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SUMMARY

IGPS is a measurement system which uses lasentittas and sensors to determine the 3D
position of static or moving objects. The technglag based on internal time measurements
related to spatial rays that intersect at sensotisd measuring volume. The advantage of the
IGPS system is the flexibility by using multipleatismitters and sensors. In this way the
measurement volume can be configured to the sizbeofipplication, which can be scaled
from small work cells to facility-wide installatish The typical applications are found in
industrial manufactures, primarily in aerospaceomotive and shipbuilding industries.

The static IGPS accuracy is well known, but thera ilack of testing the tracking accuracy
with the latest system developments. Due to thesareaent principle of iGPS, tracking
measurements can caused a delay time which will leadeviations in spatiotemporal
positioning. Utilizing the new Digital Input Moduigeis possible to examine the iGPS system
with a time-referenced 4D test and calibration exyst

In this paper measuring result examples are reptegein order to show the IGPS

performance under kinematic conditions (time andcep Velocities up to 3 m/s were

reached and the 4D tracking deviations were lems 1h5 mm. At velocities lower than 1 m/s
the 4D deviations decrease to below 0.5 mm. Theselts show that Nikon has reached to
reduce the theoretical delay time and that iGP®isonly a static metrology system but also
capable for tracking applications.
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IGPS Used as Kinematic Measuring System

Claudia DEPENTHAL, Germany

1. INTRODUCTION

The measurement system iGPS is currently known rutite corporate name Metris, and
previously under ArcSecond. Since November 2009iMetas acquired by Nikon Metrology

NV. The system is based on internal time measurtsmanspatial rays that intersect at the
sensor. The system is mainly used by industrial ufsures, primarily in aerospace,

automotive and shipbuilding industries and enaalkgh flexibility and accuracy.

There are only few academic experimental studietheftechnology in the literature (e.g.

Wang et al., 2009) and the rapid development ofi@#S system in the previous two years
makes it important to understand which system arfdlvare version is used for testing. Of
special note is the kinematic measurement modehichvNikon has made advancements.
With the new Digital Input Module there is now tpessibility to examine the kinematic

mode by the time-referenced 4D test and calibragimtem. First results will be represent in
this paper.

To use kinematic optical measuring systems in sfgtiporal positioning it is nescessary that
all sensors of the measuring systems must be symced. Any existing delay times in a

measuring system will lead to deviations in spame-tposition. These delay times will be

determined with a developed time-referenced 4D #est calibration system, which is

qualified for tracking optical measuring systemsny kind.

2. CONCEPT AND EQUIPMENT OF iGPS
2.1 iGPS Technology

The IGPS technology is a laser-based indoor systgimoptical sensors and transmitters. The
typically components of an iGPS network are attleae transmitters, a mini-vector bar with
two sensors, an amplifier as analog-digital corereend the position calculation engine
(PCE) that measures the arrival time of each sigithl an internal clock and manages the
communication with the PC (Fig. 5). The transmgtsurround the volume in which the
location of the sensor may be calculated usingptioeess of triangulation in an analogous
fashion to a theodolite network.

Each iGPS transmitter emits two different typessiginals, the strobe signal and two fan-
shaped beams which are projected from the rotategd of the transmitter (Fig. 6).
Photodiodes in the body of the transmitter flash $trobe signal into the whole working
volume at the beginning of every second rotatiordistinguish precisely from fan beam
signals. The fan beams are emitted continuouslyeauth transmitter has its own rotational
speed with a frequency between 40 and 50 Hz aaduasque identification. The fans, with a
beam width of +£30°, are arranged in a way that #reyseparated in a horizontal plane by an
angle of about 90° and they are tilted at 30° ® $pin axis (Fig. 1). As a result of this
assembly, the angle between the two fan beamgatagrthan 90° above the horizontal plane
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and less below. Individual values for each andie, rotation speed and the spin axis biases
are guantified by a calibration method and storediata files for each transmitter.

Each sensor in the working volume receives sigfralsn each visible transmitter and the
arrival time is measured. The time of the strolgmaili (te) and the interpolated signab)(t
define the beginning and end of each transmitteclecy(Fig. 2). 1t and t are time
measurements when the two fan beams pass the sensor

Based on these time measurements and the fan bgeomsetry, the angle values from
transmitter to sensor are determined. With increpime interval between the signal peaks
of fan beam 1 in respect to fan beam 2 the elevatiogle increases. The azimuth is
determined using the reference time of the straltkthe mean between fan beam 1 and fan
beam 2 in respect to one cycle rotation (Fig. 3).

