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Abstract: The determination of terrestrial and celestial nefiee frames is based on the
combination of space-geodetic techniques such ay Veng Baseline Interferometry
(VLBI), the Global Positioning System (GPS) andefidé Laser Ranging (SLR). Today,
impressive results for the determination of the sitordinates are already reached globally in
the range of a few millimetres. For the inter-teége combination, co-location sites are
maintained which provide at least two different pgeodetic techniques. The actual
connection of the respective techniques is baselbaal surveys which is a typical task of
engineering geodesy. In order to provide highlyciz® and reliable local ties, both scientific
and technical issues have to be treated considémm@vailable surveying technology. The
goal of this paper is to show both the possibgitend challenges of inter-technique tie
determination from an engineering viewpoint. Thesgntation is divided into three parts.
First, the state of the art of local tie surveysliscussed. Some shortcomings of the present-
day strategies are indicated. Second, the relesargors and systems are presented including
high-end instrumentation such as laser trackers ks#r scanners. Third, a more
comprehensive dynamical monitoring approach is imedl and discussed regarding
instrumentation and data analysis which can prokigh-quality local tie products.

1. MOTIVATION

Global geodetic coordinate reference frames aladispensable basis for a multitude of geo-
applications in technology such as positioning aagigation as well as in science such as
Earth system research. With the ITRE0O05 (Altamimi et al., 2007) the most recent
realization is available which provides for thesfitime consistent time series of station
positions and Earth orientation parameters witth lgjgality (mm-level). The ITRF 2005 has

been derived as an inter-technique solution whitlgrates observations from four different
space-geodetic techniques: GPS, VLBI, SLR, and ¥ REach of these techniques has its

1 . .
International Terrestrial Reference Frame

2 GPS: Global Positioning System, VLBI: Very Long Bhse Interferometry, SLR: Satellite Laser Ranging,
DORIS: Doppler Orbitography Radiopositioning Int@gd by Satellite
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particular or even unique contribution in parameletermination. As an example, the link to
an inertial system and hence Universal Time is feseby VLBI only.

In order to geometrically link the different spageedetic techniques for a joint analysis, a
number of co-location sites are maintained. At docation site at least two techniques are
operated. For the ITRF 2005 solution 608 obserdasimtions have been considered which
are located at 338 sites. Among them there areité with two techniques, 26 sites with
three techniques and 6 sites with all four techesquin addition to the space-geodetic
observations local 3D surveys are performed atocation sites in order to obtain the
coordinate differences between the space-geodsticiments (Altamimi et al., 2007).

The need for good inter-technique ties in the comtion of space-geodetic techniques is
well-known. During the last years an increased remab papers in journals and proceedings
volumes as well as technical reports were dedictidtie determination of inter-technique
ties. An excellent up-to-date overview is giverthie proceedings of the IERS workshop on
site co-location which was held in Matera, Italy, 2003 (Richter et al., 2005). However,
there are still existing shortcomings and deficggarding the recommendation of sub-mm
accuracy according to Richter et al. (2005, p. I3xh will be addressed here.

The intention of this paper is to give an overviewthe state of the art in inter-technique tie
determination in order to provide a basis for tlevedlopment and discussion of a more
comprehensive method. Hence, the paper is orgaazéallows. In Section 2 the state of the
art in inter-technique tie determination is briefviewed. Section 3 provides information on
the surveying equipment which is typically used. dddition, alternative sensors are
introduced which allow a higher accuracy or adddilotypes of observation. Afterwards, a
more general concept based on a system-theorappabach is outlined in Section 4. Some
recommendations are given in the Conclusions.

2. STATE OF THE ART IN INTER-TECHNIQUE TIE DETERMINATI ON

2.1. General remarks

Within the scope of this paper inter-technique @iesdefined as follows. Each space-geodetic
instrument observes with respect to a specifiaddiined reference point (RP). Hence, in case
of sites with more than one technique there arellsecaentricities between the different
instruments ranging typically between some tenthisumdreds of meters. An inter-technique
tie denotes and quantifies the 3D vector betweenréspective RPs. A synonymous notion is
local tie (LT). The RPs are referred to each oblyemeans of a local geodetic network (LGN)
consisting of a number of control points. The LGNobserved with conventional surveying
techniques using total stations or theodolitesdgéo GPS, and precise levelling.

