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1 Overview

This project targeted improved, accurate, traceable measuring systems for operation as Large Volume Metrol-
ogy (LVM) tools and integration of these tools into a factory coordinate metrology network. The network and
tools were designed and built to be suitable for operation in typical factory environments or for permanent
inclusion inside manufacturing systems such as large machine tools, industrial robots, etc., in accordance with
ISO Geometrical Product Specification (GPS) standards. The new tools and technologies offer better accuracy
than existing systems, enhanced uncertainty calculation and budgeting, improved compensation methods for
air refractive index, and the ability to interface with production and assembly process control, resulting in trace-
ability, efficiency and cost improvements in industries & science facilities relying on LVM.

2 Need

LVM is often hidden from consumers but is vital for the manufacture and alignment of many items upon which
modern life and leading-edge science depend. LVM is necessary because the item or items to be measured
or aligned are too large to fit within conventional measuring machines or too bulky to transport to a calibration
laboratory i they must be measured in situ, often in non-cooperative environments. Aviation, the biggest sector
user of LVM, needs to deliver new, lighter aircraft but the metrology tools to achieve the smaller tolerances on
large parts do not exist. Existing industrial factories e.g. automotive, inspect only ~1 % of items and do this
offline as inline tools are slow and not traceable, leading to inefficiency. Industry 4.0 and Digital Factories pre-
suppose that Automatic Guided Vehicles (AGVs) and robotics in factories can achieve necessary positioning
and alignment accuracies with real-time control but this is far from being available. The Institute For Robotics
and IEEE Robotics and Automation Society have stated that real-time feedback is a fundamental requirement
for e.g. robotic drilling machines where accurate metrology over large volumes is needed, but this is not yet
delivered commercially (typical robot: 0.5 mm accuracy, typical required tolerances: 0.1 mm). Large volume
factory metrology networks are not sufficiently accurate and local solutions based on laser trackers are too
expensive or too slow and there is no integration between localised metrology and factory-wide metrology,
impeding the in-process transition between different metrology devices. Up to now, existing LVM tools (e.g.
laser trackers, laser radar) have used single point refractive index compensation, therefore fail to deliver
claimed accuracies in real-world factories where temperature gradients exist or change quickly. Large machine
tools must be errormapped (6 cal i brateddé) to achi eve s pe-<dndumicgandi on bu
undertaken only occasionally, leading to accuracy or downtime issues. There have been demands for addi-
tional novel LVM tools based on novel and/or cheap sensors and techniques for the ever-expanding range of
end user scenarios e.g. higher accuracy (cheap) photogrammetry, and absolute distance 3D coordinates at
long ranges, useable in harsh environments. Additionally, there has been a need for novel systems to bridge
the gap between expensive but accurate laser trackers and cheaper but less accurate photogrammetry.

3 Objectives

The project aimed to deliver a range of improved and/or novel LVM systems, capable of in situ operation in
factory environments, and to network several of these systems together to provide the metrology infrastructure
for a digitally-enabled Future Factory demonstrator. To achieve this the specific objectives were:

1. To improve the metrology capability of Frequency Scanning Interferometry (FSl)-based techniques be-
yond the state-of-the-art by removing the current accuracy limitation of the necessary gas cell frequency
standard through improved spectroscopy.

2. To develop novel and validated LVM methods for simultaneous metrology of multiple items at different
scales and accuracies including: (i) close range precision tracking of robotic systems, (ii) medium accu-
racy 3D positioning within whole factory volumes and adjustable accuracy tracking for Autonomously
Guided Vehicles carrying workpieces.

3. To develop and demonstrate techniques for in situ high accuracy (~107) air refractive index determination
with factory-sized volumes.
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4. To develop models to simulate self-organising production and assembly based on digital information from
process-integrated measurement systems and to apply these methods to other project outputs to produce
an industrial scenario demonstrator.

5. To produce equipment and validated methods for evaluating the performance and compensating for the
errors of large machine tools (> 50 m3); the cost and operability must be adequate to leave the equipment
on board or on the shop floor.

6. To facilitate the take up of the technology and measurement infrastructure developed in the project by the
measurement supply chain, standards developing organisations e.g. ISO/TC 213, and end users e.g. the
automotive and aerospace industry, through operation of one or more demonstration activities, in addition
to publications, training, and stakeholder interaction.