Strobe Fan1 Fan 2 Strobe

::‘;_(interpolated) /\—

to t1 t2 tref t

<« 1 Cycle (T)

Fig. 1: Fan beam geometry of the transmitter Fig 2: Signal sequence ré transmitter

The elevation and azimuth angles define a line pace or the so-called ray from the
transmitter through the sensor (Fig. 4). When meagwith two transmitters (with known
position), the sensor position is the closest pomintersection between two skew rays. A
connecting line can be established which repredéetsninimum distance between these two
rays and the sensor position is then the mean pédititis connecting line. With more than
two transmitters a redundant number of observatanshbe obtained and different methods of
adjustment can be applied.

For the iGPS system to work, the location of tlesmitter relative to each other must be
established. One method for doing this is the $iggce network or bundling. To get the scale
for the network a scale bar with two sensors otigedy know separation distance is used
(Fig. 10, 14). This setup process can be very g(tiwk minutes) and is used to take data in
the volume in which the transmitters are placed.

IGPS can be used for static or kinematic measure&sn€&€he range of a transmitter is between
2 and 40 m and the static accuracy is about 0.08depending on numbers of transmitters
and geometry used. Some effects and influences,i{B®@Snultipath or signal registration are
explained in (Depenthal, Schwendemann, 2009). i;yghper the focus is on the kinematic
effect of iIGPS. The measurement principle of iGBR®ased on time measurements of non-
synchronous signals and therefore the kinematicsoreanents can cause delay times for the
azimuth and elevation determination. The sensor emoduring a time measurement
depending on the angular velocity relative to agraitter. A first theoretical delay time can
arise between the time of data request and the timestrobe signal requires to reach the
sensor. Delays can also exist between the strgipalsand the first fan beam that passes the
sensor and also between the strobe and the seanritkédm. These delay times have a direct
influence on azimuth and elevation determinatiomother delay time in kinematic
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measurements can be caused by the lack of synehtmm of the different transmitters. This
means that for a spatiotemporal position deternunathe respective first fan beams of the
transmitter arrive at the sensor not at the same @nd the sensor has moved away. To
eliminate these effects, it is necessary to hagwal internal time base and interpolation
method.

The heart of IGPS and iSpace systems is the sat@&arveyor. It connects to PCEs, collects
data from sensors and calculates the locationeofrimsmitters and any frames in the system.
Surveyor presents a lot of detailed informatiort dan be useful to experienced users and of
course for troubleshooting by support staff. Suoregontains functionality for bundling the
system, can also be uses as a basic measureméoatamp and displays the most important
system health metrics. For experimental measurenitistvery helpful that Surveyor collects
all raw data and that this data can be reprocessed.

Sensor

!A ? Az
Fig. 3: Fan beams and azimuth Fig. 4: Azhmand elevation define a ray

2.2 Digital Input Module

Since summer 2009 the PCE Digital Input Module (DIMs been available (Fig. 7). With
the DIM it is possible to synchronize an externgitel input signal with iGPS data. External
events such as a trigger signal are time stampe@R$ time base. In the newest Surveyor
version (1.2.40) the DIM time stamp is availabléhnéoordinates information. The DIM has
four input channels for the external event sourwk @nnects to a G5 DIM capable PCE. All
events are automatically stored in the measurerognfiles. Only the DIM enable time-
referenced measurements (see 3.2 and 4.2) and kied® of measurements allow the
examination of 4D kinematic performance of iIGPS.

Fig. 6: Transmitter Frg.DIM and PCE

Fig. 5: Mini-vector bar, amplifier and PCE
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3. 4D TEST AND CALIBRATION SYSTEM
3.1 Technical Realization

The time-referenced 4D test and calibration systemsists of a tiltable rotating arm with a
length of 2 m. At the end of the arm a prism orssercan be fixed and balanced by a weight
on the opposite end. A rotary direct drive withiaregrated rotary encoder is used as prime
mover of the rotating arm. The encoder has a résalwf 0.36" and the grating disk has a
reference point, the so-called homepoint, for angef orientation. After a calibration of the
direct drive a measurement uncertainty for any kEmgoosition of Y-, = = 4.2" is achieved
(Depenthal, 2006). The direct drive can produceubargrelocities up to 550°/s. However, up
to now only 6 m/s at the arm's end has been usddfault of a measuring system, which can
follow objects moving with this high velocity. Depding on the rotating arm position, a
calibration function for eccentricity or rotatingn@bending is used.

The main item of the test and calibration systetheésdirect drive and the control system with
the real-time multi-axis servo motion controller R8I (Programmable Multi-Axes
Controller), which is used for the position andogiy control of the direct drive. The
position-capture function latches the current eecqabsition at the time of an external event
into a special register. The actual latching iscexed in hardware, without the need for
software intervention. This means that the onlyagelin a position capture are the hardware
gate delays (less than 100 ns) thereby providingra accurate capture function (Depenthal,
2009a, 2009Db).