2.2. Reference point and local tie determination

A recent reference regarding conceptual issues Pfdefinition for the relevant space-
geodetic techniques and of a comprehensive suyeyid data processing strategy is Sarti et
al. (2004). The authors distinguish between twaesypf RPs — those which are physically
realized and those which are not; the RP defingtiare given in detail. GPS and DORIS are
examples of the first case — their RPs can be aedassing targets in forced centring. In the
paper a combined technique is described which doésequire the removal of a GPS or
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DORIS antenna.VLBI and SLR stand for the seconé.ddsre, the RPs have to be recovered
indirectly by observing a set of moving targets.

Dawson et al. (2007) describe an indirect apprdackhe determination of the RPs of VLBI
or SLR telescopes. Leinen et al (2007) refer to VbBly but they consider both the RP of
the antenna and the orientation of the rotatios.aBesides the development and application
of the proposed indirect determination method tiieguss a variety of systematic errors due
to external effects such as gravitational or windkiced loading or thermal deformations. In
all reported cases mm-accuracy (Leinen et al., @d7#®ven sub-mm accuracy (Haas and
Eschelbach, 2005) are stated for the RP deterrnmatilote that the applied surveying
procedures are all static and significantly timesuming. There are typical repetition
intervals of several years while the RP and LT olméns are performed episodically
(Schliter et al., 2005) as these time-consumingestumg processes should not interfere with
the space-geodetic observations.

For the combination of the different space-geodégichniques, the respective RPs are
referred to each other by means of the LGN whichtbabe established in a proper way; see
Leinen et al. (2007) for a detailed discussion. T!&N is observed using precise local

surveying techniques. The coordinates of the RReallsas the the coordinates of the control
points which form the LGN are estimated based deaat-squares network adjustment. In
addition, the variance-covariance matrix (vem)redf RPs is obtained. In order to monitor the
surroundings of a space-geodetic site so-calletpfo observations are performed using

geodetic GPS (Schliter et al., 2006).

2.3. Tie treatment in inter-technique combination

In inter-technique reference frame combination tbsults of the adjustment of the LGN
(estimated coordinates and vcm) at the differetetssare used as independent observations
together with the results of the space-geodeticaitéchnique combination which are
provided by the respective services such as IGE/8®F (Altamimi et al., 2007). Note that
several publications such as, e.g., Sarti et 8042 underline the importance of full vcms for
local tie information.

For each local tie solution an empirical varianeetdr is estimated in inter-technique
combination. From this combined adjustment, red&uare obtained for the local tie
observations which can be analysed regarding tlggedeof agreement with the space-
geodetic observations. Ray and Altamimi (2005) eatd GPS-VLBI local ties. They show
the need for local ties with the accuracy of 1 mon & minimum of two to four sites.
Altamimi et al. (2007) report discrepancies of méhan 1 cm in the local ties of some
important co-located sites such as Westford, U,SAFortaleza, Brazil. Such discrepancies
are typically treated in a mathematical way: thealdie observations which yield normalized
residuals exceeding the chosen threshold valué) (afe down-weighted but not rejected.

3 |GS: International GNSS Service, IVS: InternatiowéaBl Service for Geodesy and Astrometry
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2.4. Requirements and shortcomings

If significant discrepancies in local tie obserga8 are identified using adequate test
procedures there are various possible causes wWhidither in the local terrestrial or in the
space-geodetic observations — or in both or irdéta processing and analysis process. Some
of these causes are rather technical, some otrerather fundamental. This is illustrated in a
short example: For the testing, e.g., the estimatathnce relations between the terrestrial
and the space-geodetic observations are crucialt-they are just abstract mathematical
guantities. As described above, the local tie alzd@ms are derived in a unique way from the
observation and adjustment of local geodetic ndtweing standard instrumentation and
software. In contrast, the intra-technique combisetltions of the particular services are
suboptimal as they are based on an improper sticmasdel.

Note that all analysis centres within a particidpace-geodetic service are using the same
observation data as there is no possibility forepehdent observations. These observation
data are pre-processed and analysed accordingatmlestis which are described in the
conventions manual of the IERS. Besides, therevareous degrees of freedom which
typically lead to observation data which are medifindividually during the processing steps.
Hence, each analysis centre provides differentltseesuhich are then averaged by the
particular service. For this reason typical resalts too optimistic as the respective vems
contain too small variances which do not refleet dhiginal identity of the observation values
(Kutterer et al., 2008). Thus, depending on theaatonfiguration which is described by the
functional adjustment model and on the respecterasvof space-geodetic solutions and the
local tie information, the obtained residuals may loe representative.