4 Results

4.1 Improving the metrology capability of Frequency Scanning Interferometry (FSI) -based
techniques beyond the state -of-the-art by removing the current accuracy limitation of
the necessary gas cell frequency standard through improved spectroscopy.

Frequency Scanning Interferometry (FSI) is a powerful technique that can measure absolute distances. It is
often used as a dangefinderdsystem to determine the range between a measuring device and one or more
reflecting targets (or semi-reflecting surfaces, e.g. walls). One may already be familiar with the laser range-
finders (oft enserde fsamvthimdhe sutveyingpcemmiudityy which can be purchased for a few
hundred Euros. These devices take a fraction of a second to determine the range to a target (often a surface
such as a wall) and they are often used by surveyors in measuring properties for sale. The accuracy achievable
is of the order of 1 mm to 2 mm which is sufficient for their intended purpose, but insufficient for manufacturing
metrology. An extension of the concept has been used by several researchers to produce a much more accu-
rate rangefinder, for example the work by NPL in the LUMINAR project [EMRP project IND32, http://pro-
jects.npl.co.uk/luminar/]. Here, a laser is scanned over a range of wavelengths (optical frequencies) with the
output of the laser coupled into one or more interferometers. As the laser is scanned, the detector in each
interferometer observes a pseudo-sinusoidal variation in intensity caused by the changing wavelength of the
laser compared with the fixed distance to the target. Analysis of the interference signal can be used to find the
distance from the interferometer to the target. By scanning over a large enough range of wavelengths the
range of the technique can be extended to several tens of metres, and by knowing the exact wavelength
variation during the scan, the accuracy can be improved. Accuracies of the order of tens of micrometres are
possible. Such systems are highly attractive to users such as the aerospace industry where large items (tens
of metres) need to be assembled or monitored. Currently laser trackers are the most popular high accuracy
large volume metrology tool, but these are only single target devices, i.e. they track or measure the distance
to one target at a time. Tracking multiple targets simultaneously is only possible by buying more laser trackers
(essentially one per parget).

Advanced multi-beam FSI systems (e.g. the NPL system from LUMINAR) can handle multiple targets simulta-
neously. The scanning lasers used in these systems perform their scan independently of any reference i the
speed of the scan and the exact start and end values of the wavelength are not guaranteed. A way to solve
this problem is to send part of the laser light into a gas cell containing a gas with quantum absorption features
within the wavelength range of the scanning laser. By monitoring the light transmitted through the cell, the
system can detect these absorption features (periodic dips in the transmitted signal). Each feature corresponds
to a precise wavelength value with the values determined by the quantum transitions in the gas species, i.e.
they are standardized. As each feature is passed during the scan, it serves as a wavelength (or frequency)
reference, enabling the system to know both the wavelength at that moment, and also the speed of the scan
(by comparing the times when two different features are detected). If the frequencies of these features are pre-
measured using techniques traceable to the Sl metre or S| second, the features can serve as traceability
references for the scanning laser i i.e. the system becomes SI traceable.

Similar sets of transition features have been used for decades to provide frequency references for ultra-stable
lasers, with perhaps the most-used such system being the helium-neon laser at 633 nm (the well-known red
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laser wavelength) locked to transitions in the iodine molecule. Such iodine-stabilized He-Ne lasers are used
at many laboratories as the national realization of the SI metre. The frequencies of the iodine transitions have
been measured with high accuracy by several researchers and the international community has agreed on the
values of these transitions and their uncertainties. Unfortunately, the situation is not so ideal for the wavelength
range used by common frequency scanning infra-red lasers such as those used in the NPL system. The wave-
length range of interest is 1540 nm to 1560 nm and there are only a few known gas species in this range with
absorption features: acetylene and hydrogen cyanide (HCN). The acetylene values are well-known with high
accuracy and internationally agreed values [https://www.bipm.org/documents/20126/41590985/M-e-
P_13C2H2 1.54.pdf/623e90e2-e816-36f7-2fd3-93b2e741ee5c] however they are not well-positioned in the
wavelength range of typical scanning lasers (only covering 1510 nm to 1540 nm). Better placed are the HCN
transitions (covering 1530 nm to 1560 nm), however these only have one moderately accurate set of data from
1998 [https://nvipubs.nist.gov/nistpubs/Legacy/SP/nistspecialpublication260-137.pdf].

