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SUMMARY

The International Terrestrial Reference Frame (IYRFrapidly becoming the coordinate
system of choice for both global and national géodatums and ITRF control coordinates
are being disseminated for use in all types of eying, mapping and GIS applications.
Transformations between ITRF datum realizationsb&@ming increasingly necessary and
relevant in these applications. The reality of talsnotion combined with the adoption of
ITRF and the use of GNSS for surveying measuremsrgbes that positional coordinates of
points anywhere in the world will change as a fiorcbf time. By incorporating velocity or
deformation and epoch information, it is possildevéry accurately keep track of locations.
To be useful though, these models and tools musadoessible to the entire geospatial
community. Because of its central role in storimgl ananipulating geographic data and its
widespread use, GIS software is a convenient waydke these models accessible to the
community. We describe the models and tools nepgssananage coordinate changes with
time and briefly touch on software approaches alyainder consideration at Esri to enable
the management and application of these modelsdspatial data stored in the GIS.
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I mplementing dynamic datum data management in GIS

Kevin M. KELLY, U.SA.
1. INTRODUCTION

The prevasiveness of ITRF as the basis for natioatnal geodetic datums is beoming more
and more evident. As Table 1 shows, many countrease already updated their national
geodetic datums to an ITRF realization and othersrathe process of doing similarly.

WGS84, the operational datum for the global positig system (GPS) is now closely
coincident with the ITRF realization known as ITRB0OO [21]. In future, if not already,
individual nations of sizeable extent will be ahe establish their own permanent GPS
tracking network and as a by-product their own aratl geodetic datum based upon ITRF
[41]. Several countries have deployed permanent ERERing networks to provide accurate
geo-referencing for differential GPS positioninglan order to maintain geodetic control at
sub-centimeter accuracies. Subsequently, local aresvhave been densified and rigorous
control for surveying, mapping and GIS activitiesemded. GPS observation campaigns have
proliferated in recent years and new superior ocemtial geodetic datums have evolved
around the world [40].

Table 1. Some national geodetic datums based on ITRF.

Nation Datum Name Reference Frame Epoch Ellipsoid
Australia Geocentric Datum of Australia (GDA94) IFgR2 (1992) 1994.0 GRS80
Canada North American Datum 1983NAD83(CSRS) ITREDD6) 1997.0 GRS80
Europe European Terrestrial Reference System S8R $BY) ITRFyy 1989.0 GRS80
Israel Israeli Geodetic Datum 2005 (IGLDO05) ITRFRQER000) 2004.75 GRS80
Mexico Red Geodésica Nacional Activa (RGNA) ITRF92 (1992) 1998.0 GRS80
South America (Sésut_fg‘ﬁsdgﬁ)efe’e”Cmeo"é”"ico pardmérica debur . rprg, (1994) 19954  GRS80
South America %ng‘:sd;ggg?re”Ci"’GeOCé”t”CO paramérica deur . rpra0 (2000) 20040  GRS80
New Zealand New Zealand Geodetic Datum 2000 (NZGD2000) ITRF96 (1996) 2000.0 GRS80
Taiwan Taiwan geodetic datum 1997 (TWD97) ITRF94 (1994) 1997.0 GRS80
WGS 84(G730) World Geodetic System 1984 ITRF91 399 1994.0 WGS84
WGS 84(G873) World Geodetic System 1984 ITRF94 4)99 1997.0 WGS84
WGS 84(G1150) World Geodetic System 1984 ITRFO@Q20 2001.0 WGS84
Xr?]ig';idcftates of " North American Datum 1983NAD83(NSRS2007) ITRFO0O@D 19970  GRS80

The reality of crustal motion combined with the ptilon of ITRF and the use of GNSS for
surveying measurements implies that positional dioates of points anywhere in the world
will change as a function of time. By incorporatwgjocity, episodic deformation and epoch
information, it is possible to very accurately kesk of locations. In this paper, we describe
software tools currently under development at Esgnable the management and application
of these models to geospatial data stored in a GIS.
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2. THE NEED FOR TRANSFORMATIONS AND COORDINATE UPDATES

Using GNSS technology positional coordinates attroeter and even millimeter level
accuracy are easily determined. This capabilitydsiwith it exposure to coordinates that
change over time due to tectonic motion. Fortugatelathematical models and software
tools exist to allow the geospatial community tpeaevith time-dependent coordinates.