The influences of the above-mentioned causes cabpotseparated by data analysis
techniques only (Kriigel and Angermann, 2005). Tioeee from an engineering perspective
it is strongly required to assess these causest@rmtbtermine and improve the relevant
components by further action in addition to a pmethematical treatment and to perform all
required instrumentation and observations keepimg sub-mm requirement for inter-
technique ties into account. In the following, @ibblems which refer more or less to space-
geodetic issues such as observation strategiesnadelling are not considered. All others
can be understood as local surveying tasks whichbeatreated by high-end engineering
geodesy. As an example, Person and Michel (200&)rite general surveying competence
which is available at the IGN Special Works Depamimand which is of interest for inter-
technique tie determination. In order to take alevant — and in general time-dependent —
causes and mechanisms into account, a thorougénsytbeoretical analysis is required which
is at least to our knowledge still missing. Sectais dedicated to this topic.

A last topic shall be addressed here which is forefgal in engineering geodesy. Notions
like error, precision, or accuracy are often used guantified in the context of local ties and
the combination of reference frames. However, thislone neither in a precise nor in a
unique way. Interested readers should refer toGh#M* (1ISO, 1995) where the detailed
analysis and documentation of the observation arivation of measurement results are
described together with unique measures of uncgytaFor a thorough discussion clear
standards for uncertainty measures are indispdasabi

% Guide to the Expression of Uncertainty in Measuneime

4
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3. INSTRUMENTATION

3.1. Conventional instruments

The observations for the determination of the uehnique ties are typically performed
using conventional surveying equipment such ad stédions, theodolites, geometric (spirit)
levels, and geodetic GPS. Typical examples aredta stations Leica TCA 2003 or TDA
5005 (Person and Michel, 2005), the EDM device Me&ter 5000 together with a high-end
theodolite Wild T 3000 (Schliter et al., 2005) tlve geodetic GPS receivers Leica SR 530 or
of different type (Abbondanza et al., 2006). SeehRir et al. (2005) and the reference therein
for further information. With these instrumentsist possible to determine the required
reference point and possibly axis information a§ agto observe the LGN.

Nothnagel (2005) reflects several surveying issueish are concerned with the use of total
stations as main instruments in inter-techniquedégrmination which are self-evident for
colleagues with a background in surveying but obsip not from all staff working at space-
geodetic observation stations.

3.2. Instrumental alternatives

Depending on the particular tasks there are alt@ssato the surveying equipment which has
been described above. Bolli et al. (2006) explaid eompare several surveying techniques
such as photogrammetry and terrestrial laser sngnwmihich are not standard in inter-

technique tie determination. The main goal of tistirdy is the determination of the actual
shape of a VLBI dish in order to improve the periance of the antenna.

Today, close-range photogrammetry, terrestrialrlasm@nning and — in addition — laser
tracking are promising techniques which have besdun various applications outside the
present subject. Digital close-range photogrammaligws the immediate determination of

the surface of the dish by taking at least two psdtom two different locations in order to

recover the geometric 3D information. Note thatr@ppr signalization is indispensable. The
presented results show deviations between the wis@nd the theoretical shape of a dish in
sub-mm range. Using terrestrial laser scanningli Bolal. (2006) scanned the dishes at
Medicina and Noto but their actual results weregiegn.

In the following these instruments are characterimgarding their potential contributions to
inter-technique tie determination. In photogrammedin adequate signalization is required to
identify homologous points in order to calculat8amodel from the 2D image observations.
Then it is possible to derive surface geometrieh@ésub-mm accuracy range in very short
time. Hence, repeated observations in a fast temhgeguence are available.

Terrestrial laser scanning (TLS) is an alternatfee the determination of 3D surface
geometries. The basic surveying principle is theseokation of slant distances without
artificial retro-reflectors together with horizohtdirections and vertical angles. As these
observations are performed with a high spatial lutem, 3D point clouds are directly
obtained with a high level of detail and withoutyaadditional signalization — unless scans
from different stations have to be registered,(tmnsformed into a unique local coordinate
frame). Recent instruments are the Trimble GX 3Dher Zoller+Frohlich Imager 5006. For
TLS, the precision of single observed points ithie range of a few mm. If the huge number
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of scanned points is exploited for a proper fiigrian even higher precision is possible for
the derived surfaces.

