution (i.e. the smallestsspacing between two
objects that can be differentiated) in the range direction (i.e. radially away™rom the antenna) is
dependent upon the ability to accurately measure the pulse arrival times, which is highly acfurate in
nmfodern radar systems. For a general radar system, range resolution in therange direction is|given by

the following equation
cT
I'p =—— C.4’
R=> (C4)
where

¢ isthe speed of light;

T  isthe pulse duration.

Unlike in optical systems the range resolution in Formula (C.4) is independent of the range.

Sensor Motion Out 1. Pulses Transmittéd-by Sensor
of the Screen

2. Rulses Travel at Speed of Light

5. Time and Strength are

~ Measured
\ Time pulse travels * c=Range
2

~N

4. Pulses dre
Returned to'Antenna

3. Pulses Bounce off of
Ground and Objects

BT T T R T T TR TR T TR T TR R TR T TR TR TR T TR T T T T TR T TR T

Figure C.8 — RADAR is a ranging system for determining distance using the time for
transmitted electromagnetic pulses to return

When a radar system is used to image the ground, the term slant range resolution is used to refer to
the resolution in the range direction. Ground range resolution, rgg, refers to the resolution of the radar
information projected onto the ground surface, which varies with the grazing angle - the angle between
the ground surface and the direction of travel of the radar energy. Thus, the ground range resolution is
always larger than the slant range resolution, and the ground range resolution is poorer (i.e. decreasing
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resolvability) at nearer ranges. See Figure C9. This is opposite of the range-to-resolution relationship
for optical systems as the ground range resolution approaches infinity. This explains why radar imaging
systems cannot image directly along the ground track of the platform, and have a near-range limit for
practical utility. In practice, the grazing angle is set to around 60° at which the ground range resolution
is twice the slant range resolution [see Formula (C.5)].

cT
= C.5
TR 2cos(y) (€3)

RAR systems change the position or pointing of the antenna in order to measure signal returns in
different| directions. Their resolution in the direction of rotation or translation, known as azimuth
resolutiop, r4, is dependent upon the width of the beam at the target.

ra=fsrB (C.¢)

where rgp is the (slant) range to the target and f is the beam width, approximated by 0;89 * wavelength
/ antennp_size.

Since thg azimuth resolution is inversely proportional to antenna size and proportional to range to the
target, Idng range imaging at even moderate resolution may require an antenna size that exceeds what
can be practically built and carried on an aircraft. The invention of Syntheti¢ Aperture Radar resolved
this proljlem by using motion of the radar to synthesize a very large antenna.

Senspr Motion Out
of the Screen

R j’

\\ ™ Pulse Width, 7 Range Resolution in the
Range Direction

(Slant Range Resolution)

r=c*T

* 2

Range Resolution in the
Ground Projection
(Ground Range Resolution)

\\\r =c*T
GR 2cos(Y)

e

.
.,

Grazing angle, Y

Figure C.9 — Slant Range Resolution vs. Ground Range Resolution

C.3.4 SARradar principles

C.3.4.1 Introduction

The unique aspect of SAR is the method it uses for improving upon azimuth resolution by forming a
synthetic virtual antenna that can be much larger than any plausible real antenna. In addition, SAR
systems use more advanced ranging techniques than those described in D.3 to improve range resolution.
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C.3.4.2 Range resolution in SAR

SAR systems employ a chirped pulse, in which a frequency modulation is imposed on each radar pulse.
Using this technique, the radar can distinguish between overlapping pulses to a much higher degree, so
that the effective range resolution becomes

< €7

rp=—o
R=5B

where B is the bandwidth of the chirped pulse. Chirped pulses are used by many types of radars, not
just SARs.

C{3.4.3 Azimuth resolution in SAR

SAR systems use information collected over many pulses along a path to synthesize¢ a virtual jantenna.
his is only possible when there is relative motion between the antenna and the fixed object|or scene
bing imaged. This motion creates a Doppler shift (slight increases or decreasesin the frequendy) on the
r¢turning signal. The amount of the Doppler shift is related to the velocity©f,the antenna relatjve to the
object that caused the signal to return. Objects that lie on a path orthogenal to the antenna’q velocity
vector, S, (i.e. broadside to the motion) impose no Doppler shift on thelréturning signal becausg there is
np relative motion in the range direction between that object and’the aircraft. Objects fofward of
b

S

o -

roadside impart a positive Doppler shift and objects aft of broadside impart a negative Dopplef shift, as
lhown in Figure C.10. Moreover, all objects lying along a radial from the antenna position (ile. at the
sgme angle from broadside) have the same Doppler shifthence the term Doppler Angle is offen used.
Dpppler angle is represented by a.

Q-
Synthetic Aperture
< \{\é\ >
B
¥

9) s
SR S St el
.\Q

>
Sensorc;)noving

Sensor is moving

a from this toward this
%scatterer scatterer
@oppler Shift <0 Doppler Shift > 0

)

Sensor is moving neither toward nor
. away from this scatterer
Top View Doppler Shift = 0

Figure C.10 — Doppler shift of a returning pulse’s frequency is due to forward motion of the
sensor relative to the scene

In order to discern the Doppler shift of a returning pulse, the phase of the signal must be recorded in
addition to the magnitude. The phase information provides the information that allows a SAR processor
to identify returning signals based on their Doppler shift. For every transmitted pulse, almost every
point on the ground and in the beam reflects some return signal. These points are called scatterers. The
returned signal is the sum of all returns from all scatterers. Since the antenna moves between pulses,
the range and Doppler angle for each scatterer will change. The total distance travelled by the sensor
while a scatterer stays illuminated is called the Synthetic Aperture, as illustrated in Figure C.11.
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As the pulses are decoded, the signals for each discrete range bin are collected into a range line. The
name “range line” is a misnomer based on the assumption that the surface being imaged is a plane. The
range line data actually represents a range sphere, since the location of the ground surface has not yet
been defined. The range line contains a collection of the radar signal’s magnitude and phase for each of
many returning pulses at that range. This information is usually represented by a complex number with
a Real or in-phase component, I, and an imaginary or quadrature component, Q) The set of range lines
recorded during a contiguous time-period is known as the Phase History Data (PHD), or sometimes the
Video Phase History Data (VPHD). The PHD is the fundamental data collected by a SAR.

PHD can be processed in different ways to produce various products, the most common of which is a SAR
image, wihich is more properly referred to as a detected SAR image. A detected SAR image is typically
a single-panded, 8-bit or 16-bit fixed point image that can be displayed or printed. It is important fo
understgnd that the detected image (or any SAR product, for that matter) is simply one way to visualize
the SAR PHD that was collected. A common intermediate product is a complex SAR image, whérein ea¢h
pixel valfie is a complex number that represents the accumulated in-phase and quadratur'e signal from
the scatterers within an area on the ground represented by a range value (+1/2 range resolution) and|a
Doppler pngle value (+1/2 azimuth resolution). The detected SAR image is generated from the complgx
SAR image by taking the magnitude of the complex pixels, adjusting the dynamic rahge of the result, and
often, applying a coordinate transformation to a desired output projection.
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Figure C.11 — The synthetic aperture

C.3.5 SARimaging Modes

C.3.5.1 Introduction

There are three primary types of SAR imaging modes used for ground imaging from aircraft and satellites:
Stripmap, Spotlight, and Scan. In addition, a fourth mode used by some systems is called ScanSAR, which
is not related to the general Scan mode. The modes are a function of the way in which the synthetic
apertures are created. Scatterers contribute to the radar signal only during the time that they are in
the synthetic aperture, with longer times resulting in better resolution. Thus, different modes have
different equations for defining their azimuth resolution.
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In Stripmap Mode, the antenna pointing is fixed relative to the flight path, as shown in Figure C.12.
Often, but not always, the beam is pointed at broadside (i.e. orthogonal to the velocity vector). As the
platform moves, the beam sweeps a swath along a strip of terrain that is parallel to the path of motion.
This mode is used primarily for continuous mapping applications. The synthetic aperture length, L, is
equal to the real antenna beam width on the ground. More importantly, the synthetic aperture for each
range line is different, even though its length, L, remains constant. The azimuth resolution for Stripmap

mode is defined by:
D
rA = - (C8)
2sin(o)
wihere Dis the physical antenna aperture and ais the Doppler angle. For many SAR systems, the $tripmap

rA:E

C|3.5.3 .Spotlight Mode

&K
| 2 9% 4%%\1
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‘ \\?} y |
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Figure C.12 — SAR stripmap imaging mode
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In the Spotlight mode, the antenna is steered to keep approximately the same ground area illumi
thelbeam, as illustrated in Figure C.13. The illuminated area can be anywhere in the acquisitid

nmode uses a Doppler angle of 90°, which is directly broadside. For this case, Formulay(C.8) simplifies to

(C.9)

nated by
nregion

or the SAK. This means that the synthetiCc aperture can be very large, resulting in better resolu

tion than

Stripmap mode. Every line in a Spotlight image has the same synthetic aperture, unlike Stripmap images.
Spotlight mode is used primarily for acquisition of point or small area collections at higher resolution
than would be achievable with other modes. The azimuth resolution for spotlight mode is defined by:
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K

A

Figure C.13 — Spotlight mode imaging concept

3.89r5R/1

DL sin() (C19)

rA:'

where
rsr 1s the slant range;
L 1s the length of the synthetic aperture;
A 1s the wavelength of the radar;

a 1s the Doppler angle.