The earth does not behave as a fully rigid bodg geodetic datum which best fits the earth
must register earth’s geodynamic processes. Thesecantinuously monitored by ITRF
realizations along with many regional tracking native such as the U.S. Plate Boundary
Observatory (PBO). Reference frame realizationgie dynamic earth are published every
few years by the International Earth Rotation anefeRence Systems Service (IERS).
Intrinsically then the terrestrial reference fra(i®F) is dynamic because it accounts for the
motion of earth’s tectonic plates and other defdioms of the earth’s crust. This means that
the coordinates of a point in a TRF at a particaf@ach will differ from the coordinates of the
same point at another epoch or in another TRF. éayrdinate transformation therefore,
between different TRF’s, must consider the epodhbeinput and output coordinates.

The modern trend is to use global coordinate systwen for local applications. Therefore, it
Is important to realize that in a global coordingystem the ground on which we survey and
map moves constantly. This leads to subtletie®ardinate system definition and use.

The introduction of regional spatial data infrastares, which can integrate national GIS
databases, depends on the existence of a homogeneordinate system or the ability for

data on disparate datums to be linked by well @efiransformation parameters. Only then
can regional geographic information be assembled sommon reference system without
overlap or duplication [19]. Since ITRF is a glblsgstem, modeling the transformations
between ITRF realizations permits spatial datagonbegrated locally, nationally, regionally

and even internationally. Such international uaifien of geographic information using ITRF

coordinate transformations has transpired in Eutopker the auspices of EUREF and Comité
Européen des Responsables de la Cartographiedall#i(CERCO) [7].

The surveyors work is also being revolutionizedbrsd will be possible to measure control
points, cadastral boundaries, points for topog@piapping and even complete engineering
surveys within a few seconds in real-time usingirgle GPS receiver [43]. Emerging
technologies such as high-accuracy real-time GPRi@oing and Esri’'s Parcel Editor will
significantly improve the positional accuracy oftaen GIS databases. These databases will
need to keep apace with TRF improvements, referéiacee changes and global and local
crustal motion. Incoming data may require conversmthe appropriate ITRF realization and
epoch or data my need to be output in another 13iREpoch.

GNSS positions generated from differential coractor network-RTK are in terms of the
datum used for the permanent tracking referenckosta If GNSS positions are to be
imported into a GIS referenced in a different fraitne positions must be transformed to the
GIS reference frame. For example, while WGS84 ahBFR000 reference frames are
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coincident at the few-centimeter level worldwideADB3 differs from WGS84 (and thus
ITRF) by up to one meter. For many applications itie@ence of this magnitude is
unacceptable [44].

Modern TRF transformations have become increasimgiyplex to better accommodate
time-dependent processes such as plate tectordcsthar geophysical phenomena. Current
TRF transformations extend the classical 7-parameimilarity (Helmert) transform to
complex 1l14-parameter transformations; the additiongparameters describe the time
evolution of the original 7-parameters. In practtbés augmented formulation is used to
transform precise coordinates between differen¢regice frames and from one epoch to
another. These TRF coordinates are presently afidcamtinue to be disseminated for
applications in all types of surveying, mapping &i& applications [41].

Clearly, TRF transformations are becoming increglginecessary and relevant. To be useful
though, these models and tools must be accessblbet entire geospatial community.
Because of its central role in storing and manifindageographic data and its widespread use,
GIS software is a convenient way to make these mm@teessible to the community.