This data (from NIST), reproduced in figure 1 for reference, claims an expanded uncertainty on each wave-
length value of 0.003 nm, e.g. 1528.054 nm £0.003 nm for the R-25 feature. This means the fractional uncer-
tainty is 2 parts per million. If used as a frequency (wavelength) reference in an FSl-based rangefinder, this
would be a 2 um uncertainty for each 1 m rage. Over typical large ranges, e.g. 20 m, this would amount to a
‘ e T 40 pum uncertainty which is too large. There are
o ii i Rbrench 1 fiiE ROmNGIR e three additional issues. Firstly, the correction due to
REXI TAMAAATVRECY T EEE = the pressure of the gas in the cell was determined

| R e EEL 2 by the NIST researchers, but with relatively poor ac-
=TT E U EH R 0 | curacy (meaning that correcting for the pressure in
e HITE STEHTEEL L EL ey each cell becomes the limiting uncertainty). Sec-
' LR AL I PR R R R R R S ondly, due to the moderately low accuracies of the
CHIHEE sl g = oo o1 values in the NIST publication, the HCN spectrum
pemiilii it R has not been internationally ratified as a frequency
it i B R R L (wavelength) standard, i.e. it Is not Sl-traceable.
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Figure 1 - HCN spectrum, 1525 nm to 1565 nm, fisiST. possible correlated uncertainty (i.e. an error) in the
values published by NIST (possibly as high as 300

s A0 185 0 185 680 1S5 180 1565 7) [hitps://doi.org/10.1364/OE.22.024869)].
Wavelength (nm)

The wavelength range used in the FSI system is
also of interest to the telecoms industry (hence the availability of lasers operating in this region). With all these
requirements in mind, Objective 1 of the LaVA project was centered around deriving higher accuracy values
for the HCN absorption spectrum and making these internationally ratified. The project tackled this need by
having three partners attempt independent measurement of the HCN spectrum using different techniques,
followed by publication of their results prior to consideration by the international community as an agreed
frequency reference. The three partners involved in the work were: NPL i using a dual frequency comb tech-
nique; ISI' i who tackled both linear and saturated absorption spectroscopy using frequency locked lasers; and
RISE- who used Fourier Transform Infrared Spectroscopy. The workflow was for each partner to independently
prepare their measurement setup, measure the relevant features (ideally at different pressures and tempera-
tures in order to derive the pressure- and temperature-sensitivity coefficients), to publish the data in open
access peer reviewed publications, and then request the Working Group on Frequency Standards, CCL-CCTF-
WGFS (a joint Working Group of the CIPM Consultative Committees for Length and for Time and Frequency)
to ratify the data and accept it into the list of Recommended values of standard frequencies which is published
by the BIPM [https://www.bipm.org/en/publications/mises-en-pratique/standard-frequencies].

ISI followed two broad approaches to the work, firstly using linear spectroscopy with its relatively simple ex-
perimental setup, followed by saturated absorption spectroscopy which is more complex but offers the finest
resolution. A first test setup, to obtain familiarity with the HCN gas was prepared, first using well-known acet-
ylene gas (in a cell at 100 Pa pressure) instead of HCN. An available tuneable laser with a relatively narrow
tuning range (1539.8 nm to 1541.0 nm) was used together with an optical frequency comb and laser stabiliza-
tion optics. The light from the laser was used to beat against the comb in order to obtain a precise frequency
reference. The laser was first fast tuned over its range to observe which lines were visible, followed by slow
tuning to obtain line profiles and eventually locking to each line centre to obtain the most accurate line centre
frequency. After tests with the acetylene gas, the HCN gas was investigated. The system was found to cover
three lines of the acetylene spectrum i P(12), P(18) and P(13). The line centres were measured, and the
results compared well with the reference data for this gas. The HCN gas cell was substituted for the acetylene
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cell and a fast frequency scan revealed the presence of one HCN feature i the R(s) line. Slow scanning of the
line followed by frequency locking to the line centre obtained results with an uncertainty of ~10-8, which was
already more accurate than the previous reference data. The early investigative work from ISI was published:

Al nvestigating The Use Of The Hydrogen Cyanide (HCN)

M. H o ¢ etlal., Proc. SPIE Vol. 10976 1097601-1 (2018) DOI:10.1117/12.2517761 with an open access
version of the work available here: https://arxiv.org/abs/1905.07272

