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Abstract

Initialized in 2009, the Institute for Spatial Imfoation and Surveying Technology (i3mainz), Mainz
University of Applied Sciences, forces researchaims modular concepts for imaging total stations.
On the one hand, this research is driven by theesstul setup of high precision imaging motor
theodolites in the near past, on the other hansl piushed by the actual introduction of integrated
imaging total stations to the positioning market thg manufacturers Leica Geosystems, Sokkia,
Pentax, Topcon and Trimble.

Modular concepts for imaging total stations are ufiacturer independent to a large extent and consist
of a particular combination of accessory hardwsoftware and algorithmic procedures. The hardware
part consists mainly of an interchangeable eyepaglegter offering opportunities for digital imaging
An easy assembly and disassembly in the field ssipte allowing the user to switch between the
classical and the imaging use of a robotic totati®t. The software part primarily has to ensure
hardware control, but several level of algorithnsapport might be added and have to be
distinguished. Algorithmic procedures allow reachiseveral levels of calibration concerning the
geometry of the external digital camera and thal &thtion. Here the resulting resolution capaaity
our sensor fusion and also the accuracy of theesysire presented based on examples. We deliver
insight in our recent developments and quality abtaristics.

The sensor fusion between camera and polar megsaystem allows detecting and measuring
different types of targets with high precision. M®B is used to calibrate inclination sensors and to
control the long-term stability of laser and trigod
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1 INTRODUCTION

The combination of polar measurement systems ugiodern digital industrial cameras keeps
growing in the area of measurement technology. Scomemercial producers of polar measurement
systems like Pentax, Trimble, Topcon or Leica Getmsys now offer this combination as an
integrated system, cf. AUTH/SCHLUTER (2010). In addition to the aforementioned manufeets,
research institutes also develop solutions andicgijins of modular imaging total stations, which
carry a camera in front of the eyepiece. A protetgp a theodolite combined with a digital camera,
developed at the i3mainz, shows the successfubfusehnical precision measuringi8.UTER ET AL.
(2009). The MoDiTa — Modulares DigitalkameraTachtene(modular imaging total station) of
i3mainz is a consistent continuation of the presipunentioned theodolite combined with a digital
camera on a modular base, which is examined iBMBF-funded (Federal Ministry of Education
and Research) research project "Modulare Digitatdafiachymeter”.

WASMEIER 2009 from the University of Technology Miinchengenets the prototype IATS2 based on
total station Leica Geosystems TCRA1201. IATS2 aep$ the reticule with a CMOS-chip and
removes the eyepiece. The camera is fix integrizéde total station and complicates an adaptation
for different applications or the changing backatéclassic” total station. An advantage is the good
compactness of the system.

BURKI 2010 from the Institute of Geodesy and Photograirym&t the Swiss Federal Institute of
Technology in Zirich shows with the system DAEDALdSombination between digital camera and
total station, too. This replaces the eyepiece witCD-chip and requires no additional optical
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components between chip and reticule. The imag® iBnger imaged precisely in the plane of
reticue but in the plane of the C(-chip. This small shifts eliminated by the focus of the total stat
(for objects up to 13 meters) or by adding an &altkt lens in front of the telesco

MoDiTa from the i3mainz demand only small changgshe total statiol The eyepiece is fitted wit!
a digital camera, which as well as the polar meamant system is controlled by a software moi
In this case the digital camera takes images djrécim the reticule plane, so no change in thécap
path in the telescope prevails. By that modutructure, which requires only a few special prody
an easy changing between classical eyepiece arlddbéTa eyepiece in the field is possible, wh
causes a large variabilityFigure 1). The modular concept of MoDiTa allows replacingesal
hardware components, e.g. different telescope®dtiiite and total station), several cameras \
different resolutions, and various magnificatiofshe reticule. Thus, this flexible system expldhs
respective strengths and weaknesses of each conipmoiemally. Those advantages and applica
possibilties of the hardware components are discusse@ifolowing chapter:

| 2. mount adapter

Figure 1: Imaging total station (Leica Geosystems TS30), moting the adapter

2 THE SENSOR FUSION

The MoDiTa system consists of a sensor fusion batwe pcar measuring system and a moc
industrial camera. The following chapters are dbswy the configuration and the reachable accu
and resolving capacity depending on different ngsmhs of the used camer

2.1 Configuration and components of MoDiTe

On the hardware side the specific MoDiTa comporngrhe speciaeyepiece adapteThis adapter
replaces the normal eyepiece &s used as a mount for camera and |€&msmera and optics a
standard components and special developments MoDiTa. So we use $tount and (-Mount
ports for camera and optics, and serial ports isgeUSB for power and data transfer. This of
the advantage that the components are inexpersmerthase and can be replaced quickly and €
An optional extension for #ocuscontrol is possibleFigure 2 shows the schematic structure of
MoDiTa eyepiece in cross section for mounting thmera and polar measuring system. The star
lens with various fixed apertures is fixed k-Mount in the eyepiece adapter. Teyepiece holder is
connected to the bayonet mount for the eyepiec¢hefpolar measurement system (here L
Geosystems). The length of the adapter determime reproduction scaland contrcs the field of
view. The used cameras are prodirepetition parts with C- or CBlount and data respective pov
communication by USB 2.0.