Note that the accuracy of the distance observatidegends directly on the material

characteristics of the scanned objects. This cefd \8ystematic errors. Depending on the
distance measurement principle (time-of-flight drape-shift) a very fast repetition of the
scans is possible. Kutterer and Hesse (2006) shewsd-called kinematic application of TLS

based on phase-shift distance observations in 3@eraad in profile mode which allow both

to derive time series for defined object referepaimts.

As a third group of alternative instruments lagackers such as the Leica LTD 640 or the
FARO Laser Scanner LS are of interest. Laser traotdeserve slant distances and two spatial
angles just like laser scanners but now retro-céflg prisms such as corner-cubes or cat-eyes
are required. Distances are observed based oreirtteretry what yields a accuracy in the
range of tenths to hundreds jin on distances of a few tenths of meters. The ohten
repetition rate is about 1000 Hz what allows a Vast tracking of the prism. Although the
high accuracy is based on interferometry which alttwallows to observe distance changes
only, absolute distances can be derived eithegusireference point at the laser tracker or if
an additional distance measuring device is provided

The instrumental alternatives can be summarized fabows: digital close-range
photogrammetry and TLS provide 3D surface infororativery fast which is mostly
interesting in case of VLBI telescopes, and byrasecking the position of signalized single
points can be derived very precisely with high temap resolution. Note that these
instruments are not capable for an improved observaf the LGN. For this purpose, high-
end total stations are still the best choice asganding sub-mm accuracy — geodetic GPS is
not competitive.

4. TOWARDS A COMPREHENSIVE DYNAMIC MONITORING

4.1. System-theoretical analysis

Regarding the required sub-mm accuracy in intenfigpie tie determination the present-day
practice has to be extended and the different plwes existing in parallel have to be
integrated. In order to guarantee adequate loegbroducts it is indispensable to widen the
scope from a more or less technical perspectiveiwisiconcerned with a sequence of closed,
rather basic surveying tasks to a more scientifie.dn order to provide a proper basis a
thorough system-theoretical analysis is neededs Hmalysis has to comprise both the
dynamics of the considered objects on the temmordlspatial scales as well as the possible
instrumentations and the corresponding observaimhanalysis processes which are relevant
regarding the required accuracy. See Welsch e(28000, Ch. 1) for a comprehensive
description of a system-theoretical approach arttid¢u references.

The key question in local tie determination is dile concerned with the derivation and
monitoring of the RP positions of space-geodetidats co-located at a particular site. The
RPs can be understood as being existent in a dgnemironment with several acting forces
which are due to thermal and gravitational effeets well as loading caused by
meteorological, hydrological and operational effedihe considered effects occur at least on
sub-daily and seasonal temporal scales. The spataés refer to the dimensions of the
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devices themselves including their monumentationthe set of co-located devices and the
distances between, and to some extent to the rahgide relevant environment. The
observable effects depend mainly on the particsierce-geodetic technique. As examples,
VLBI and GPS are discussed below in some detaik hefined analysis it is necessary to
separate between physical effects and artefacts.

Leinen et al. (2007) provide a good overview amstdssion on effects on VLBI antennas.
Gravity-induced deformations of the VLBI parabolahi#s during operation yield elevation-
dependent changes of the optical path length betwiee RP and the antenna receiving
system. Such deformations can be modelled usingita-Element model of the antenna and
corrected with an elevation-dependent functioncdmtrast, Bolli et al. (2006) mention an
active surface system based on electromechani¢ahtacs which allows to recover the
misalignement of panels induced by gravitationdéats. Deformations which are due to
temperature changes can be compensated by applythgrmal distortion model; see also
Wresnik et al. (2007). Pointing errors of the tetgse which are due to wind and wind gusts
are in general highly variable and not compenste(Leinen et al., 2007).