3. METHODOLOGY

Position and motion on the earth are not absoloteepts and can be described only with
respect to some reference such as a terrestrizerafe frame. But if the solid earth is in
motion, then either the location of physical psinhove away from their “statically

determined” coordinated locations or the referefiaee drifts causing the coordinates to
change. Either way the effect is the same: cooteéa motion. To rigorously account for
the measureable effects of coordinates in motiomseean equation of the form

X=T+V+D (1)

whereX is the vector of transformed and updated coord®at represents a 14-parameter
similarity transformation sometimes called a timegpendent reference frame transformation,
V represents coordinate shifts due to secular drustéion andD represents coordinate

displacements due to episodic events such as eakbs. Managing dynamic datums in GIS
amounts to storing and managing all the informatieguired to perform calculations using
(1). While (1) is simple enough, the informatiomueed to compute it can be surprisingly
complex.

3.1 Referenceframetransformation

The 14-parameter time-dependent reference frameftianation has the same form as a 7-
parameter similarity (or Helmert) transformatiorxcept that the additional 7 parameters
parameters reflect their change over time. For aentomplete treatment of 14-parameter
time-dependent transformations see for example[£H], [29], [35], [37], [39], [41], [42]
Figure 1 illustrates the geometry of the terrebtagerence frame transformation.
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Figure 1. Geometry of the 7-parameter similaritglfiert) transformation between reference framedl2an
The additional 7-parameters comprise the time-déxigs of those shown here including scale (notvsho

The first term T on right hand side of (1) contains the referencamé& or datum
transformation and is given by [20]

Py =T +(1+s)(1+R) R @

where Pt;z is the vector of geocentric coordinaté‘éZ =(X Y Z)T in reference framef,

with reference epocht,; P =(X Y 2)'is the vector of geocentric coordinates in
reference framef, at observation epoch | is the identity matrix;

; 0 y; ~Wy
T, = (TtX Tt,Y th) andR, = W ; 0 W x 3)
Wy W 0

In (2) s, T, and R, represent the time-corrected transformation paterseconsisting
respectively of scale factor, frame translationtweand frame rotation matrix betweénand
f,at observation epochlt. These time-corrected parameters are computed freml4
transformation parameteﬁ's:{TX T, T,,0,,0,,0,,8, T, T, T,0 0o Z‘}s using

Ty =T+ TAL T =T+ TAL T,= T+ TA

Q x =0y + WAt a)t,Y:a)Y+d)YAt’ wtz:wz'*'wét (4)
§ = st Dt
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In (5), At =t —t, is the time difference between observation epoeind the reference epoch
t, of the frame into which positions are being transfed and time-dependent parameters are
denoted with an overdot.

The IERS and many national geodetic agencies pubkss of transformation paramet€érs
These parameters can be stored and managed itia gpgabase and then accessed by GIS
software applications to perform time-dependentiiatransformations on other data residing
the GIS database.

3.2 Crustal motion

Station coordinates vary both continuously and apcally due to gradual plate tectonic
motion, earthquakes, volcanos, landslides and gdedynamic processes. These motions are
quantified by global plate tectonic models and lvegional crustal deformation or velocity
models. To maintain centimeter or better accurdaation positions must be updated for the
effects of crustal motion.

It may be that subsequent to a reference framesfoamation, the final coordinates are
required at another epoch, or perhaps no frameftramation is required at all, but only a
shift in coordinates to account for displacemené da plate tectonic motion or crustal
deformation. Presently, there are two types of rnsodeailable for obtaining point velocities
or displacements: plate motion models and defoomair velocity models. When calculating
coordinate shifts due to global tectonic plate wmtidisplacement® from (1) are not
considered. However, in deforming zones which @ibhycoccur at plate margins both secular
crustal motion unique to the deforming zone anghldisements due to episodic events must
be taken into account.