MoDiTa can use differergolar measurement systs, cameraggsolutions, optics and magnificats
of the reticuleThis allows to combining the different advantaof the component At the moment,
the MoDiTa adapter can be ussiih current Leica Geosystems total stations arddblits and som
Kern theodolits. This allowsisin¢ the Leica Geosystems TM5100 with MoDiTa. TM5100an
industrial theodolite with higlangular measurement accuracy withoutEeDM. The advantage ca
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theodolite telescope is thack of optical components in the telescope andesedisruptive effects of
laser beamsTotal stations like TS30 and TCRM1103 are flexidvices with EDM andutomatic

target aiming.

The adapter of MoDiTa can moun- and CS-Mountameras and so different kind of ch For most

applications colour and monochromaCMOS-chips areuseful, but some tasks reqis a special
dynamicrange. In area of extrenexposure is it helpfully to use a HDR-chipdiERY (2011) shows a
benefit of HDR-cameras hgbservin laser beams.

eyepiece holder, camera mount,
polar producer-specific standard ports: camera
measuring
system

' C-Mount, CS-mount

_~standard lens
reticule plane Sensor chip,

standard for power and
data transfer: USB

Figure 2: Schematic crosssection of the MoDiTa eyepiec

The resolution can be controlled by c¢size and settigs like binning or subsampling. For 1
maximal accuracy and resolving capacity Mol usesactually a camera resolution of 2560 x 1!
pixels. The disadvantage of this setting is thaB23) limits here the transfer rate and frame rate.
That is no poblem by static oslowly moving target$6 fps). A resolution of 1280 x 960 ras the
frame rate of 19 fps, but the resolving capacity accuracy decreaslightly (chapte 2.3).

Actually MoDiTa provides two kinds of field of viesv The ful-view images the complete retict
plane and the magnificationew scales up the centre of reticule p (Figure 3). The difference
between full-view andnagnificatior-view is about 76%In principle the magnificatic-view has a
better accuracy and resolving capa

full view magnication view

reticule plane section telescope
magnification

Figure 3: Field of views
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2.2 Calibration of field of view

The calibration of field of view allows transforngrevery pixel coordinate to one angular position.
MoDiTa can measure all targets in the field of vigithout boning with the crosshair (Figure 4 right)
The field of view is determined by a self-caliboati The self-calibration scheme using the
photogrammetric collinearity relationship in adaiiti of the distortion parameters is conform to
SCHLUTER ET AL. (20009).

For the self-calibration, a fixed target is repdteneasured, that the target is well distributedro
the calibrating area (Figure 4 left). Every measwaet is forced angular positions, resulting two
correction equations, each new combination of repdind image coordinates. The angular readings
following mathematically from the pixel coordinatefsthe reference cross hairs.
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Figure 4: Self-calibration (left) and transforming pixel coordinate to angular position (right)

Beginning with the transition from a levelled lo@alordinate system to a telescope fixed coordinate
system, the parameters are provided solely bytbedblite side compensator and graduated circle
read out. The subsequent transition from the tef@sdixed coordinate system to the camera system
by parameters determining in a self-calibratione Tghotogrammetric collinearity relationship is
chosen as a model for the transformation betweaegtihin vectors the telescope system and the image
coordinates of digital images. As part of the selfibration with a fixed scale factor, the angle of
rotation matrix (R), the camera constanijcand the coefficients of distortion polynomialsx( Ay

with image coordinates gXand Y;) are determined as unknown parameters in a lgasis
adjustment. Radial symmetric distortion, causedrdiyaction changes in the lenses of the lens,
provides the greatest impact among the mentionsdrtions. The radial asymmetrical distortion and
tangential distortion be caused by a decentringheflenses in the lens and is less than the radial
symmetric distortion. As the last part of the diBtm affinity and angular affinity describing
deviations from orthogonality and different scadéshe image coordinate axes. The result of thetiea
square adjustment is a transformation matrix wRBhparameters (3 rotations, 2 image coordinates of
the principal point, 1 calibrated focal length,a8lial symmetric distortions, 2 radial asymmetravadi
tangential distortions and 2 affinity and anguliiniy).