The synthetic aperture, L, for Spotlight is\not dependent on the real antenna beam width, as with
Stripmaj) mode. Hence, the resolution can be improved by increasing the dwell time (i.e. the time that|is
spent illyminating the same target area)-by moving the antenna beam. This allows for efficient imaging
of many [small scenes during one flight. Spotlight mode requires an antenna that can steer the beam
during flight. This requires additional complexity in the antenna system to either electronically ¢r
physically steer the real antepna-aperture.

C.3.5.4 |Scan Mode

Scan mogle SAR is actually the most general SAR mode. It combines the characteristics of Spotlight mode
and Strigmap made, each of which can be formulated as special cases of Scan mode. In Scan mode, the
beam is $teered\fo illuminate a strip of terrain that can be at any angle with respect to the direction pf
motion. Because of this, scatterers may be illuminated for differing amounts of time. Moreover, the beam
can be Siered to both scan and increase dwell, thereby allowing better resolution than Stripmap mode
by scanning more slowly than would result from the platform motion alone. Scan mode is used primarily
for imaging, at medium to high resolution, large scenes that are not parallel to the flight path. The use
of scan mode can increase collection efficiency particularly for satellites, because their flight paths are
fixed. The azimuth resolution for Scan mode imagery depends upon the scan rate relative to each pixel.

C.3.5.5 ScanSAR Mode

ScanSAR mode is an additional mode that has been defined by some SAR data providers. ScanSAR is not
a true Scan mode, but rather a special case of Stripmap mode. ScanSAR incorporates a process for time-
sharing an electronically-steered phased array antenna to quickly move the beam from one strip to a
parallel one, so that multiple strips can be illuminated in one pass. However, because the strips are not
continuously illuminated for as long as they are in Stripmap mode, not as many range lines are collected
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and, thus, ScanSAR modes have poorer resolution. The strips are typically processed into slightly
overlapping images that can then be mosaicked into large area maps at medium resolution. Individual
strips from the ScanSAR collections can be treated photogrammetrically as separate Stripmap mode
images.

C.3.6 SAR sensor coordinate systems

C.3.6.1 Characteristics of SAR sensor coordinate systems

S AR—senser—coordinate systemshave many uniguetermsand-quantites—The Fundamenta
dpta needed for performing photogrammetric processing with SAR images are the Apertyre

Ppint (ARP), So, the Ground Reference Point (GRP), Go, and the Sensor Velocity Vector, S, Unlik¢ passive
projective imaging sensors (e.g. frame or pushbroom optical sensors), SAR sensors de not striftly have
a
p

 “interior orientation” that can be physically modelled. This is because the SAR images or ihage-like
roducts are generated synthetically from the PHD. Pulses are transmitted by‘the radar pqrt of the
s¢nsor, the magnitude, phase, range, Doppler-angle, and time of the returnedcignal are sens¢d by the
radar system; and then the SAR processor calculates an aggregate magnitude and phase for ea¢h range-
Dpppler cell, or pixel, within the desired footprint. These can be outputiin any desirable cdordinate
system or projection, although there are a few common methods, whigh,will be discussed below.

In) the PHD, the return from a given scatterer actually exists in manydifferent Range-Doppler ¢ells. The
aggregation process, known as image formation, combines the rélevant signals into one complex value,
and associates the value with a single range-Doppler cell relative to a fixed reference point wjithin the
synthetic aperture. This reference point is the ARP and itds frequently defined by the physical location
of the sensor at the centre of the synthetic aperture. Inisome cases, however, the ARP may b¢ defined
ir] other ways, such as the mean of several way points’along the antenna path, S(t). For pufposes of
geopositioning, it is not critical to know just how th€’ARP is derived, but knowing the ARP th3t is used
as the reference to form a product (or part of a product) is sufficient.

For Spotlight mode imagery, there is almost always one synthetic aperture and one ARP for all{pixels in
thhe image. For Stripmap and Scan mode imagery, the synthetic aperture varies continuously along the
sirip or scan, so the ARP is defined as a function of time, with each image line having its own|ARP. For
Stripmap mode, the Doppler angle isidentical for every line; whereas for Scan mode, the Doppler angle
nlay vary from line-to-line or pos§ibly even pixel-to-pixel.

Sphere of
Constant Range

Figure C.14 — Each range “line” represents signals returned from a spherical shell
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Cone of Constant
Doppler Angle

Sphere of
Constant Range
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This viey
(either rg

pixel

For Spot
ARP, the
a single
provided

Velocity Vector

bure C.15 — Range-Doppler “cell” represents the si ﬁls from the circle that is the
intersection of the range sphere and\ Doppler cone

4

v can be generalized mathematically for image sQducts from all SAR modes, with pixel valugs
bal or complex) being a function of slant ran@&g; Doppler angle a, and time ¢:

| value = f(Rg,a,t) (C.1p

xO
O
ight mode, t = constant, and forgﬁ?tpmap mode, a = constant. In this general formulation, the
GRP, and the velocity vector are all functions of time. Since time is constant for Spotlight mode,
set of data must be provid r each image. For other modes, sufficient sets of data must fje

stamps,
be used

Eachra

Itis calle
each Doy
constant]
intersect

either directly (e.g. o‘rgp? for each image line) or indirectly (e.g. periodic sets with tinje
‘rom which each line'é es can be accurately estimated, or polynomial coefficients that cdn
o compute them). %

ge bin represe spherical shell of constant distance from the sensor, shown in Figure C.14.
d a shell be it represents a volume having a width equal to the range resolution. Similarly,

pler bin sents a conical shell having a width of the azimuth resolution and defined by|a
angle f@l the velocity vector of the sensor, the Doppler angle. As shown in Figure C.15, the
ion a@ese two shells is a circular ring, or shell, with a cross section of range resolution hy

tion. Thus, each pixel’s value is an aggregation of all signals received from anywhere
[ Al 0 CWDOIN 1 000 0 cpresen No 3 DIXE 0 A0 0D d CNSO d dn

aggregation of all light energy received within a sngle cylindrical ray
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N

Azimuth (Doppler Angle), o

Higure C.16 — Polar format image projected to a ground plane (angular variation exagg

Thus, a natural coordinate system to use for addressing Spotlight SAR pixels is defined by the {

eyen onto a terrain surface, such as one might do te create an orthographic image.

The three most common methods for image formation are to use the Slant Plane, the Ground Pl
IMflated Ellipsoid.

C|3.6.2 Slant Plane coordinates

T

(GRP) for an image. The sensor velocity vector is usually close to a straight line, however, it
s¢me variation from it. AS aresult, the velocity vector is defined at the ARP for practical pui
Spotlight mode imagery:In the other modes, the variation in the velocity vector is accommodat
time-dependent nattre of the metadata. The GRP is somewhat of a misnomer, as there is no a
that the GRP is actually located on the “ground.” Instead, it is a predefined coordinate for
ldcation or targeted centreline that is presumed to be “on the ground” (based, for example, on
other information with unknown reliability). SAR products are almost always formed with tH
the centrefof the image in the range direction. For Spotlight mode, it is usually placed at the cen
ithage imazimuth, as well. For other modes, the centre of each product line is defined as the GR
lihe.”For non-Spotlight modes, the variable nature of the GRP and velocity vector implies that

erated)

WO axes:

slant range Rs and Doppler-angle a. When an image is formed in this coordinate system, it i usually
r¢ferred to as the “polar form” of a SAR image, since itforims a 2-D polar coordinate syst¢gm when
projected to a plane that passes through the velocity vector, as shown in Figure C.16. Howeper, with
SAR, the choice of a particular product’s output surface’and coordinate system is arbitrary - [the pixel
vilues can be computed on a plane referenced to the’SAR sensor, on a plane referenced to the Earth, or

ne, or an

he slant plane is a plane thatpasses through the sensor velocity vector and the Ground Referejnce Point

ften has
poses in
ed by the
ssurance
a target
h DEM or
e GRP at
(re of the
P for that
the slant

plarie may vary with each line and so the image may not actually be formed on a single plane. Re

ardless,

it is still usually called a slant plane image.

The slant plane coordinate system is defined by a unit vector in the range direction, fl , that points

from the GRP to the ARP, and an azimuth unit vector, U, , thatis in the slant plane, but orthogonal to U
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and parallel to the velocity vector. Typically, the image row / sample direction (x-axis) is aligned with
U and the column / line direction (y-axis) is aligned with U

NOTE1 If an image is collected off broadside (i.e. with a non-zero squint angle), then the slant plane image
will be approximately a parallelogram when projected to the ground.) While a polar format can be used for the
coordinate system, images are usually generated, either directly or via resampling, onto a pixel coordinate system
with pixel spacings that are equidistant along both orthogonal axes - as opposed to the polar format, which is
equidistant in range and equiangular in azimuth. The mapping from pixel coordinates to range and Doppler angle
is accomplished as follows:

o il ££ £l frmn b o CDD 3o ] Aot aoc
T T OI\T Lo C

G' th Lo 1 o d ool £o il ~o1o, Bzl
1ven e 1, aITa SatT pre S, 0T a pTACT, Catco e-theottsetotrtne PTACTITOTT CIIC

Al=]-1y and As=s5-5 (C.12)

where Ipland sg are the line and sample coordinates of the GRP, and calculate the vectors Q_O from the
ARP vector, S to the GRP vector, and Gy, in the ECEF coordinate system.