From the viewpoint of structural monitoring the RPa VLBI telescope is not an isolated
point in a 3D euclidean space but a physical piositie the telescope. In an ideal model it is
considered as an invariant point. In practicegtifcts on the telescope structure are more or
less propagated to the position of the RP. Themmal gravitational effects will lead to a
bending and torsion of the structure. This holdsnieteorological effects, too. Hydrological
effects will show tilting and vertical displacemsntt is certainly possible to model parts of
these effects numerically to derive correction fiores. However, a calibration of such
models using observed data it indispensable.

Concerning GPS a number of effects has been repdkteo in this case, displacements and
tiltings of the monuments have to be expected. Deing on the antenna, wind load could be
relevant. Besides, multipath due to objects indlose vicinity of the antenna or near-field
effects induced by the particular antenna mountiray occur (DilBner, 2008). Here, these
effects are considered as artefacts as they areladéd to an actual physical displacement of
the RP. However, as the magnitudes of both effeantsbe in the range of some mm they have
to be taken into account.

Looking at the effects which have to be considereldicated observation configuration and
processing strategy is required. The on-site spaoeletic devices have to be modelled and
observed within a dynamic environment as extendsdipal structures which are sensitive to
a variety of causes. From a general point of vieevderived system model can be descriptive
or causal. In case of a descriptive model it isy@ussible to provide a temporal or spatial
prediction of the observed effects. In case ofsahmodel an input-output relation between
influence and reaction parameters has to be egtimathich can either be based on
observable characteristics or on physical (difféedn equations. This is done if, e.g.,
correction functions for the RP displacement duth&wmal or gravitational deformations are
derived using a finite-element model.

4.2. Observation configurations and processing strategse

In order to formulate a number of adequate cowacthodels for the displacements of the
RPs all required quantities have to be observeds@lfpreferably causal) correction models
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refer on the one hand to the respective space-tjeatkvices and on the other hand to the
relation between the co-located instruments. Treeho account for displacements on sub-
daily scales and on seasonal scales. Both type#egits cannot be determined effectively by
conventional surveying techniques. In particulab-daily effects require fast or highly
resolved observations, possibly using permanemi$falled automated sensors or sensor
systems which are continuously tracking.

Regarding the discussion in Section 3.2 there eéreral devices like terrestrial laser scanners
or laser trackers which are partially capable forhsa task — at least regarding episodically
scheduled observation periods which are carriedtlmough several days. However, for a
permanent installation other sensors are bettetedsuiHydrostatic levels allow to
automatically detect height changes between a nuwibebservation points. Tilts and tilt
changes, respectively, can be observed usingedils@s or accelerometers. Displacement
sensors, strain gauges or fibre-optic sensors mayde more useful information concerning
the induced deformations of the considered spaodejie device. In addition, the influence
guantities have to be observed. Seasonal effentbeadetected either using the just described
equipment or by conventional surveying procedurbikvare optimized regarding efficiency
in order to have minimum impact on the space-geodéservation schedules.

The observed time series have to be analysed dsréiuorder to identify the immanent
signals. A thorough modelling and propagation ofartainty is strongly required. The data
processing strategies have to include also thevat@rn of numerical models by integrating
the physical knowledge on the structures — whictypscally described using finite elements
— and the actual effects observed through the mwmg process. The method developed by
Lienhart (2007) for the integrated monitoring dbraddge can be used as a guideline. In intra-
technique combination the determined displacemamtsub-daily scales can be introduced as
corrections within the processing of the observatiata of single sessions. Seasonal effects
have to be modelled both in intra-technique andter-technique combination.

5. CONCLUSIONS

In this paper the state of the art in inter-tecbridgie determination is reviewed which
becomes increasingly important regarding the mnuraay of the intra-technique combined
global terrestrial reference frames. The consequeqtiest for local ties with sub-mm
accuracy demands a thorough analysis and discussgiloim a system-theoretical framework.
Within this accuracy range the dynamical positibarnges of the reference points of space-
geodetic devices have to be monitored on variouspteal and spatial scales. As
conventional surveying equipment is only to someemxcapable to provide this required
guality it has to be complemented with additionahsors. The observed data have to be
integrated with physical knowledge on the object.

As far as we know this has not been done up to aw.this purpose it is worthwhile to
study the problem of local tie determination asmpended as possible. Therefore, the
capability of engineering geodesy should be comsiti@eot only as technological competence
but also as an important link between scientifisues concerned with space-geodetic
observations and basic surveying procedures. Ttheiil ibe possible to significantly support
the derivation of global terrestrial reference fesn
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