The Earth’s surface is partitioned into a numbetegfonic plates that are in constant motion
relative to each other at rates typically aboutesalvcentimeters per year. These plates
generally move as rigid blocks; however, at thelges there is a zone often called a plate
boundary where they rub against each other andrrdefoausing earthquakes and other
geophysical phenomena [24]. Figure 2 shows the dsorhajor tectonic plates and from
Figure 3 we see that most earthquakes occur alenigdundaries of these tectonic plates.
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Figure 2. The major tectonic plates and the mageitand direction of their motion based on Globaifming
System (GPS) satellite data from NASA JPL. Sounttp://sideshow.jpl.nasa.gov/mbh/all/images/glgpgl.

—_ = —
Figure 3. The 15 major tectonic plates showingheprake epicenters between 1963-1998.
Source: http://denali.gsfc.nasa.gov/dtam/seismic/.

TS02B - Geodetic Datum II, 5643 7117
Kevin M. Kelly
Towards implementing dynamic datum data managemeatS

FIG Working Week 2012
Knowing to manage the territory, protect the enviment, evaluate the cultural heritage

Rome, Italy, 6-10 May 2012



A plate motion model comprises a list of so-calleder pole positions for each plate and the
scalar relative angular rotation rate (velocity) foat plate. The concept of an Euler-pole is
shown in Figure 4.

North Pole

Euler Pole
of Plate Motion
(Latitude, Longitude)

.....

Angular Velocity
(Degrees or radians per year
or per million years)

Tectonic Plate

South Pole

Figure 4. Concept of an Euler rotation pole. Iis #askample, the African plate rotates anticlockwesative to
the North American plate about an Euler pole axisited in North America.

Global relative plate motion models have been @eliysing geological and geophysical data,
and more recently, precise inter- and intra-pla&edgtic measurements.

The ITRF is crust based which means it is reallzgd set of positions of points fixed on the
solid Earth crust [25]. But if the frame is to raméxed in a global sense to the crust and the
crust moves, then the frame must move with thetc@kbal plate motion models which
estimate the motion of the tectonic plates oveetare used to maintain the alignment of the
ITRF axes. Therefore, if coordinates in a particilame are required at a time other than the
reference time at which the frame was realizedn thiate motion must be applied. Plate
motion models yeild the required coordinate dispiaents to account for shifts in location
due to crustal motion. The most recent ITRF retibra ITRF 2008, has its frame orientation
kept closely aligned with the global plate motionodal NNR-NUVEL-1A [1]. The
parameters of NNR-NUVEL-1A are shown in Table 2 [6]
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Table 2. Platerotation vectorsfor the NNR-NUVEL -1A geophysical plate kinematic model [DeMets]

Rotation vector Cartesian rotation vector

Plate Euler Pole Euler Pole Omega OmegaX OmegaY OmegaZ Plate
Abbrev.  Latitude Longitude [deg/Ma] [radiangM a] Name
AFRC 50.569 -73.978 0.2909 0.000891 -0.003099 @PP3 Africa
ANTA 62.986 244.264 0.2383 -0.000821 -0.001701 BB Antarctica
ARAB 45.233 4.464 0.5455 0.006685 -0.000521 0.00676Arabia
AUST 33.852 33.175 0.6461 0.007839 0.005124 0.0P62&wustralia
CARB 25.014 266.989 0.2143 -0.000178 -0.003385 1&®B0 Caribbea
COCO 24.487 244.242 1.5103 -0.010425 -0.021605 092ZA Cocos
EURA 50.631 247.725 0.2337 -0.000981 -0.002395 31B8 Eurasia

INDI 45.505 0.345 0.5453 0.006670 0.000040 0.00679adia
NOAM 2.438 -85.895 0.2069 0.000258 -0.003599 -01B30 America
NAZC 47.804 259.870 0.7432 -0.001532 -0.008577 ®@WBOO Nazca
PCFC -63.045 107.325 0.6408 -0.001510 0.004840 09910 Pacific
SOAM -25.325 235.570 0.1164 -0.001038 -0.001515 00@B70 America
JUFU -30.054 58.870 0.6658 0.005200 0.008610 -@B205 Juan de Fuca
PHIL -38.011 -35.360 0.8997 0.010090 -0.007160 09670 Philippine
RIVR 20.428 253.128 1.9781 -0.009390 -0.030960 2080 Rivera
SCOT -25.273 261.234 0.1705 -0.000410 -0.002660 001270 Scotia