Q, =I5y -Gy (C.1B)

Project the vector Q_O into the slant plane (ARP as origin)

Q) 5 (C.1%)
Then, calculate the pixel’s 3D vector in the slant plane (ARP as otigin)
Al pq
Q=Qg+|As (€19
0

where p{ and pj are the slant plane pixel sampling distances (e.g. in metres) in the sample and line
directior}s, respectively. SAR images are oftén-oversampled during image formation in order to retaln
maximuin information, with pixel sampling'distances being smaller than the image resolution. Thus,
fields laHelled as “Resolution” or “IPR” sheuld not be used for this calculation. Rather, fields marked as
“Sample [Distance” or “Ground Samplé Distance” (a misnomer, since it is actually measured in the slant
plane) should be used. The slant fange, Rs, and the local Doppler angle, ay, for the pixel can now be
computed using

R, =|Q|and ar] = cos [%”3;'] (C.16)

where @ is the Doppler angle of the GRP, calculated as the complement of the squint angle at the GRP;

0ty =P0° 7 €.17)

Alternatively, the Doppler angle can be computed directly using the antenna’s velocity vector, S

_ -1/ QeS
oy =cos |Q”S‘ (C.18)

NOTE 2  The slant plane is sometimes called the SAR plane, because the SAR image is generally formed in that
plane.

C.3.6.3 Ground Plane coordinates

The ground plane is defined as a plane that is tangent to the Earth’s surface at the GRP. Interestingly,
this can be somewhat ambiguous. First, as stated above, the GRP may not be on the Earth’s surface, and
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second, “the Earth’s surface” can be defined in a number of ways. Most commonly, the plane that is used
is orthogonal to the Earth ellipsoid normal and passes through the GRP for Spotlight mode, or through
a central GRP for other modes. Ground plane images are most often created by projecting the slant
plane image into the ground plane, requiring a resampling of the slant plane image. However, sometimes
images are formed directly into the ground plane. Regardless, the mapping from slant plane to ground
plane is accomplished using a plane-to-plane coordinate transform called a 3D affine transform.

Y=AX+Db

(C.19)

—3

u
S)

b
]
i1
i1
W
M

clirvature makes planar projections impractieal. In order for an ellipsoidally projected SAR pi

here X is the slant plane coordinate in ECEF, Y is the ground plane coordinate in ECEF, Alis

found plane pixel coordinates by first inverting the affine transform to recover the equival
ane pixel coordinates, then applying the method given above. The projected slantplane coc
ill likely not fall directly on slant plane pixel coordinates, so floating point numbens-are used t
xel coordinates. The affine transform parameters used to perform the coordinate transfo
ant plane to ground plane or their inverse must be provided with a ground plane SAR producf
allow photogrammetric processing.

he ground plane is also sometimes called the focus plane, becausesthe’image formation prod
cus each pixel at a particular range. Commonly, the range used is that to the pixel point proje
plane tangent to an ellipsoid inflated to the tasked elevation.

3.6.4 Inflated Ellipsoid coordinates

he inflated ellipsoid coordinate system uses a fixed height, h, above the Earth'’s ellipsoid. The
sually that of the GRP, for Spotlight mode, or some-average height for the other modes. This cq
stem is primarily used with non-Spotlight medes that cover large areas, for which th

e useful photogrammetrically, the method. that the SAR provider uses for defining a pixel’s cq
ust be clear. Typically, one axis (usually(the x-axis) is defined along the surface of the Earth’s
the instantaneous ground range ditection, and the other axis (usually the y-axis) is defin
stantaneous velocity vector direction. So for any pixel in the image or product, the x and y cod
ill uniquely determine a three-dimensional point, M, in the ECEF coordinate system, on the

must be calculated by inverting the data provider’s method for defining the pixel’s coordinat

the 3X3

ffine matrix and b is a 3x1 translation vector. The range and Doppler angle can be calculated from

ent slant
rdinates
0 encode
rm from
in order

ess must
cted into

height is
ordinate
b Earth’s
foduct to
ordinate
ellipsoid
bd in the
rdinates
ellipsoid.
e.
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For example, for an ellipsoid inflated by h, and image coordinates x and y, determine the geograph
coordinates, latitude A, and longitude, &, from

D =F(x,y)
A=G(x,y)

using the product provider’s conversion method. Then convert these coordinates using standard cod
such as GEOTRANS, which implements something like the following:

_ (a+h)-cos(p)-cos(A)

ic

(C.20)

€,

X
\/1—(6'-sin(q)))2
Y= (f1+h)-cos(p)-sin(A) (c.2)
\/1—(6'-sin(g0))2
7 1-¢*)sin(p)
\ 1—(e'-sin(g0))2
Here
¢’ =\lL-{(b+h) /(a+ )} (C.22)
The slant range, Rs, and the local Doppler angle, a1, can now be computed directly.
R, =rM—S(t)|=\/[MX s (O +[M, =5, (0] +[M,-$500)] (C.28)
s —bos 1 [SxOD=S O] +5, (0 M, =5, (e} 5. (M. 5. ()] o

R|S(t)]
C.3.6.5 |Important SAR terms

A number of different terms, including Range or Slant Range, Ground Range, Azimuth Angle, Squint Angl
Depressipn Angle, Look Angle or Eleyation Angle, Grazing Angle, and Incident Angle are unique to SAR ar
are defirjed in Clause 4. Figure CA%and Figure C.18 illustrate these terms.

o

Figure C.17 — Some important SAR terms
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C.4 SAR geometry

C.4.1 Equations

As discussed previously, SAR pixel coordinates are characterized by their range and Doppler angle, each
of which places a condition on the pixel’s location in space. As described in C.3, any pixel location in
line-sample space can be converted to a coordinate in Range-Doppler space. The range value of a pixel
identifies the surface of a sphere of radius Rg that is governed by the range equation or range condition
of Formula (C.25):

1

RS:|Q|:[(X—SX)2+(Y—SY)2+(Z—SZ)2]2 (C.25)

GRP

Squint Angle

Figure\C.18 — Important SAR geometry parameters

where [X, Y, Z]T in ECEF ¢oordinates, is the location of a point on the range sphere, and Sg = [Sxo, Syo, Szo]T
idthe location of the ARP in ECEF coordinates. Rsis the slant range to the scatterer from Formulla (C.16).
The Doppler angle¥alue of a pixel identifies the surface of a cone of angle «, from the antenna’g velocity
vector that is defined by the Doppler Cone equation or Doppler Cone condition of Formula (C.26);

Sx(X&S8x)+Sy(Y=Sy)+87(2-S;)=

1 1 (C.26)
COS(X'(SXZ+$Y2+$Zz)2[(X—Sx)z+(Y—Sy)2+(Z—Sz)2—|2

=

The solution to these two equations traces a circle that represents the intersection of the Doppler Cone
with the Range Sphere. The correct 3D location of the radar return could lie anywhere on that circle.
When the Doppler angle is 90°, the Doppler Cone becomes a plane, and the right side of Formula (C.26)
goes to zero. This is the case for many Stripmap mode imaging systems.

A single Range-Doppler pair does not uniquely define the 3D location for a radar return or its associated
position on the Earth’s surface. Rather, the slant plane image is simply a convenient way to store the
radar signal information gathered from each Range-Doppler circle collected and processed by the SAR
system. However, knowing the 3D location of an object point does allow one to calculate to which Range-
Doppler circle it corresponds, and, hence, its corresponding location in the 2D image.
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C.4.2 External Influences

Atmospheric Refraction. The atmospheric refraction of the microwave radiation should be adjusted
for within the image formation processor. Errors in the estimation of this factor during image formation
may affect accuracy at longer ranges. Generally, geopositioning should not need to consider this factor.

Curvature of the Earth. The curvature of the Earth should be adjusted for within the image formation
processor. Generally, geopositioning should not need to consider this factor.

Land cover. Land cover, such as a vegetation canopy layer on the ground, also affects the back scattering,
dependigomn the frequency and potarization.

Topogrdphy. Topography can cause image distortions such as foreshortening, layover and shadowing.

C.5 Application of Sensor Model
C.5.1 SAR geopositioning

C.5.1.1 |Introduction

Geopositlioning from SAR images relies on the ability to associate image coordinates and grourd
coordindtes. In general, two sets of photogrammetric (some use the tefm radargrammetric) equations
are needed to perform geopositioning: (1) the Ground-to-Image fun€tion and (2) the Image-to-Grournd
function| In general, the Ground-to-Image function is well-defined as a direct transformation, ¢r
projectidn, using the sensor model equations, from an object\point in 3D space to a 2-D coordinate
in imagg space. Conversely, the Image-to-Ground function €annot generally be determined directly,
because,|for most sensors, a single-image coordinate map$’into a large number (possibly infinite) pf
possible BD object coordinates.

For SAR [images and products, Formula (C.25) and Formula (C.26) together form the Ground-to-Image
Function. Because of the nonlinearity of these equations, however, the Image-to-Ground function cgn
be directly solved for only the simplest of cases: Thus, the Image-to-Ground function is nearly always
implemepted in an iterative fashion using.the Ground-to-Image equations, with an initial estimate pf
ground doordinates using a simplified madel, such as the corner coordinates commonly provided in the
metadaty (see Box below).

As with projective sensors and theircollinearity equations, there are two methods for photogrammetrijic
geopositjoning from SAR images. These are:

a) toinersect the Range-=Doppler circle for a given pixel with a known elevation, such as a DEM, and

b) to uge two or mafeiimages of the same ground area and find the “intersection” of the two or mote
Range-Doppler circles associated with the corresponding pixels.

NOTE Aswithopticalimages, SAR images often come with Earth coordinates thatcan be used for rudimentary
positionimg. Forlexample, given a slant plane or ground plane image, the corners of the image are often projected
to a tang¢ntplane or some other simple model of the Earth’s surface, such as the Earth Ellipsoid or the Geoid.
Combined with the pixel count or pixel GSD, this can be used to estimate surface coordinates. HOWEVEr, since
the true location of a pixel from a single image is ambiguous, these methods are only rough approximations. One
can think of these ambiguities as analogous to the perspective distortion seen in optical images taken at oblique
angles.