In this initial experiment, the tuning range of the laser was insufficient to access other features and so a new
system had to be designed around a new laser source. A new continuously tuneable laser covering 1510 nm
to 1630 nm was obtained. As before, the frequency reference for beat note frequency measurements came
from an optical frequency comb which derived its primary frequency reference at 10 MHz from a hydrogen
maser. The gas cell was housed inside a temperature controlled chamber to hold the temperature (and pres-
sure) of the gas constant during measurement. Frequency modulation at 10 kHz and 6 MHz depth was used
in the lock-in amplifier, with this modulation being removed in the detection electronics. One by one, the system
was tuned to each accessible feature, and locked to the line centre for ~8 hours. Data from these locked
periods was analysed to check for stability T the results showed very good Normal distributions with 2-sigma
variance or around 40 kHz and Allan deviations minima of around 10-1°, showing excellent frequency stability
of the locked laser. All the lines were found to be about 400 MHz broadened by Doppler broadening which can
only be removed using saturated absorption spectroscopy (which was the next stage of the work). The detailed
ISI linear spectroscopy work was published:

AiMeasurement of the Hydrogen Cyanide Absorption
M. Ho g eket al, published in Proc. IEEE, (2021), ISBN 978-1-6654-3935-0, 7189,
DOI:10.1109/EFTF/IFCS52194.2021.9604261 with an open access version of the work available here:
https://zenodo.org/record/6497486

The updated HCN values from the detailed ISI linear spectroscopy publication are reproduced in the table
below; they cover both the so-called P- and R-branches of the 233 rotational-vibrational band of H3C*N. At
the time of preparing this report (i.e. before the final papers from IS are published) these represent the state-
of-the-art knowledge of the HCN spectrum in this wavelength (frequency) range, surpassing the previous ref-
erence data published by NIST.

R branch fIMHz u/MHz P branch fIMHz u/MHz
2 194,615,893.43 0.06 3 194,101,383.63 0.06
3 194,697,533.81 0.06 4 194,011,539.87 0.05
4 194,777,994.36 0.04 5 193,920,532.34 0.04
5 194,857,273.35 0.04 6 193,828,363.34 0.05
6 7
7 8
8 9
9

194,935,369.49 0.04 193,735,034.34 0.04
195,012,280.18 0.04 193,640,548.56 0.04
195,088,004.33 0.04 193,544,907.37 0.04

195,162,540.03 0.05 10 193,448,113.37 0.05
10 195,235,885.62 0.05 11 193,350,168.82 0.04
11 195,308,039.52 0.05 12 193,251,076.07 0.04
12 195,379,000.21 0.05 13 193,150,838.24 0.05
13 195,448,766.29 0.04 14 193,049,454.45 0.06
14 195,517,335.80 0.05 15 192,946,931.25 0.07

Tablel - linear spectroscopy of HCNesults from ISI.

Although the data published in this linear spectroscopy paper is sufficient for the project objective on improving
FSl accuracy, the possibility of using HCN as a high precision frequency reference for the metre realisation (or
for telecommunications work) meant that the more accurate available from the more complex, saturated ab-
sorption spectroscopy approach would be useful and help convince the WGFS to ratify the data at higher
accuracy level. ISI thus changed experimental setup to allow saturated absorption spectroscopy to be per-
formed.

A classical setup using counter-propagating beams in a gas cell at 50 Pa was constructed with the gas cell
permanently attached to a vacuum manifold to allow refilling at different pressures. A single frequency erbium-
doped low noise laser was amplified by an erbium-doped fibre amplifier. The amplified light was split between
the beams interacting in the gas cell, and a separate fibre-based HCN cell which was used for course frequency
reference during laser tuning using the previously measured linear absorption spectrum. The laser frequency
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was modulated at 1 kHz with 6 MHz depth and demodulated in the detection electronics. The optimum gas
cell pressure was found to be ~2.5 Pa where a signal to noise ratio of ~100 was obtained. ISI then had to
overcome a problem in which the signal level decayed by 50 % in 45 minutes. This is thought to be due to
absorption of the polarised HCN molecule onto the cell wall, starving the beams of molecular interaction. ISl
found that pre-coating the cell wall with silane (SiH4) could reduce the decay to 50 % signal drop in 90 hours.
Work on improving this situation is ongoing, however ISI were able to obtain a good 3f saturated absorption
signal of the R(2) HCN line indicating that saturated absorption spectroscopic measurements should be pos-
sible, given more time. An initial paper on the ISI saturated absorption spectroscopy was published:

iSaturated Spectraons cHorpayb ionfa ,HOWaor,t i n Hogek, Gi mon
Lazar;Ond Sej L2 p, ,Podeedingskof 2PA1 Dofhtt Conference of the European Frequency and
Time Forum and IEEE International Frequency Control Symposium (EFTF/IFCS), Proc. IEEE, 2021,
(2021), ISBN 978-1-6654-3935-0, 7154. https://doi.org/10.1109/EFTF/IFCS52194.2021.9604272 Open
access version of the work is available here: https://zenodo.org/record/6497501

FfeSu

| SI 6s work on the sat ur atnénded o the end gf the pooject ang teva ftirtheo pulslio p y

cations are to be submitted shortly after the end of the project (in addition to the contracted deliverable which
is already published). One paper will be a further paper on the linear spectroscopy. The other is a more detailed
paper on the results of the saturated absorption spectroscopy - this paper was submitted for publication during
the end of project reporting period, to the journal Optics Letters. We hope to report a DOI of an accepted
publication at a later date (to the EURAMET repository and the project website), but until then, the preprint is
available from ArXiv: https://doi.org/10.48550/arXiv.2206.09232.

The second partner to attempt HCN spectroscopy was NPL, and their approach was to use the technique of
dual optical frequency comb spectroscopy in which two optical frequency combs are operated at slightly dif-
ferent repetition rates. A continuous wave laser at ~1.5 um is split into two beams, one per comb, and the
combs use perturbation (at slightly different frequencies) to produce modes (‘comb teeth’) at regular spacings,
with traceability to the H-maser frequency reference. The two combs with repetition rates "@ and "@+qdQ are
mixed and detected by a single photoreceiver. Each pair of optical teeth (one from each comb) yields an RF
heterodyne signal at an RF frequency. These RF frequencies form a comb in the RF domain of spacing i@
The spacing between the RF teeth can therefore be adjusted by changing qgQ. For spectroscopy, either one
or both combs are passed through the sample gas. The resulting absorption (or phase shift) visible on the
optical domain comb teeth is encoded onto the corresponding amplitude (or phase) of the measured comb
teeth in the RF domain. Because the RF signal is low enough in frequency for direct detection, it serves as a
measurable proxy for the optical signal. The dual comb system maps the optical spectrum of width, g3, to an
RF spectrum of width, g /& , where & ="@/¢pQ. Normalization of the RF signal is performed using a beam which
does not pass through the gas sample. The optical scheme is shown in Figure 2 together with the equipment
setup in the NPL lab.

H-maser
@‘E]_ NI PXle,
FPGA,
N4 Digitiser
N2 - @_@_
Ll o '
| 1] =
7777777777777 Sampling .1
clock

Figure 2 - left: optical scheme of the NPL comb system; right: photo of the HCN spectroscopy lab.

The two combs use repetition rate synchronization electronics which are linked to NPL's hydrogen maser
frequency reference in order to ensure the two combs are fully referenced to one another ensuring mutual
coherence and high signal to noise ratio (SNR). A single absorption spectrum can be obtained during a single
sweep of the laser (i.e. every 1/'®) but for improved SNR, multiple sweeps (interferograms) need to be acquired
and averaged, necessitating high speed synchronized data acquisition to allow for phase correction. As well
as being prepared for free space optics, initial tests were performed using fibre-coupled gas cells.
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Unfortunately, the COVID-19 pandemic caused a long delay in preparing the NPL experimental system as the
frequency combs were ordered rather late (due to COVID-19 shutdown) and delivery was then delayed further.
Additional problems with some components of the system caused further delays. Separately, the changing
landscape caused by COVID-19 meant that all three of the NPL comb researchers resigned and left NPL
before the end of the project and NPL was unable to resource the work to completion. In the end, with the
delayed experimental setup and loss of key staff, the NPL experiment was unable to produce data suitable for
publication within the timeframe of the project. The comb system remains at NPL, and it is hoped to be able to
continue work after the end of the project, using alternative funds.