Coordinate shifts arising from global plate tectomotion, termV in (1), are calculated using

Vi=Qm, ©)

whereV' =(v, v, vz)T is the vector of velocity components in referefreenef and Q

is a rotation matrix composed of published anguiocity components (referred to the fixed
ITRF frame axes), given by [35]

0o -Q, Q
e={Q, 0 -Q, 6)
-Q, Q, O

When coordinates observed in a particular framepaticht are required at the reference
epocht, plate tectonic motion must be accounted for bgwdating point velocities using (6)
and then shifting or updating the coordinates using

R/ =R +V'at (7)

Within plate boundary zones, crustal deformationfisn much too complex for global plate
motion models to accurately predict. Regional deftion or velocity models estimate local
crustal motion by analyzing long-term repeated g#odneasurements to produce a velocity
field for the region. These models typically comspriregional grids for interpolating the
continuous secular motion at any point along wéts ©f parameters for input into analytical
expressions of a so-called dislocation model taliptenotion caused by episodic events such
as earthquakes. The interpolation grids, dislooatrnodel parameters and analytical
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expressions enable the motion at any location withe model domain to be predicted [27].
These grids and analytical expressions yeild tleedinate displacements representedbin

(D).
4. GEODETIC DATA MODEL FOR DYNAMIC DATUM DATA MANAGEMENT

Modeling deformation and representing deformatiore dawo different things. The
representation may be multiple grids which aretladl GIS needs for updating positions.
However, there is no doubt that GIS applications lma developed to also model deformation
using various kinds of data stored inside or oetdisl spatial database.

Presently no standards exist for how displacemargsderived nor the data formats of the
models used to represent them. Each geodetic ageragy derive displacements using
different models and may publish results in themnainique data format. While the methods
used to model displacements are always subjeanpsovements in our knowledge of the
processes that drive them, their representatiopudgroses of disssenimation to the geospatial
community could be standardized. This would str@entheir incorporation into various
commercial and open-source GIS, GPS/GNSS and fiel collection and processing
software.

As a first step in determining where and to whaeeistandards are needed we inventory the
data required to calculate reference frame tramsitions and displacements. We then
organize these data into a geodetic data model hwiighlights their relationships,
dependencies and commonalities. If such a data Inederrect, or nearly so, then once the
required data are gathered and stored accorditttetonodel, we can develop software tools
that use them to operate on other geospatial dgtarform desired frame transformation and
displacement calculations. In this way we can triadations of even very large geospatial
datasets through changes in reference frame agiolzal or local crustal deformation occurs.

Advantages of approaching the problem in this wey that the data model is extensible
allowing for other computational applications to bailt that operate on the data. For
example, there is no reason why the data modelotanolude data used by geodesists and
geophysicists to derive deformation and displaceénmadels. All that is required is an
extension of the data model so that new or existilggrithms or programs can operate on
these source data. What's more exciting are theilpbses this creates for assimilating and
integrating datasets that could help in the deftionanodelling processes.

4.1 What isa data model?

A data model is a method for describing a systeimgus structured set of data. For example,
the set of variables used in a computer prograiiaesdata model for the program. Data
models provide an orderly way to classify objeatd ¢heir relationships. A geographic data
model is a representation of the real world usdlyiea GIS to perform interactive queries,
produce maps and execute analyses. Data modelfuatésh ways to model the behavior of
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systems by describing how things on, inside or alibe earth interact with each other [18].
Examples of data models are: [18], [46], [45], [47]

In the geodetic data model (GDM) some entitiesrathing more than a list of parameters;
for example, reference frame transformation paramsetOther entities have a spatial
component such as the boundaries of tectonic pld#ése importantly, the objects
comprising the data model exhibit specific relasioips and behaviors with respect to one
another that we can capture and exploit when paifay interactive queries or executing
analyses.