C.5.1.2 Mono image with an elevation source

Given an elevation source, such as a known object height or a DEM of the Earth’s surface, and the equation
of the circle for a given pixel, we can calculate the intersection of the two. (This is equivalent to using
the collinearity equations for an image from an optical sensor in the same fashion.) Generally, there will
be two intersections - one on the left side of the velocity vector and one on the right. Since the pointing
direction from the ARP to the GRP is known, only one of these makes sense. This effect is illustrated
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using a tangent plane in Figure C.19. The equations must be solved iteratively due to the nonlinear
nature of the Range-Doppler condition equations. Techniques such as those in [3] can be applied.

When a DEM is used, it is possible for the circle to intersect the DEM more than once on the same side
of the sensor, though. This can occur, for example, in mountainous areas where there is significant
terrain relief or in urban areas where a high-resolution surface DEM can represent buildings and other
structures in great detail. The cause of this multiple-intersection is radar return information in a single
Range-Doppler cell that comes from more than one surface location. This is an ambiguity in SAR data
that cannot be resolved. The visual image effect of this ambiguity is known as layover, since it appears
in the image that the near-vertical face of an object (e.g. mountain, building) appears to “lay-over” the
stirfaces in front of the object. When geopositioning, layover becomes a concern if the resolution of the
DEM results in ambiguities where multiple 3D ground or object points map to the same image point.

Cone of Constant
Doppler Angle \

/ Sphere of
C Constant Range
X5

Circle of Intersection .
- Range - Doppler Cell \\ ] /
e\
X
A\
Two Solutions to S\Q
Intersection of Circle @
with a Plane $,\\s\
R\
O
oF
AN

Figure C.19 — Two selutions when the range-Doppler circle intersects with a plane

C|5.1.3 Stereo intersection

When two imagesyof the same ground location are collected (assuming different ARPs), the pixe|s in each
irhage associated 'with that location will define distinct Range-Doppler circles. The intersection of those
tyvo circles;or more properly the intersections of the two Range Spheres and two Doppler Cadnes, will
define a3Dvpoint. The simultaneous solution of the two Range and two Doppler equations is then over-
determined, as there are four equations and three unknowns. Hence, any errors in the range off Doppler
irfformation in either image will result in a variety of close solutions. Pictorially, this means| that the

R D 1 3 ] | £ 4] HoS £ loaat | e i ] 4+ 4 h i
Clllsc UUPPICI CITUICS UU TIUL UITL C\,Ll)’ ITITCT OCLL, DUl LUIIIT VU1 y CIUST. ILCT dtIvl ICTdost oqual CoS LLL nlques,

such as those discussed in [3], must be used to solve for the optimal (in a least squares sense) result.

C.5.2 Adjustable parameters

Adjustable parameters are those parameters in the sensor model that have uncertainty associated with
them and that can be adjusted during triangulation, resection, or model-based registration operations.
For SAR, the primary measured parameters are the ARP, Sg, and its first derivative, the sensor velocity
vector, S. The other key parameter, the GRP, Gg, is not measured but rather is given, and, thus, is not
adjustable.
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C.5.3 Covariance matrices

In all the metric applications of imagery, the quality of the extracted information is considered as
important as the information itself. This is particularly true for geopositioning applications that require
high levels of accuracy and precision. The location of an object in the three-dimensional ground space
is given either by its geodetic coordinates of longitude (1), latitude (¢), and height above the ellipsoid, h,
or by a set of Cartesian coordinates (X,Y,Z). Although there are many ways to express the quality of the

coordina

tes, the most fundamental is through the use of a covariance matrix. For example:

Y=

in which|
between

Oy Ovey O yo |
A AT AZ

2 !

Oxy Oy Oyz (C27)
2

Oxz Oyz Oz
ox?, oy?, a72 are the marginal variances of the coordinates, and oxy oxz, oyz are~covariancgs
the coordinates, which reflect the correlation between them. The practice is,0ftén to reduge

these si

other th¢ quality in the vertical position. The first is called circular error, or CE, and‘the second lineqr
error, or LE. Both of these can be calculated at different probability levels, CE50 fér-0.5 probability, CE0
for 0.9 pfobability, etc. Commonly used measures, particularly by NGA under“mapping standards”, afe
CE90 angl LE90. The CE90 value is derived from the 2x2 submatrix of X thatrelates to X,Y, or

[62)‘
O xy

The LE9( is calculated from o72. In these calculations, the correlation between the horizontal (X,Y) and

vertical
in these

In order
all the q
variance
the most|
errors as
have the

The qual
during a
critical t
adjustmg
squares

to produ

different numbers to only two: one expressing the quality of the horizontalDposition and the

2

chyJ (C.28)
Oy

Z) positions, as represented by oxz, oyz, are ignored (i.e. assumed to be zero). The X,Y,Z system
pquations usually refers to the local coordinate system where Z represents elevation.

Lo have a realistic and reliable value for the estimated covariance matrix, %, of the geopositio
hantities that enter into calculating the coordinates X,Y,Z must have realistic and dependable
5 and covariances. These latter values present the image sensor modellers and exploiters with
challenge. Sensor designers frequently-do not provide any reasonable estimates of the expectgd
sociated with their sensor parameters. For well-calibrated sensors, it is usually reasonable to
values of the needed sensor parameters as well as their quality.

B

ity of the six adjustable SAR\parameters can be determined via analytical or empirical methods
calibration process. Since these parameters are carried as adjustable parameters, it is not
Db have good prior enfor estimates. These prior values can be approximate since, through the
nt process, they will be refined through rigorous error propagation associated with leapt
hdjustment. These€updated parameter covariances are, in turn, used in a rigorous propagatign
Ce the final covariance matrix X associated with each object.
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For a SAR sensor, the corresponding covariance matrix is given by:

2
Os, Og.,s, Os,s c . O©o . O .,
Xooonxer el SySx  SxSy  SxSz
2
os, Os,s, o . o . o .
SySX SySY SySZ
2
O-S G ° O- (] G .
2 _ z SZSX sty SZSZ
EO — 2
GQ G [ ] 6. (]
4 SXSY SxSz
symmetric o? Oe ®
Sy SySz
ol
Sz

he diagonal elements of the square symmetric non-singular matrix in Formul@(C.29) are the y
[ the sensor position parameters (Sx, Sy, Sz) and their corresponding velocities (SX,S'YSZ)
agonal elements of the matrix Xgp, in Formula (C.29) are the covarianees among all six comp
the position and velocity.

Q. O —

Cpvariances will always exist if the image has been processed through either single image res
a$ part of multi-image triangulation. For an unprocessed image,Zgp may simply be a diagon

(@)

ithage, Lo, will be a full matrix. In fact, for two processed‘images, i, j, their total covariance m4
will be a 12-by-12 symmetric non-singular matrix of theform:

2roi 2Eoi

ZpoT=| 5T 5
EOij “~E0j

For a pair of correlated images, the matrix in Formula (C.30) needs to be provided in order to

gpality measures associated with physical'sensor models.

T

he greatest difficulty is encountered when no adjustability is allowed and the information
so¢lely on the mission support data. In this case, if the input values for the quality of the pa
are either grossly in error, er\non-existent, the propagated geolocation covariance matrix, |
considerably in error. This is of particular concern when performing Stereo Intersections usin
d|scussed in C.5.1.3.

(C.29)

ariances
The off-
bnents of

pction or
] matrix

¢ontaining variances, with all off-diagonal elements being zero. On the other hand, for a pfrocessed

Itrix Xgo,

(C.30)
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Annex D
(informative)

Lidar sensor model metadata profile supporting precise

geopositioning

D.1 Introduction

The pur
ISO/TS 1

to give ah example for using the common terminology and a common frame of referengce established

this Tech

lidar sensor model.

D.2 Lidar overview

D.2.1 (

D.2.1.1

LIght De
operatin
lidar sys
generally
received

and poi
is stored
for lidar
provides
to under

D.2.1.2

Although
compone
position
critical
lidar sys

pverview of lidar sensor types

Lection And Ranging (lidar) or Laser Detection Atfd Ranging (ladar) refers to a radar system
b at optical frequencies that uses alaser as its photon source. This annex focuses on topographii
fems, or systems used to make a map or 3Dgdimage of the area of interest. These lidar syste

r measure the travel time, time between alaser pulse emission and when the reflected return f

ose of this annex is to show how to use metadata defined in this Technical Specification and
130:2010 to precisely geoposition images from lidar sensor systems. This anfex’is intendgd
n

nical Specification and ISO/TS 19130:2010 to perform precise geopositioning using a physicpl

Introduction

and use it to calculate the range (distarice) to the objects encountered by the emitted pulse.

ing data, a three dimensional (3D)'scene of the area of interest is generated. Often this sce
as a series of 3D coordinates, (X;’Y, Z), per return that is called a point cloud. The example |
on an airborne platform. Many variations of lidar systems have been developed. This ann
a general overview of thé technology and gives the reader enough insight into the technolo
ctand the physical sensormodel described later in this document.

C
S
S
y
combiniI:Lg a series of these ranges with othertinformation such as platform location, platform attitude
e
S
X
y

System components

there are manyvariants of lidar systems, these systems generally consist of a similar set of core
nts: a ranging subsystem (laser transmitter, laser receiver), a scanning/pointing subsystem,|a
and orjentation subsystem, a system controller, and data storage. All of these components afe
p theldevelopment of a 3D data set. Additionally, when developing the physical model of the

documer
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tem,many of these components have their own coordinate systems as detailed later in thjis
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FigureD.1 — Lidar components

D{2.1.3 Ranging subsystem

Di2.1.3.1 Overview

—

he key component that'defines lidar as a unique system is the ranging subsystem. This system consists
"a number of subsystems including a laser transmitter and an electro-optical receiver.