At RISE, an analysis of the unsaturated absorption spectra of HCN was performed in collaboration with
Thorlabs Scandinavia. A fiber coupled gas cell with HCN at 100 torr and a path length of 5.5 cm was connected

to an incoherent | ight source and the Fourier Transfor

analyzer uses a scanning Michelson interferometer with a frequency-locked 1532.8323 nm reference laser. To
further reduce uncertainties of spectral offset caused by alignment of input light, the HCN gas cell under test
is connected in series with an Acetylene gas cell. Thus, any frequency error will be corrected with the offset of
the H2C: absorptions as specified in the Mise en Pratique. Also, this indicates that traceability will be achieved
through the official absorption frequencies of Acetylene. The sample resolution of the Spectrum Analyzer is
2.0 GHz, but this can be improved through curve fitting algorithms. The analysis of the total measurement
uncertainty is ongoing, and the results are planned to be submitted for publication in the IOP journal Measure-
ment Science and Technology.

At the end of the project, ISI had published three papers, including the paper where they listed the improved
HCN frequency data given above. This alone should be sufficient for consideration by the CCL-CCTF WGFS.
However this is not the only output i the work by RISE is also to be published and two further papers by ISl
will be published after the end of the project; the papers will be submitted to the CCL-CCTF-WGFS as addi-
tional data to the main publication by ISI. The CCL-CCTF-WGFS is expected to meet next in autumn 2022 and
NPL will table the formal request to the WG to review the new HCN data with a view to incorporation into the
List of Recommended values of Standard Frequencies. As such, the project has delivered what was required
to fulfil objective 1.

As confirmation of the timely need for this improved HCN data, NPL has been asked to supply two fully oper-
ational FSI systems (the OPTIMUM system) to advanced manufacturing research organizations 1 the Ad-
vanced Manufacturing Research Centre (AMCR) in Wales [https://www.amrc.co.uk/facilities/amrc-cymru-
wales] (which is partnered by Boeing) and the Advanced Machinery and Productivity Institute
[https://www.ampi.org.uk/] (AMPI). Both systems will be using the updated HCN data to provide the FSI trace-
ability route.
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4.2 Development of novel and validated LVV\M methods for simultaneous metrology of mul-
tiple items at different scales and accuracies including. (i) close range precision track-
ing of robotic systems, (if) medium accuracy 3D positioning within whole factory vol-
umes and aaqjustab le accuracy tracking for Autonomously Guided Vehicles (AGV) car-
rying workpieces.

Within advanced manufacturing, a key trend is towards automated and eventually autonomous production,
with a strong emphasis on robotics and robotic-assisted manufacturing and assembly. However many robotic
systems lack sufficient accuracy for fully autonomous operation and several project partners have therefore
developed coordinate metrology systems to track manufacturing robots and AGVs. As these devices operate
over several distance scales (from close-range operations and inspection to entire factory part positioning),
the developed metrology solutions also need to cover several scales. This has necessitated research into
building several metrology systems, operating on different principles and at different scales.

LNE photogrammetry system

A close range photogrammetry system (3D scanner) has been designed, manufactured and assembled by
LNE (see Figure 3) to control the geometrical quality of large mechanical parts, including both form errors and
areal surface texture. The developed 3D scanner (a) consists of two monochrome industrial cameras (h) (Xi-
mea MQO013rg-e2 equipped with digital lens LM8JCM-V of 8.5mm focal length) and one structured lighting
projector (i) (DLP Lightcrafter 4500). Each camera is fixed on a horizontal rotational structure (f) to guarantee
a predefined overlapping between both cameras FoVs. The structured lighting projector is fixed on one addi-
tional vertical rotational structure (g) to align the projected fringes with the cameras FoVs. Furthermore, the
rotational structures allow the adoption of several angular configurations of the monochrome industrial cam-
eras and projector, consequently several overlapping values could be fixed. The rigid frame (j) made of alu-
minium material supports the cameras-projector assembly. The 3D scanner is mounted on the end-effector of
the KAWAZAKI industrial robot (d), with a maximum reach of 620 mm and positioning repeatability of 20 um.