3.2 Time Referencing

Time referencing means that specific procedure® tavbe assigned to a given time scale.
For time referencing only, real-time systems caruged. A system is said to be real-time if
the total correctness of the result of a real-toha¢a processing depends not only upon its
logical correctness, but also upon time in whicts iperformed. A real-time system also has
to have a guaranteed temporal deterministical hehav

Time referencing is ensured with two different mdares, either an external trigger or a
serial interface. The communication between thebion system and a test item —
measurement system —is created with a function rg@reusing the rising edge of a
rectangular signal as trigger. Figure 6 shows a Tifansistor-transistor-logic) circuit for a
rising edge with a steepness of 1 ps. Within tigh evel both, the measurement systein (t
and calibration system,ft detect the trigger, but not at the same timeinfe lag t within

the referencing arise from the gate delay of botstesns and can be calculated by the
difference (1) of the trigger point, which are shif by the gate delay.

Dt =t, - t, (1)
The gate delay of a measurement system is rare@wiknThe gate delay of the calibration

system is less than 100 ns. The reference poirthéodelay time determination is the trigger
point detected by the calibration system.
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rotating arm

Calibration System system

iGPS
system
Fig. 8: Time-referencing with external trigger Fig. 9: Rotating arm and E&ystem

*
Measurement System t

3.3 Modeling

The test and calibration system can assign an lgx@defined rotation angle in respect of the
homepoint and the associated time for the spatijpbeah position of a prism or sensor on the
rotating arm. The aim of modeling is the determorabf the delay time for every measurand
of a test item. Kinematic measurements are charaeteby non-repeatable measurements
and therefore the kinematic model must bear thaydiine for each measurand at a discrete
measurement point as a unique unknown. If the nmaadutself is expressed as a function of
the delay time, then the solution can be foundleyghe Newton lIteration. To reach this aim,
the modeling is developed on quaternion-basediootat The advantage of using quaternions
is the efficient concatenation of multiple rotasoand that only one rotation axis with one
rotation angle will be used in the trigonometricnfo

The theory of quaternions is given, for example, (Kuipers, 1999) and a detailed
representation for the modeling is given in (Depaht2009a, 2009b). For all developed
models, a coordinate transformation must be exdciatecombine the coordinate system of
the rotating arm with the coordinate system of tb& item. This transformation will be
calculated using quaternions also and the algoriiased on (Horn, 1987).

The development of the model starts in the rotadimg system with the homepoint as starting
point pp.1=(r,0,0), with r as known radius of the rotating arm (F. The x-axis and y-axis
of the rotating arm system always lie in the rotgtarm plane and the z-axis is taken to be
planar to this plane. The rotation axis for thetfgjuaterniorg; is equivalent to the z-axis of
the rotating arm system. The rotation angle wilté&gaced by the relation of angular velocity

p and timet. For a new positiop > in relation to the homepoint a triple product vk
used and withy; andpp ; as a pure quaternion, the result of (2) is alpara quaternion

Poo = ChPoih - (2)

In this way all positions on the rotating arm candefined.

The next step is the transformation from the rotaarm system to the iGPS system. With a
coordinate transformation the quaterniagpsand p, are determined for the rotation and

translation between both coordinate systems. Theltref the coordinate transformation for

(2) is the same position, but now in the IGPS coattg system
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Po2 = OrPo20Ok * Py = GrChPp 10 Ox + Py = UxG Po(0rG) + Py - 3)

The azimuth and elevation for the sensor positoproduced from each transmitter-sensor
pair (Fig 9). In order to calculate these anglesagign (3) must be expanded by the vector
Prx as a pure quaternion

Petx2 = Ps2 - Prx - (4)

The quaterniorpg tx 2 IS again a pure quaternion and can be directligasd as a vector
Pe1x2 in U°. From this vector the azimuth and elevation cancéleulated and the only
unknown in this non-linear equation is the delayet. For the iterative solution by Newton's
method the initial value for the delay time is tirae of measurement event. iGPS delivers
only the coordinates of the sensor and transnattertherefore the azimuth and elevation has
be calculated.