@]

The laser trarsmitter generates the laser beam and emits the laser energy from the system which is then
ppinted towdrd the ground by other subsystems. There can be multiple components along the optical
ppth of the'laser energy as it is transmitted, including a transmit-to-receive switch, beam expanders,
ahd eutput telescope optics. Multiple laser types can be used for lidar systems. One commoh type is
neadymium-doped yttrium aluminium garnet. lidar systems are operated at a variety of wavelengths
whtirtiremostcommomn being 1064 {ear infrared) for topograpticscanmersamd 532 {green) for
bathymetric scanners. The selection of the laser wavelength depends upon a variety of factors including:
the overall system design, the sensitivity of the detectors being used, eye safety, and the backscattering
properties of the target. In addition to the laser wavelength, the laser power is also an important
consideration in relation to eye safety.

The electro-optical receiver captures the laser energy that is scattered or reflected from the target
and focuses the energy onto a photosensitive detector using the imaging optics. Timestamps from the
transmitted and detected light are then used to calculate travel time and therefore range.

Hydrographiclidar systems which typically use green and red lasers for water surface and water bottom
detection are not included in this section.
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D.2.1.3.2 Ranging techniques
For lidar, one of two ranging principles is usually applied: pulsed ranging or continuous wave.

In pulsed modulated ranging systems, also known as time of flight, the laser emits single pulses of light
at high rates of speed (Pulse Repetition Frequency, or PRF). The travel time between the pulse being
emitted and then returning to the receiver is measured. This time, along with the speed of light, can be
used to calculate the range from the platform to the ground:

Ran e:R:%c-t (D.1)

where c |s the speed of light and t is the round trip travel time.

In contirfuous wave systems, the laser transmits a continuous signal. The laser energy is-sintisoidally
modulated in amplitude and the travel time is directly proportional to the phase differencebetween the
received|and the transmitted signal. This travel time is again used with the speed oflight to calculate
the rangg from the sensor to the ground.

4
t=A .7 D.2
2 ( )

where ¢lis the phase shift and T Is the period of the signal.

Once the travel time (t) is known, the range is calculated as indicated above. To overcome range
ambiguifies, multiple-tone sinusoidal modulation can be used,.where the lowest frequency tone has gn
ambiguify greater than the maximum range of the system.

An alterpative method in continuous wave systems involves modulation in frequency. These chirpgad
systems [mix the received signal with the transmitted signal and then use a coherent receiver fo
demodulate the information encoded in the carrier ffequency.

D.2.1.3.3 Detection techniques

Two detgction techniques are generally employed in lidar detection systems: direct detection and
coherent/detection.

In one fqrm of direct detection, referred to as linear mode, the receiver converts the return direct
to a volthge or current that is preportional to the incoming optical power. Possible receivers includ
Avalanche Photo Diodes (APD).and Photo Multiplier Tubes (PMT). lidar detectors (APDs and others) c3
also be dperated in a photern’counting mode. When photon counting, the detector is sensitive to vej
few and possibly individual photons. In a Geiger mode photon counting system, the detector is biased 1
become gensitive to ifidividual photons. The electronic circuitry associated with the receiver produces
measurement corresponding to the time that a current is generated from an incoming photon, resulti
in a direft time.0f flight measurement.

D <

(RN RIS}

In coher¢nt’detection the received optical signal is mixed with a local oscillator through a heterodyne
mixer ptior to being focused on the photosensitive element. The mixing operation converts the
information to a narrow base band which reduces the noise as compared with the optical filter employed
in the direct detection approach. The resultant signal-to noise ratio improvement can be substantial, as
in the case with atmospheric turbulence detection systems.

In addition to the methods described above, some systems use alternative detection techniques. One
such technique uses the polarization properties of the energy to determine range. As this annex is
meant to focus on the lidar geometric sensor model, it will not discuss all possible ranging and detection
techniques.
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D.2.1.3.4 Flying spot versus array

The sections above describe both ranging techniques and detection techniques that are used in laser
scanning. However, these techniques lead to a variety of receiver geometries for collecting the data. In
general, most commercial lidar systems operate on a flying spot principle, where for a single outgoing
pulse, a small number of ranges (between 1 and 5) are recorded for the returning energy along the same
line of sight vector. Receiving and recording more than one range for a given pulse is often referred
to as Multiple Returns. The first range measured from a given pulse is often referred to as the “First
Return” and the last as the “Last Return.” For the next pulse, the pointing system has changed the line
of sight vector, and an additional small number of ranges are recorded. This method (point scanning)
id generally associated with linear-mode systems and requires a large return signal to record|a return
d calculate a range. However, there are other systems (photon counting and others) that.spread the
itgoing energy to illuminate a larger area on the ground and use a frame array detector to measure
range for each pixel of the array. These systems (frame scanning) require low returp signal|strength
nd record hundreds or even thousands of ranges per outgoing pulse. There are pros and cong to both
systems, which will not be debated in this document. However, the reader shotild be aware that both
ppint scanning and frame scanning lidar systems exist. This Annex will address the physical sensor
nmodels for both scenarios.

L OO DV 5

DI2.1.4 Scanning/pointing subsystem
T

b generate a coverage of a target area, lidar systems must measure range to multiple locations within
e area of interest. The coverage of a single instantaneousfield of view (IFOV) of the systgdm is not
geénerally adequate to meet this need. Therefore, some ggmbination of platform motion andl system
ppinting is used to develop the ground coverage of a scene. This subclause will describe sore of the
ppinting and scanning concepts that are being employedin current lidar systems.
0

=

e of the most common methods for directing‘the laser energy toward the ground is a fcanning
nlechanism. A popular scanning mechanism is anioscillating mirror which rotates about an axig through
appecified angle (the angular field of view) cofitrolling the pointing of the line of sight of the las¢r energy
tqward the ground (Figure D.2). The mirror‘does not rotate completely around the axis, but ¢scillates
back and forth by accelerating and decelerating as it scans from side to side. Oscillating mifrors are
generally configured to scan perpendicular to the direction of platform motion, generating|a swath
wjidth in the cross-track direction and allowing the platform motion to create coverage in the along-
tjack direction. Oscillating mirrors create a sinusoidal scan pattern on the ground.
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Figure D.2 — Oscillating mirror scanting system

An alterpate scanning mechanism is a rotating polygon (Figure D.3). In this system, a multifacetgd
polygon prism or scan mirror continuously rotates around an axis of rotation. The facets of the polygqgn
combinefl with its rotation, direct the energy towardithe ground. Like the oscillating system, this [is
generally used to sweep perpendicular to the platform trajectory generating a swath width on the
ground gnd relying on platform motion in the along track direction to generate coverage. Howevgr,
rather tHan relying on an oscillating motion requiring accelerations and decelerations, the facet of the
polygon rontrols the pointing of the continuously rotating system. As the laser energy transfers from
one polygon facet to the next, there is a discontinuous and sudden jump to the opposite side of the scdn
resulting in a scan pattern consistingof a series of nearly parallel scan lines.
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Figure D.3 — Rotating polygon'scanning system

Apother scanning mechanism uses a nutating mirgefiwhich is inclined in reference to the light|from the

ser emitter (Figure D.4). The rotation of this mirror creates an elliptical scan pattern on the ground
d the forward motion of the sensor createsgoverage in the along track direction. (A variation on this
s¢anning mechanism employs counter rotating Riesling prisms.)

o
Q\\C)

&y
LN A

L o

4

Nutating Mirror

Elliptical Scan
Pattern

Ground
trajectory

Figure D.4 — Nutating mirror scanning system

As an alternative to using a mechanical scanner, some lidar systems are now using fibre channels to
direct the laser energy to the ground (Figure D.5). Their goal is to achieve a more stable scan geometry
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due to the fixed relationship between the fibre channels and the other lidar components. In this system,
the laser light is directed to the ground by a glass fibre bundle and the scan direction for a given pulse
depends on the fibre from which it is emitted. A similar system of fibre bundles is then used in the

receiving

optics.

Receiver

D.2.1.41il
used on
the line
gimbal a
desired |
scan pat
or the gi
be used {
then be 1

Laser emitter

: Receiving fibre
Emitting fibre
1 .

Parallel line
scan pattern

Ground
trajectory

Figure D.5 — Fibre pointing system

ustrates several pointing methods, generally using mechanical components that are commonl|y
fommercial lidar sensors. Howevet, the lidar system could also use a series of gimbals to point
pf sight (Figure D.6). In this ‘tase, gimbals are used to rotate the line of sight around Varioy

xes. Multiple gimbal stagés)(that may or may not be coaxial) are used in series to obtain the
pointing location. Theré are many ways that the gimbals could be driven to produce various
ferns on the ground.(Thé gimbals could be used exclusively to create the desired scan patten
mbals could be used'in conjunction with another scanning device. For example, a gimbal could
o point the entirésensor off nadir, and another scanning system (e.g. oscillating mirror) could
sed to complete’the scan pattern and control area coverage (Figure D.7).
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O
O
o
. Gimbal used to
@ : point lidar
O . (/ system
Laser Emitter /
OC) Receiver \
N
&’ '
J
& /
e / N
Q / Gimbal Defined
§ 4 Scan Pattern
% Ground
trajectory
Figure D.7 — Gimbal rotations used to point lidar system
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Systems can also be designed with multiple returns for one pulse, for example for a tree canopy. No
illustration is given here.