2.3 Accuracy

The MoDiTa system allows the use of several comptnelhere are two kinds of field of views,
different camera resolutions and total stationg abcuracy of MoDiTa-Systems is determined by the
self-calibration on two collimators. The self-cadibon is measured with 36 observations in two-face
measurements. Exemplary the Table 1 shows thetsestithe least-square adjustment. The used
hardware are a Leica Geosystems TS30 total stafittnan angular measurement accuracy of 0,5”
(0,15 mgon, manufacturers' instructions) and a raormnatic CMOS-chip.

The results of Table 1 compare two resolutions 266920 and 1280 x 960) and two fields of views.
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The standard deviations (std.) of all measuremam@siot significantly different. But the residuale
larger in the full-view significantly than the mafication-view. The differences between the two

resolutions are small. Both the standard deviatimhthe residuals are in the same range.

Table 1: Results of least-square adjustment (selfalibration), 36 observations

full-view magnification-view
2560 x 1920 dHz [mgon] | dV [mgon] dHz [mgon] | dV [mgon]
min -1,0 -0,4 min -0,1 -0,2
max 0,7 0,6 max 0,3 0,1
std.(3s) | 0,20 0,10 std.(Is) | 0,05 0,05
1 Pixel = 0,6 mgon 1 Pixel = 0,36 mgon
1280 x 960 dHz [mgon] | dV [mgon] dHz [mgon] | dV [mgon]
min -1,0 -0,5 min -0,2 -0,3
max 0,9 1,0 max 0,3 0,2
std.(3s) | 0,20 0,10 std.(Is) | 0,06 0,06
1 Pixel = 1,3 mgon 1 Pixel = 0,7 mgon

The best accuracy for a single observation is nfi@gtion-view and the resolution of 2560 x 1920.
The resolution of 1280 x 960 provides a similar dygesult. The adjustment allows to reach the
accuracy of the total station (0,5 = 0,15 mgomanufacturers' instructions). The full-view has a
maximum residual of 1,0 mgon and the standard tlewiaf the adjustment is in the range of the
double accuracy of the total station.

3 APPLICATIONS

The flexibility of MoDiTa allows using the system many different scopes of duties. The possibility
of collimation measurements and their detectiond wloDiTa or an imaging theodolite build by
i3mainz, at both collimator crosses, as well asiroating laser beams offer, with different hardware
capabilities of a wide variety of applications. Tégstem enables the directional measurement to a
moderately moving target, too. This representedetain this paper is a laserdot and a cross of a
collimator.

The MoDiTa allows the use of non-contact measurértreanniques including image processing and
auto-collimation aiming within a calibrated visibtange. Through a rapid self-calibration (ca. 2
minutes), followed by automated analysis of those @nmediate readiness for measurement in the
calibrated range are special tasks, such as thistawnt and calibration of laser terminals durimg t
manufacturing process, seeHiUTER ET AL (2009), very quickly solved. Azimuth determinaisoby
astro-geodetic observations of stars with the ghamiware and software are also available. Cldssica
tasks of geodesy, such as monitoring (here laraislisee RTERER (2009) or the documentation of
reference - points for laser scanning and photograiny, the sensor-fused system also triggers using
image processing. MoDiTa also enables the deteaifonhanges in direction, such as tilting or
twisting of various hardware (eg. sensors). Inftilowing exemplary applications which results in
projects of the i3mainz, like the calibration of alectronic level and stability testing of a camera
tripod through MoDiTa and image processing demaubesd:

3.1 Scale calibration of inclination sensors

Inclination sensorare gaining in importance in the field of geodéBye electronic collection of data
and the high accuracy of small measuring instrumentvide in shortest time highly accurate data.
The measurement of the slope provides the detecfiamall movements such as for deformation
measurements. The determination of the scale of iwatination sensors (Leica Geosystems
NIVEL220 and NIVEL230) is carried out e.g. byzAR (2009) on behalf of the Wasser- und
Schifffahrtsamt Aschaffenburg.