4. MEASURING RESULT EXAMPLES
4.1 Equipment and Measurement Procedure

The measurements were executed in July 2009 iGéueletic Laboratory of KIT. Four iGPS
transmitters were arranged around the rotatingaartha scale bar was used for bundling (Fig.
10, 14). A mini-vector bar was fixed on one endh# rotating arm and the PCE in the center
(Fig. 11, 12). Instead of cables, a wireless D-L&@2.11 wifi network was used. The DIM
was connected to the frequency generator and d@tie stale bar PCE. The Surveyor software
version 1.2.30 was used. For independently measmesna Leica laser tracker LTD 500
(measurement uncertainty £10 ppm static and +40 kipematic) was employed. The laser
tracker was also connected with the frequency g@eoerto get trigger signals for the
measuring.

The rotating arm was placed in three different {ss:
horizontal, slant and vertical (Fig 10, 14). Eagwrtransmitter
positions in the network are calculated through umdiing
procedure and for this the scale bar is moved sithvbughout
the working volume to collect bundle points. Foe ttoordinate
transformation a static reference measurement uatth
systems — iGPS and laser tracker — was carried Iouthe
kinematic mode angular velocities up to 160°/s (8)roould be
reached.

Within the kinematic mode the laser tracker couhdlydollow
at vertical rotating arm position, because of trstbility of the
CCR. The iGPS could follow at all positions. Buethertical '
rotating arm position was a real challenge fordixstem due to
detector visibility and hardware limits. Due to thector bar

position at the rotating arm the transmitters hadbe arranged Fig. 10: Scaléar and slant
in the vertical rotating arm plane with a rangeabbut 1 m out rotating arm
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of plane and three transmitters on one side angam on the other side of the rotating arm
(Fig. 13). These transmitter positions are notrogtifor a free network and therefore it could
be critical for position determination. Also theust rotating arm position was a hard test for
transmitter and sensors.

Fig. 11: PCE, center of rotating arm (slant poaitio Fig. 12: Mini-vector bar and amplifier (ading arm end)

Fig. 13: Transmitter at the highest position Fig. 14: Vertical rotating arm position,‘schm

4.2 DIM and Time-referencing

The DIM can be used for synchronization (see 2W®)rwt in the sense of time-referencing
with a trigger signal as explained in 3.2. In ortiercreate the time-referencing, a function
generator was used as an external trigger witroekdrequency of 5 Hz. That means that
DIM and PMAC get a trigger signal every 200 ms witgh accuracy. iGPS reports positions
with a frequency of about 40 Hz (25 ms) and theeefthere are about 8 measurements
between two trigger signals. Each iGPS positiouedlas an accurate internal iGPS time
stamp (range ps).

The angular velocity of the rotating arm is knowithim 0.36"/ms and together with the
PMAC encoder angle corresponding to the triggenaigan encoder angle for each iGPS
time stamp can be calculated. The iGPS time basééen controlled and there was observed
a time drift of 200 us after 72 s and thereforedhs no significant time drift expected inside
of the trigger period of 200 ms.
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4.3 Reference Comparison

The 4D calibration system delivers the referenctues the angles in relation to the
homepoint, the angular velocity and the time rafeee For every revolution of the rotating
arm a 3D circle fitting can be calculated using lgest-square method. In the following the
results as planar deviations (perpendicular tocihge plane) and radial deviations will be
shown. After the coordinates of IGPS and laselkktraare transformed into the rotating arm
system, the angles in relation to the homepointaleulated. In the best case these angles are
the same as the time-referenced angles of the PeW@der. Due to the known angular
velocity the differences between both angles ateutaied as well as time deviations and
tangential deviations with the known radius of ttagating arm. The delay time for the
azimuth and elevation will be calculated usingriedeling (3.3).

4.4 Static Measuring Results

Every static measuring starts at homepoint and tharposition changed with steps of 15°.
The result is the top and bottom sensor positiothefmini-vector bar from iIGPS and the
CCR position from laser tracker. The measuremewrenainty will be deduced from the
determined coordinate transformation and the redsdunclude the measurement uncertainty
of the rotating arm as well as the measurementrtaiogy of the iIGPS system or laser
tracker. From these residuals the measurement tairdgr for the delay time for every
measurand can be deduced, more details in (Depe@i®a).

For the horizontal rotating arm position the pladaviations (Fig. 15), the radial deviations
(Fig. 16) and the tangential deviations (Fig. lIefjresented nearly the same deviations < £50
pum for the iIGPS sensors and laser tracker. Thisvshbat there is only a small difference
between the both systems in the static conditidre Jtandard deviations of the residuals of
the coordinate transformation are less than 40kigure 18 represent the radial deviations of
the vertical rotating arm position and the increladeviations for the top and bottom sensors
point out the critical configuration of the iGPStwerk. The planar and tangential deviations
are in the same order as in the horizontal posifite slant rotating arm position shows for
the laser tracker the same behavior as the hodkposition and for the iGPS the deviations
increase to £120 um.
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Fig. 15: Horizontal position, planar deviations Fig. 16: Horizontal positioadial deviations
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Fig. 17: Horizontal position, tangential deviations Fig. 18: Vertical position, radialdgtions

4.5 Kinematic Measuring Results

The kinematic measuring are executed with diffesrgular velocities incipient with 20°/s
(0.36 mm/ms). With each new measurement the angealacity was increased until the iGPS
could not collect anymore data. To ensure an uebiasta set, the rotation direction of the
rotating arm was changed for each measurement.néke figures will represent example
results which are calculated as described in 4.3.