The advantage of a GIS approach lies in its fléxyband extensibility for both researchers
and non-researchers. Structuring and organizing, dat our case geodetic data, allows
accurate representations of information that catalbered to the needs and interests of users
by location, spatial extent and type of informatidesired [46]. For national geodetic and
geological agencies, the GDM is invaluable in emgbbetter management and sharing of
data with other researchers, agencies and thecpdible GDM can also be a catalyst in earth
science research by allowing assimilation and natiggn of heretofore uncombined datasets,
potentially leading to new scientific discoveries.

4.2 Dynamic datum data model

A preliminary geodetic data model has been proptsefd3]. Components drawn from this
model are applied here to create a data model fmmaging reference frame and crustal
deformation information. Once structured in a cehérway, the data become input to
software tools that drive any number of analysesapplications.

We begin with a list of data types required to parf the analyses we desire such as calculate
reference frame transformations and apply dislooatito geographic locations. The
information required to accomplish this are showrfigure 5. Figure 6 reflects how these
data are stored and inter-related in a spatialabbd relational database. With this structure
implemented in a spatial database, such as an Arg8bdatabase, graphical user interfaces
(GUI) can be developed for interactive data endoyjpts (e.g using Python or VBA) can be
written for batch data loading and more sophistidapplications created that operate on the
stored data. These can include computing referénacee transformations, position updates
due to tectonic plate motion and point dislocaticassed by earthquakes. Vertical motion
grids can also be incorporated into the data mimiledpplying vertical offsets.

The real advantage derives from the ability to guke data in simple or complex ways and
visualize them in a variety of traditional 2D matylss as well as in three-dimensional
displays. If data are time-tagged, time based aimms are also possible. Standard GIS
database query tools can allow users to performyntgpes of data queries or build
specialized applications that use the data in afiged ways. To illustrate this, notice that a
new data type is shown in Figure 6 called Faultthdugh not shown explicily in Figure 6,
one of the attributes we store in the Earthqua&kketis Focal Mechanisms. These additional
data illustrate the extensibility of the data modétére we have extended the data model to
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allow storage of focal mechanisms and fault geoynatrd their relationship to earthquake
data already stored in the database. We now haesst¢o powerful focal mechanism query
and visualization capabilities. For example, we qaitkly list and visualize all earthquakes
occuring on a particular fault, between certairedatithin a particular region and that had
magnitude greater than some specified value.

Another advantage of the GIS approach comes framatiility to easily add new information
about the existing data simply by adding new fiefdthe data tables. Since the data model is
extensible, we can add entirely new data types gawkrate new queries. We can also
assimilate and combine data into new analyses aperienent with them to assist in
discovering new phenomena and create quantitatocets.

Reference frame Plate motion model
transformation parameters
parameters

Earthquake Tectonic plate
parameters geometry

Dislocation block Deformation zone
geometry and dislocation andfor
attributes velocity grids

Figureb5. Datarequired for calculating reference transfor mations and dislocations.
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Figure 6. Dynamic datum data model.

5. CONCLUSION

To be useful the time-dependent reference franmsfivamations and deformation models and
tools described herein must be accessible to thieeegeospatial community. Geographic
information systems, because of their central imkgoring and manipulating geographic data
and their widespread use, provide a convenientstnategic way to disseminate these models
to the community. GIS is used in most, if not apiplications where these models are required
— all brances of land and hydrographic surveyind erapping, terrestrial and airborne laser
scanning, navigation and earth science researchs, Tiot only can GIS effectively store
displacement models and apply them to other geiadépdatasets, but also GIS can be
instrumental in deriving these deformation modalshie first place. Such a workflow where
deformation models are developed in a GIS envirgninmmaakes their publication and
dissemination in widely used and familiar GIS fotma simple, stramlined and efficient
process.
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