D.2.1.5 Position and orientation subsystem

In the sections above, the hardware used to measure the precise ranges and the techniques used to
point and record data off of various locations on the ground were described. However, the information
from these systems alone is not enough to generate a three-dimensional point cloud or range image. In
addition to know1ng how far away the objectis (range) and the sensor p01nt1ng angles (1n relatlonshlp to
itself), o 3 : catec d
for each 1ncom1ng pulse Thls 1nformat10n is measured and recorded by the posmon and orlentatlcn
system. Platform orientation is also applicable for ground moving terrestrial lidar systems.

The position and orientation system consists of two primary subsystems, the GNSS and the'inertipl
measurement unit (IMU). The GNSS is used to record the platform positions at a specified,time intervgl.
While tHere are many methods to develop GNSS coordinates, the accuracies associated with lidar
generally require a precise method such as differential post-processing with a statichase station or the
use of reql-time differential updates. For the most accurate data sets, strict constrdints are placed on the
GNSS bage station location and on the allowable baseline separation between the*GNSS base station arld

The orieftation of the platform is measured by an IMU, which uses gyros,and accelerometers to measufe
the orierftation of the platform over time. Both the GNSS and the IMU data’are generally recorded during
flight. THe GNSS and IMU solution will be combined (generally in a post-processing step) to generate the
trajectory and attitude of the platform during the data collection.

D.2.1.6 |System controller

As showh above, a lidar system consists of many sub-components that must work together to generate
a data sdt. The quality and density of the output prgduct depends on the operation and settings of the
subsystems. As the name implies, the system controller provides the user an interface to the system
compongnts and coordinates their operation. [t-allows the operator to specify sensor settings and o
monitor fhe operation of the subsystems.

D.2.1.7 | Data storage

Raw liddr data includes files from-/the GNSS, the IMU, the ranging unit, and possibly other system
compongnts. Even in its raw state, lidar systems can generate massive quantities of data. Due to the
quantitigs of data, the datasets are often stored with the system and downloaded after collection. The
Data Storage Unit is usedcto store the data from all of the system components.

D.2.2 Lidar dataprocessing levels

D.2.2.1 | Intreduction

Several graCessing steps are necessary to create a useable “end product” from raw lidar data. Howevar,
the resultant form of the data at intermediate processing steps may be of use to different groups within
the community. In order to classify the degree of lidar processing applied to a given data set, the lidar
community hasinitiated defining multiple lidar data processinglevels. Each level describes the processing
state of the data. Following are definitions of the levels (L0 through L5), along with basic descriptions of
the processing involved between levels and the types of users to which each level would apply.

D.2.2.2 Level 0 - Raw data and metadata

Level 0 (LO) data consists of the raw data in the form in which it is stored in as collected from the mapping
platform. The data set includes, but is not limited to, data from GNSS, Inertial Navigation System (INS),
laser measurements (timing, angles) and gimbal(s). Metadata would include items such as the sensor
type, date, calibration data, coordinate frame, units and geographic extents of the collection. Other
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ancillary data would also be included, such as GNSS observations from nearby base stations. Typical
users of LO data would be sensor builders, data providers, and researchers looking into improving the
processing of LO to Level 1 (L1) data.

D.2.2.3 Level 1 - Unfiltered 3D point cloud

L1 data consists of a 3D point data (point cloud) representation of the objects measured by the lidar
mapping system. It is the result of applying algorithms (from sensor models, Kalman filters, etc.) in
order to project the L0 data into 3 dimensional space. All metadata necessary for further processing is

alsocarried forward at this level Users wouldinclude scientists and others v\mr](ing on a]gnrif ms such

as filtering or registration for deriving higher-level data sets

D12.2.4 Level 2 - Noise-filtered 3D point cloud

Level 2 (L2) data differs from L1 in that noisy, spurious data has been removed (filtered) from|the data
s¢t, intensity values have been determined for each 3D point (if applicable), @nd relative reglistration
gmong scans, stares or swaths) has been performed [11] . The impetus behind separating|L1 from
LP is the nature of Geiger-mode lidar data. Derivation of L1 Geiger-mode lidar data prodyces very
npisy point clouds, which require specialized processing (coincidence-processing) to remove the noise.
Cpincidence processing algorithms are still in their infancy, so their-ongoing development nedessitates
a|natural break in the processing levels. As with L1, all metadata nécessary for further prodessing is
carried forward. Typical users include exploitation algorithm(developers and scientists dgveloping
georegistration techniques.

2.2.5 Level 3 - Georegistered 3D point cloud

bvel 3 (L3) data sets differ from L2 in that the dat@ has been registered to a known geodetic datum.
pgistration may be by an adjustment using data-identifiable objects of known geodetic coqrdinates
by some other method of control extensionsfor improving the absolute accuracy of the datd set. The
Fimary users of L3 data would be exploitation algorithm developers.

= o g o

2.2.6 Level 4 - Derived products

bvel 4 (L4) data sets represent lidar-derived products to be disseminated to standard users. These
roducts could include DEMs, \wiéwsheds, or other products created in a standard format angl using a
andard set of tools. These data sets are derived from L1, L2 or L3 data, and are used by the basic user.

Qo - o

2.2.7 Level 5 - Intelproducts

ay require specialized tools and knowledge to generate. The data sets are derived from L1,|L2 or L3

D

Level 5 (L5) data-Sets are a type of specialized product for users in the intelligence communify, which
1]

dpta.

D.3~4Coordinate reference systems

D.3.1 Introduction

A sensor model uses measurements from various system components to obtain geographic coordinates
of the sensed objects. However, the system components are not centred nor aligned with a geographic
coordinate system. The reference frame of each component and their interrelationships must be
understood to obtain geographic coordinates of a sensed object. The following sections will define these
coordinate systems and their interrelationships.

D.3.2 General coordinate reference system considerations

The purpose of a sensor model is to develop a mathematical relationship between the position of an
object on the Earth’s surface and its data as recorded by a sensor. The spatial positions of the sensor
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during data collection may be given, at least initially or in its raw form, either in relation to a coordinate
system locally defined or relative to an Earth reference. A 3-dimensional datum will be required to
define the origin and orientation of the coordinate systems. Likewise, the positions of the objects may
be defined with respect to either the same coordinate system, or attached to any number of Earth-based
datums (e.g. WGS84). For purposes of this metadata profile, the transformations among the coordinate
systems will be accomplished via a sequence of translations and rotations of the sensor’s coordinate
system origin and axes until it coincides with an Earth-based coordinate system origin and axes. An
overall view of some of the coordinate reference systems under consideration is shown in Figure D.8

Platform Coordinate
P System: (x,y,2),

Target Coordinate
System: (X,Y,Z)a

Sensor Coordinate
System: (x,y,2)s

/&_F—'
ZW > N
Yw 3
Earth Coordinate
Xw  System: (X)Y,Z),,

Figure D.8 — Multiple coordinate reference systems

The sendor position may be described\in many ways and relative to any number of coordinate systenps
particuldrly those of the aerial platform. There may also be one or more gimbals to which the sensor fis
attached| each with its own coordinate system, in addition to the platform’s positional reference to the
Global Npvigational Satellite. System (GNSS) or other onboard INS. Transformations among coordinate
systems [can be incorporated-into the mathematical model of the sensor.

Airborng platforms nermally employ GNSS and INS systems to define position and attitude. Asillustratgd
in Figure D.9 the GNSS antenna and the INS gyros and accelerometers typically are not physically
embeddd¢d with the/sensor.
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GPS INS (Platform Reference Origin)

Sensor Reference System

Figure D.9 — Nominal relative GNSS to INS to sensor relationship

For a GNSS receiver, the point to which all observations refer is the phase’centre of the antenna. The
analogous point for an INS is the intersection of the three sensitivity axes. The physical offset|between
thhe two generally is termed a lever arm. Denoting the lever arm vector from the GNSS antenpa phase
c¢ntre to the IMU is the vector rgyss. An analogous lever arm between the INS and the sensor ig labelled
rivs- These relationships are illustrated in Figure D.9

D.3.3 Scanner coordinate reference system

This system describes the reference frame of the scanner during a laser pulse firing. The origjin of this
system is located at the laser firing point. The systént axes are defined as follows: z-axis (zsc) psitive is
igned with the laser pulse vector; with scan angles set to zero, x-axis (Xs¢) positive is aligned|with the
ensor Reference System x-axis, described below and y-axis (ysc) positive is chosen to complete a right-
hnded Cartesian system. Non-zero scan angles will cause the x-axis and/or the y-axis to deviate from
ignment with the sensor reference system.

=R

D.3.4 Sensor coordinate referénce system
T

his system describes the reference frame of the sensor in which the scanner operates. The scanner
r¢ference system rotates within this system as the scan angles change, and is coincident with this system
when scan angles are zere. The origin of this system is located at the laser firing point. The sysftem axes
(Figure D.9) are defined.as follows: z-axis (zs) positive is nominally aligned with the nadir, althpugh this
¢uld depend on the.mount configuration; x-axis (Xs) positive is a chosen direction in the scaniper plane
rthogonal to the-z-axis), which is nominally aligned with the flight direction when no z-rqtation is
applied to the{gimbals, and y-axis (ys) positive is chosen to complete a right-handed Cartesian pystem.