The examination of an inclination sensor, informatregarding the producer, takes place in three
stages: determining the zero point error, scaler emnd the detection of the influence of tempegatur
changes. The system of i3mainz is used here omdgtErmine the scale error. The sample is placed on
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a for flatness granite cbked slab, parallel to the axis, compare to figéréThe combination of
sample and collimator is a parallel arrangemernheftelescope reaches the level. The granite Is:
mounted on a tilt table which can be tilted by roioetre screw With the help of those, fting the
sample into the previously determined zero | and gradually tilts the tilt tabl Thus, the desired
inclination of the level to the actual reading bé tlevel is compare The MoDiTe-system observes
the collimator after every tibf the table by the micrometre screwvery observatic consists of 36
single observations like a salflibration chapter 2.3). This zenith angberforms the tilt angle of tt
table (inclinometeand collimator,Parallel to theegistration of the zenith angle the reading of
inclination sensor (X-and ‘éxis separately) is detect

Figure 5: MoDiTa observescollimator (left), collimator and digital level fixed on a tilt table (right)

For this application the MoDi-system uses a Leica Geosystems TM51@dolite, the camera-
resolution 1280 x 1024 and the magnifica-view. Magnificationview and resolution is in the ran

of the angle accuracy from theodolite (0,5 0,002 mrad, manufacturerisistruction). Both test
objects (Leica Geosystems NIVEL220nd NIVEL230 have an accuracy of 0, mrad

(manufacturers' instructionand thusMoDiTa is suitable for checkiniipe inclination sensol

The scale is calculated fropenith anglereference values) and tilt angiéthe inclination sensc The

zenith angles are corrected by an average offeeguse the collimation axis is not strictly patatibe

the surface of the granite baségure6 shows an exemplary result of alignmen inclination sensor
Leica Geosystems NIVEL220.

= X-direction

==Y -direction

0-015
WUl
r

esiduals [mrad]

Figure 6: Exemplary result of scale alignmen

Here the advantaged MoDiTa are the high repeatability amdeasurement spe. MoDiTa allows a
large number of independent measurements in avediashort time« (36 observation in max. 2 mi
with a high accuracy (0,002rad corresponds 0,002 mm/m). The measurerhasta high degree of
automation and a long-terabservation is possib
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3.2 Long-term stability of tripods and laser beams

In the precise measuremenpods neededwhich have only small drifts in the horizontal ditien
and vertical angle over a longer pel of time, to store testing samplesably. In precision
measurement therefore stable tripods made of steuminium are preferre A long-term stability
study intended to show, whetla phototripod is suitable for use in precision measurer. Purpose
is to detect differences in stability between tiiygod head and tripod leg

Two collimators are used as a target ofimaging total station (Figure 7@n theleft a collimator is
shown, which serves as a reference and mountedstabée tripocby KERN. On the right hand a
further collimator is displayedwhere the sample fifixed (here: tripod including tripod hea A
successfully sel€alibration of the systemis followed by the actual inspection and -pixel
registration of the horizontal dirtion and vertical angle of the collimator crc The analysis covers
for each measurement period in a time period of att [B&Gsminutes (=0min) Starting with a
reference measurement to a collimator on the stdaBRN-tripod, the collimatoicrosshair fixed on
the sample is being tracked different time intervals and concluded with &rence measurement.
The evaluation is done by calculatiresidualgn the vertical direction of the reference measw@eis
for each measurement period in order to ¢ movement on the instrument.

Figure 7: Imaging theodolite aiming a collimator on a Linhd tripod (right)

Based on the results oHIERY (2011) the best configuration for capturilaserdotsis a high dynamic
range (HDR) camerdy using a theodolite without EDM unit to avoid legtions. Theodolite
measurements are made only at rest, during a mearggt crosses the reticule pl¢ If the theodolite
rests, the direction to the targstregistered with high precision, if the targetwithin the calibrate:

field of view. For largescale tracking of a targetthe theodolite software supgs gradually
readjusting. Howeverin the movement phase, no F-precision measurements are possiThe

tracking speed of a moderate mcg collimation target corresponds to the recordipees! of th used
camera.

Figure 8shows exemplary an image through the eyepiecegaldth the recorded measurem

collimation image of a laser beam and a resultmgge recorded with an HDR cameraa reference
image of the reticule plane is captured and stdtesl visibility of that is not necessary to detdut

direction. It is only important for detecting movents of the camera. So, matching processes ¢
the projection of the reticule plaiinto the image of the laserddthe centre coordinates of the la
spot can be calculated with subpixel accuracy udiggal image processing on an elliptic oper:

Out of the centre coordinates, the theodolite and compensaadings and the datecom the self-
calibration the (virtual) direction cébe determined arithmetical to the laser spsottre.
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Figure 8: Captured laserdot with reticule

4 CONCLUSIONS

In this paper, we discuss the MoDiTa system, itfigaration and some applications. We concentrate
on the accuracy and resolving capacity and shotwatlia3 megapixels camera is sufficient to exhaust
the angles accuracy of a Leica Geosystems TS3@hé\key contribution we present the calibration
scheme using the photogrammetric collinearity r@festhip in addition of the distortion parameters,
too. Moreover, we depict that our modular systembie to accomplish and various applications using
the best components depending on the problem.drfuture, more and more applications for our
MoDiTa system should be found. The presented ieshibw a great potential of the given hardware
and software.
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