For the horizontal rotating arm position at velp@t 20°/s the planar deviations are less than
+80 um and the radial deviation £150 pm in spatnperal positioning. Figure 19 shows the
tangential deviations for top and bottom sensortheg are both less than -0.5 mm (-1.4 ms).
The negative deviations can be interpreted as head of the iIGPS sensor. Normally it
would be expected that the sensors run after. Themo explanation until yet for this
behavior, but it has been reported to Nikon arfgkisg investigated. However the deviations
are very small and the iIGPS system is better thqeated for the measuring principle
employed. Figure 20 shows the tangential deviationsan angular velocity of 160°/s (2.9
mm/ms) in counterclockwise revolution. The deviasigise up to -1.3 mm (-0.5 ms) and this
is a very good result for such a high velocity. Big shows the tangential deviations at the
same velocity, but now in clockwise revolution. Tiheviations are positive that means that
the sensor runs ahead again. The radial and pievaations are remaining in the same order
as at lower velocity.
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Figure 22 shows the delay time determination fomath of the four transmitters — bottom
sensor pairs and figure 23 the delay time for theagtion. Due to the geometrical restrictions,
there are angular ranges which are not suitedrigeddelay times and this can be seen by the
measurement uncertainty. The delay time is less thas for both measurands.

The vertical rotating arm position has the advamttitat both systems — iGPS and laser
tracker — can be used simultaneously, but it shbaldoted that the iGPS transmitter network
configuration was regarded as poor and at thediwiitthe hardware functionality. Figure 24
shows the planar deviations at an angular veladity20°/s (2.2 mm/ms) about 13 revolutions
of the rotating arm. The laser tracker and theang@ bottom sensors show nearly the same
deviations, most being less than 100 um. The Fra@aations represent another result. The
deviations for the top and bottom sensors riseout860 um (Fig. 25) however the systematic
behavior remains the same about all revolutions. ilibreasing values could be expected due
to the critical transmitter network. The tangentaliations are less than -1.3 mm (-0.6 ms)
(Fig. 26). The comparison with the tangential deeies of the laser tracker, which are less
than £50 um, point out, that the deviations arey @nfesult of the IGPS system. The delay
time determinations are in the same range as theomtal results. The results show that to
achieve acceptable results, a good transmitterarktis required.
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The slant rotating arm position is also a critigadsition for the iGPS system in this
configuration. Until an angular velocity of 120%%se system collects nearly all data. The
planar deviations reach values up to £200 um asedrddial deviations remain also in this
range and do not show the systemic attitude sedheirvertical test. Figure 27 shows the
tangential deviations for an angular velocity oD¥2 (2.2 mm/ms) and the result was less
than -0.5 mm (-0.2 ms) which was not expected liy ¢onfiguration. Figure 28 represent
again the delay time for the azimuth for the défartransmitter — bottom sensor pair and the
result is less than 1 ms.
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Fig. 27: slant, tangential deviations, 120°/s (cw) Fig. 28: slant, delay time azimu.20°/s (cw)

5. CONCLUSIONS

The aim of the measurements which are represemiethis paper was to analyze the
kinematic performance of the iGPS metrology systéhe original question was to determine
if there exists a theoretical delay time and tedatne the maximum velocity the system can
work. By usage of latest equipment and Surveyotwsoe it was possible to show that the
IGPS system has done great steps of developmesdrt/of the experimental conditions were
a hard test for the system because the criticaldifar transmitter and sensors were reached.
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The system could collect and process data up tiglof 3 m/s in this experimental set-up.
At 1 m/s a tracking deviation of less than 0.5 nemreached (spatiotemporal) and at the
highest velocity the deviation can be on the orgeto 1.5 mm. An interesting fact is that the
"sensor" seems "to run ahead" and further exanoinsitwill be done for clearing this effect.
Altogether show the results that the developmentheflatest iGPS system has reached to
reduce the theoretical delay time. For this rea€a®S can be used as well as static or
kinematic measuring system and due to the flexibéasuring performance it provides an
interesting range of applications.
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