This system describes the reference frame of a gimbal, which houses the sensor and orients it d¢pending
ob-applied gimbalangles.- The originof this system-islocatedat theintersectionofthe gimbalakes. With
gimbal angles set to zero, the gimbal axes are defined as follows: x-axis (xgim) positive is nominally
aligned with the flight direction; y-axis (ygim) positive is in the horizontal plane, orthogonal to the x-axis
pointing to out the right side of the aircraft; and z-axis (zgim) positive points downward, completing a
right-handed Cartesian system. Multiple gimbals or gimbal stages may be used in a system, and the axes
may not be coaxial. Therefore multiple gimbal reference systems may be defined.

D.3.6 Platform coordinate reference system

This system describes the reference frame of the aircraft platform to which the gimbal is mounted. The
origin is located at the aircraft centre of navigation (i.e. the INS centre of rotation). The axes are defined
as follows: x-axis (xp) positive along the heading of the platform, along the platform roll axis; y-axis (yp)
positive in the direction of the right wing, along the pitch axis; z-axis (zp) positive down, along the yaw
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axis. Any rotational differences between the gimbal reference system and the platform reference system
describe the rotational boresight (or mounting) angles, which are fixed for a given system installation.

D.3.7 Local-vertical coordinate reference system

This system describes the reference frame with respect to the local vertical. Coordinates in this system
are obtained by applying INS measurements to coordinates in the Platform Reference System. The origin
is located at the aircraft centre of navigation (i.e. the INS centre of rotation). The axes are defined as
follows: z-axis (z,) positive points downward along the local gravity normal; x-axis (x3) positive points
toward astronomic north; y-axis (v3) positive points east, completing a right-handed Cartesian system.

The platform reference system is related to the local-vertical reference system with its origin.at the
centre offnavigation. In horizontal flight, the platform z-axis is aligned with the local gravity normal. The
platform|reference system orientation stated in terms of its physical relationships (rotations)telative fo
this local-vertical reference (Figure D.10) is as follows:

— Platform heading - horizontal angle from north to the platform system x-axis Xy (positive from
north to east).

— Platform pitch - angle from the local-vertical system horizontal plane to the'platform positive x-axijis

Xa (Positive when positive x-axis is above the local-vertical system horizental plane, or nose up).
— Platﬂ)orm roll - rotation angle about the platform x-axis; positive ifithe platform positive y-axis Ya
lies pelow the local-vertical system horizontal plane (right wingdown).
Nor‘t[\, mN Top Veiw Rear Veiw
Heading, H
Xa
East, mE
> Ya
© East, mE
Roll, R
Y, X, Z, Down, mD
Pitch, P
North, mN
Side Veiw
Z,
Down, mD

Figure D.10 — Relationship between platform reference system (XaYaZa) and local-vertical
system

D.3.8 Ellipsoid-tangential (NED) coordinate reference system

This system describes the North-East-Down (NED) reference frame with the horizontal plane tangent to
the geodetic ellipsoid to be referenced (i.e. WGS84). Coordinates in this system are obtained by applying
deflection of the vertical (DOV) estimates to coordinates in the Local-vertical Reference System. The
origin is located at the phase-centre of the GNSS antenna, fixed to the platform structure. The axes are
defined as follows: z-axis positive points downward along the ellipsoidal normal; x-axis positive points
toward geodetic north; y-axis positive points east, completing a right-handed Cartesian system.
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D.3.9 ECEF coordinate reference system

This system describes the Earth-centred Earth-Fixed (ECEF) reference frame of the geodetic ellipsoid
to be referenced (i.e. WGS84). GNSS measurements refer to this system. The origin is located at the
origin of the geodetic ellipsoid. The axes are defined as follows: z-axis positive points along Earth’s
rotational axis toward geodetic north; x-axis positive points toward the 0-degree longitudinal meridian;
y-axis positive completes a right-handed Cartesian system. The relationship between the NED reference
system and the ECEF reference system is illustrated in Figure D.11

y4 North,mN
A

Geodetic North

Down,mD East, mE

" Local NED
See Coordinate-System;
Phase-center of

Ellipsoid GNSS. antenna

~

escscccccdecccoe, A

Earth N ....'00.

Greenwich
Meridian

Equator

Kpy
$| latitude
Al longitude

Figure D.11 — ECEF and NED coordinate systems

Apy point may be described in geocentric (X,Y,Z) coordinates, or alternatively in the equivalent{geodetic
lqtitude, longitudé-and ellipsoid height terms. Also, a point can be described relative to a local feference
system with origin on an Earth-related ellipsoidal datum (e.g. WGS84 ellipsoid), specifically irf an East-
North-Up (ENU) orientation; where North is tangent to the local prime meridian and poin{s North,
Up points‘upward along the ellipsoidal normal, and East completes a right-hand Cartesian cdordinate
system..Kigure D.12 shows an ENU system and its relationship to an ECEF system.
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Figure D.12 — Earth-centred (ECEF) and local surface (ENU) coordinate systems (MIL-STD-
2500€)

D.4 Sensor equations

D.4.1 Introduction

This clause outlines the equations representing the spatial relationships among the various components
of a lidar|collection system. Equations particular to point-scanning systems are described first, followed
by equatjons particular to ffaine-scanning systems.

D.4.2 Roint-scanning systems

D.4.2.1 | General

The relatfion’ships among some basic components ofalidar collection system are illustrated in Figure D.13
including the GNSS, INS and sensor. The phase-centre of the GNSS antenna provides the connection o
the ECEF reference datum (e.g. WGS84). A series of translations and rotations, obtained from sensor
observations and constants, must be applied to a lidar pulse measurement for direct geopositioning of
the sensed ground object.
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INS (Platform Reference Origin)

¥s Ysc Zs
Figure D.13 — Nominal Relative GNSS to INS to sensor to scanner relations
The coordinates of a sensed ground point in a geocentric ECEF coordinate system (e.g. W({S84) are
obtained from the following equation:
rgp = Tgcer + M pcgrM gL Myer (M pra(MgiM sgnTsca +Teim) +Tins +Teps) (D.3)
The components of Formula (D.3) are described below:
rsca vector from the scanner to the ground point in the sganner reference frame (range);
reim vector from the sensor to the gimbal centre 6f rotation in the gimbal reference frame;
NS vector from the INS to the gimbal centre of rotation in the platform reference frame;
reps vector from the GNSS antenna phase-centre to the INS in the platform reference fframe;
rgcgr vector from the ECEF originto the GNSS antenna phase-centre in the ECEF referdnce
frame (GNSS observations);
rep vector from the ECEF-origin to the ground point in the ECEF reference frame;
Mgpy  rotation matrix/from scanner reference frame to sensor reference frame (scan angles);
Mgy  rotatiobamatrix from the sensor reference frame to the gimbal reference frame (gimbal
anglés);
Mp;, . Iotation matrix from the gimbal reference frame to the platform reference frame (bore-
sight angles);
Mygp  rotation matrix from the platform reference frame to the local vertical reference frame
(INS observations);
Mg,  rotation matrix from the local vertical reference frame to the ellipsoid-tangential refer-
ence frame;
Mgcpr  rotation matrix from the ellipsoid-tangential reference frame to the ECEF reference

frame.

The components ryyg, rgps and Mgy, are constants which are measured at system installation or

determined by system calibration.

The vector rg-4 does not account for any internal laser propagation within the system, both before the
laser is emitted or after it is detected. It is assumed that any such offsets are accounted for by the
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hardware or processing software in order to provide a measurement strictly from the scanner to the
ground point.

Other system component configurations are possible which would alter Formula (D.3). Some systems
have the INS mounted on the back of the sensor, which would cause r;pg to vary with the gimbal settings.

In this case, the distance from the INS to the gimbal rotational centre would be constant, and a vector
(constant) from the GNSS antenna to the gimbal rotational centre would be needed.

D.4.2.2 Atmospheric refraction

Light rays passing through media with differing refractive indices are refracted according to Snell's
Law. Thif principle applies to laser beams passing downward through the atmosphere, as the refractiye
index of fthe atmosphere changes with altitude. The effect is an angular displacement of the laser beam
as described below:

Ad =K tano (D.4)

where
Ad 1s the angular displacement of the laser beam from the expected path;
a 1s the the angle of the laser beam from vertical;
K 1s a constant, defined below.

Several models are available to determine the constant K; however, one commonly used approach,

is provided below [10]. (Another approach is given in [8}). Using this first model, the constant K s
determined as follows:

(D.5)

H

2410H  2410h (h
N?%_6H+250 h%—6h250

H s the flying height (MSL) of.ithe aircraft, in kilometres

h s the height (MSL) of the object the laser intersects, in kilometres.

Applying H and h in kilometres, the resulting units for the constant K are microradians.

Since thg angle « is.relative to vertical, it can be derived from Formula (D.3) using a chain of rotatign
matrices| (MygrMppiM g1y M sgny - Then the calculation of Ad is applied to Mygg, resulting in a new valug,

Mygg, which isstibstituted into Formula (D.3).
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The above equations are appropriate for most mapping scenarios; however, at very large oblique vertical
angles (>60°) a spherically stratified model should be applied (Gyer, 1996). Snell’s law for a spherically
stratified model is represented by the following:

nsrs sin(as) = ngrg sin(ag) = k = constant
(D.6)

where

s Ny index of refraction at sensor and grmlnd pninf’ rncpp{‘fivp]y;

rs rg ellipsoid height of sensor and ground point, respectively;

a5, ag the angle of the laser beam from vertical at the sensor and ground point, rée$pectively.

The angular displacement Ad is obtained from the following equation:

tana((rs /rg)—cose)—sine

- (D.7)
tonoesin® +(rg /ry)—cos6

Ad angular displacement of the laser beam from the expécted path;

a angle of the laser beam from vertical;

rs height of the scanner above centre of spheré(approximating ellipsoid curvature);
rg height of the illuminated ground pointabove centre of sphere;

60 angle subtended at the centre of sphere, from the scanner to the ground point.

The value for 0 is determined fror the integral

hg K
0= ——dn (D.8)

h{ rn%r? —k?

where hs and hg arethe ellipsoid heights at the sensor and ground point, respectively. The valug of 6 can
bg estimated usingnumerical integration (see Gyer, 1996). The value for n can be computed from

n=~ 1+0,000078831§ (D.9)

where T (temperature) and P (pressure) are in degrees Kelvin and millibars, respectively. Finally, if local
nleasurements are not available, the values of T and P can be calculated from the following:

T =59-0,00356h (D.10)

P=2116[(T +459,7) /518,6]°*°° (D.11)

where T is in degrees Fahrenheit, P is in lIbs/sq ft and h (altitude) is in feet.
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D.4.3 Frame-scanning systems

D.4.3.1 General

Frame-scanning lidar systems use the same basic system components as point-scanning systems
(Figure D.13); however, the receiver consists of an array of detector elements (similar to an imaging
system) rather than a single detector. This different receiver geometry is described by its own coordinate
system and has inherent geometric and optical effects which must be accounted for. Following is

a description of the frame coordinate system, the corrections necessary for a frame system, and the
resultin nnnnnnnn dalbing aciio fiome Mool ofebn s o ation it sl catyac abhtbatond Cony Ay D

STITSOT ITTUTCTITIT S CH O TIOTTST IV IO CIT OT CIC I OUT HITA CTUTT TIT CHTS Craa St vy asS UOTATIiC O I T UTIT T XTI TCA

of ISO/T$ 19130.

D.4.3.2 |Frame coordinate system

D.4.3.2.1 Frame Imagery

A frame pensor is a digital collection array consisting of a matrix of detectors, or,elements, at the focpl
plane (Figure D.14). The focal plane array (FPA) origin is located at the intersectienof the sensor opticpl
axis and fimage plane.

Collection array/
Focal plane

Zs, Z

Sensor Perspective center

Figure D.14 — Sensor and focal plane coordinate systems

Typical qf camymon imagery formats, and in particular ISO/IEC 12087-5, pixels are indexed according
to their plaeement within a “Common Coordinate System” (CCS), a two-dimensional array of rows arnd
columns, 3 T THE array exampies I FIgUTe D15, T Nere are tNTee COMIMONIY TeferTe dto
coordinate systems associated with digital and digitized imagery: row, column (r, c), line, sample (¥,s),
and x,y. The units used in the first two systems are pixels, while the x, y are linear measures such as
millimetres. The origin of the CCS (and the line/sample system), as shown in Figure D.15, is the upper left
corner of the first (or 0,0) pixel, which in turn is the upper left of the array. Because the CCS origin is the
pixel corner, and the row/column associated with a designated pixel refers to its centre, the coordinates
of the various pixels, (0.5, 0.5), (0.5, 1.5), etc., are not whole integers.

D.4.3.2.2 Row-Column to Line-Sample coordinate transformation

Typical frame processing uses the geometric centre of the image as the origin. As shown in Figure D.15,
the origin of the row-column system is located in the upper-left corner of the array, and the origin of the
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line-sample system is in the centre of the array. The positive axes of the systems are parallel and point
in the same direction, so conversion between the two systems is attained by applying simple translation
offsets:

t=r-C, (D.12)

s=c-C (D.13)

N

where €, and C. are each half the array size, in pixels, in the row and column directions, respectively.

CCS Origin | _ Cs N ¢ (columns) CCS Origin Cs ¢ (columns)
— @ — > —_ P>
A (0.5,0.5) | (0.5,1.5) | (0.5,2.5) | (0.5,3.5) (0.5,4.5) 4 (0.5,0.5) | (0.51.5) | (0.5,2.5) (0.5,3.5)
° ° ° ° ° o o ° °
(0.5,C-1) (0.5,C-1)
Cy (1.5,0.5) | (1.51.5) | (1.525) | (1.53.5) (1.5,4.5) P Cu (1.5,05) | (1.5,1.8){)(1.525) | (1.535) IL.Q
X
° ° ° ° ° XZ ° (] ° °
v ® NG -y > S
(2.505) | (2.51.5) | (2.5)25) | (2.53.5) (2.5,4.5) (2.5,05) ) '(2.5,1.5) | (2525) | (2.53.5)
[} [} [} [ ) L] L[] ] [ )
(35,0.5) | (3515) | 3.5§25) | (3535) | (3.545) (3.5,05) | (3515) | (3525) | (3.535)
[ ] [ ) [ ) [ ) dx [ ] [ ] [} [} dx
r (rows) (R-1,0.5) (R-1,C-1) r (rows) (R-1,0.5) (R-1,C-1)
4 fe—| 4 f——
\ 44 dy vl dY
Non-Symmetrical Array Symmetrical Array

Figure D.15 — Coordinate systems for non-symmetrical and symmetrical arrays

D\4.3.3 Frame corrections

Di4.3.3.1 Kinds of corrections

Cprrections to the interjorof the frame system, including array distortions, principal point offsets and
lg¢ns distortions, and.exterior corrections such as atmospheric refraction, are described in the following
s¢ctions.

D14.3.3.2 Array distortions
Diistortiens‘in the array are accounted for by the following equations:

x=a,{+bys+cq (D.14)

y=ayl+bys+c, (D.15)

This transformation accounts for two scales, a rotation, skew, and two translations. The resulting x and
y values are typically in millimetre units. The six parameters (ay, by, c1, az, bz, c2) are usually estimated
on the basis of (calibrated) reference points, such as corner pixels for digital arrays. The (x,y) image
coordinate system, as shown in Figure D.16, is used in the further construction of the mathematical
model.
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Sensor (optical) axis
(perpendicular to the page)

Perspective center
‘(X31 yS1ZS)

D.4.3.3.3

Ideally the sensor (lens) axis would intersect the collection array at its centre coordinates (x = 0,y = ().

However
by offset
measure
situation
covarian|

D.4.3.3.4

Radialle
illustratg
employe
the radiqg

Principal point

Figure D.16 — (x,y) Image coordinate system and principal point offsets

Principal point offsets

this is not always the case due to lens flaws, imperfections, or design, and is accounted for
s xg and yo, as shown in Figure D.16. The ground coordinates xg and yg are in the same linear
units (e.g. mm) as the image coordinates (x, y) andithe focal length, f For most practichl
s, the offsets are very small, and as such there willbe no attempt made to account for any
ce considerations for these offset terms.

Lens distortions

s distortionis theradial displacement ofanimaged point fromits expected position. Figure D.17
s this distortion and its x and y.image coordinate components. Calibration procedures are
l to determine radial lens distortion, and it is typically modelled as a polynomial function pf
1 distance from the principal poiiit, as provided below:

(1r3+k2r5+k3r75r:k1r3+k2r5+k2r7 (D.16)

K24y’ Ex-xg  y=y-y, (D.17)
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Figure D.17 — Radial lens distortion image coordinate components

The effect of radial lens distortion on the x and y image coordinate components is:

3 5 7
_51" )_(klr +k2r +k3r

AX pggial =X — = = x(kyr?® +kor* +kgrf) (D.18)
r r
o _kyrPkor® +kar’
AY radial =y =Y L 2 S = Jkyr® + kgt kor®) (D.19)

Apother lens correction is decentring (or tangential lens distortion), which is caused by errdrs in the
ag$sembly of the lens components and affects its rotational symmetry (Mikhail et al.). This corfection is
typically insignificant, although it can be mere prominent in variable focus or zoom lenses. The x and y
irhage coordinate components of decentring are commonly modelled by the following equations:

AX goe = 12X % +17)+p,(2%7) (D.20)

AY gec = P1(2%0)+ o2y 5+ 1%) (D.21)

where p1 and p; arezdecentring coefficients derived from calibration. Combining lens correftions to
ithage coordinates:from radial lens distortion [Formulae (D.18) and (D.19)], and decentring [Formulae
(Ip.20) and (D.21)}, Tesults in the following:

= 2 4 6 =2 2 —
Axlens:Axradial+Axdec:X(k1r +k2r +k3r )+p1(2X tr )+p2(zxy) (D-ZZ)

- 2 4 6 o =2 2
AViens =AY radial T AY dec = Y (K1r™ +kor ™ +k3r”)+p1(2Xy) + p,(2y +r?) (D.23)

D.4.3.3.5 Atmospheric refraction

The principle of atmospheric refraction for a frame-scanning system is the same as that given by
Formula (D.4) and Formula (D.5) for the point-scanning system. However, the frame receiver geometry
causesthe application ofthe correction to be similarto thatforradial lens distortion. Given Formulae (D.2)
and (D.3), the corrected x and y image coordinates are shown below:

atm (D.24)
r

=X

atm
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Vatm=Y aim (D.25)
where

= )—(2+}—,2 (D.26)

X=X—Xq (D.27)

y=X1-Yo (B.28)
and

' aeml = f tan(o + Ad) (D.29)
Thereforfe the image coordinate corrections are:

Axatn:x'atm—)_(:)_((r"’%—lj (D.30)

AYath =Y atm=Y = y( ";”" 1] (D.31)

A spheritally stratified model [Formula (D.7)] is needed for highly oblique (>60°) vertical angles. For
this formulation, first the image coordinates of the nadixpoint are calculated using

mi3
Xp=tf—=
ms3
my3
yn=pf1
m33

where mj 3, mz3 and m33 are the rotation matrix components of
My My M3
M=\|Mpy1 My, My
M3y M3z, Mgg
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