Figure 3 - the LNEdeveloped close range photogrammetry system: (a) 3D scanning system; (b) Connection cables-toitia ter
computer; (c)Checkerboard calibration grid; (d) Industrial-éxis KAWASAKI robot; (e) 7tmotion axis; (f) Camera mounting
brackets; (g)Projector angular positioning; (h) Monochrome industrial cameras (i) Industrial projector; (j) Aluminium mounting
system; (k) Scanneobot fixing part; (I) Spheres for laser rangefinders.

Traceability of the system was achieved through the use of target grids which had been calibrated using optical
CMMs. The camera calibration and solution of the photogrammetry network involved particle-swarm ap-
proaches. To demonstrate the integration of the LNE system in a wide factory network (simulating the reposi-
tioning of the system via some form of large robot, within the factory volume), a multilateration system devel-
oped by CNAM was used to track the LNE robotic photogrammetry system, with uncertainties of the order of
a few micrometres.

The system developed by LNE thus delivers the metrology requirements of part (i) of this objective of the
project, namely close range precision tracking of robotic systems and the combination with the CNAM system
(reported elsewhere in this document) tackles part (ii) of the objective.
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The majority of the research by CNAM in the LaVA project concerned the development, testing and verification
of their reference class threeZlimensional coordinate measurement system based on absolute distance me-
trology. The aim was to develop a system that is more accurate than commercial laser trackers and can be
considered as a metrological system, i.e. has traceability to the SI metre, including detailed assessment of the
uncertainty of each measurement. For comparison, commercial laser trackers generally operate to a few tens
of metres range and have a manufacturer specified Maximum Permissible Error (MPE) of 10 pm + 5 pm/m,
but this can be exceeded in poor environments. As such, the CNAM system can deliver part (i) of the objective
as well as part (ii), in the sense that it easily delivers the position accuracy at large ranges, though is designed
for static targets rather than dynamic ones, especially when operating with corner cube targets. The system
can deliver the base accuracy for a network of static targets which are then the references for dynamic sys-
tems.

CNAM multilateration coordinate measurement system

The system is based around 4 ‘'measuring heads' which point optical beams at a target in order to measure
the distance between a reference point in the head and the target. The positions of the heads are initially
unknown and determined by a multilateration algorithm with self-calibration: when a sufficient number of tar-
gets is measured, a system with more equations than unknowns is obtained. It is then possible to determine
the coordinates of the 4 heads and of the targets (with a global offset).

The measuring heads use an absolute distance meter (ADM). The ADM determines the distances d between
each measurement head and a target position. To do this, a phasemeter measures the phase accumulated by
a Radio Frequency (RF) carrier, which is propagated in air by a laser beam at 1550 nm:

@ P %o a’n
¢ ¢ £ q P

Here z is the measured phase shift, ¢ the speed of light in vacuum, n the group refractive index of air, frr the
frequency modulation, and k an integer number corresponding to the number of synthetic wavelengths s =c/
(nxfrF) within the distance to be measured. The ADM uses affordable components coming from the telecom-
munications industry: the emitted modulated signal comes from a Distributed FeedBack laser diode (DFB)
modulated at 4895 MHz by an Electro-Absorption Modulator (EAM), while at the receiver side, the phase-
shifted signal is detected by a PIN photodiode. To reduce the cost of the system, a common ADM is shared
between the four measuring heads using a fibre switch, thus with the developed system, the four distance
measurements for a given target are not measured simultaneously, but one after the other (time multiplexing).

The measuring heads employ dual axis gimbal systems to control the pointing direction of each head and each
head features a modified mounting carrier (original component manufactured by Leica) to allow mounting onto
a wide range of existing surveying hardware. An assessment of the mechanical errors of the system is pre-
sented in a journal paper in Rev. Sci. Instrum: https://doi.org/10.1063/1.5132933

The multilateration system can be used with two kinds of retroreflector, a hollow corner cube or a glass sphere.
The hollow corner cube is suitable for long-distance measurements, up to 140 m, while the sphere, which
induces high optical losses due to bad reflectivity and beam deflection at its output, is preferred for short
distances up to 20 m since it offers a visibility from any angle, a light weight, and a more competitive price.
The hollow reflector is mounted in a steering system as it has a limited acceptance angle across the front face
and has to turn to face each measurement head (whilst keeping the optical centre fixed in space).
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Comercube

Figure 4 - the two type ofeflector used in the CNAM system: leffiollow corner cube in motorised stage; righdlass spheres.

Overall the measurement heads were found to be capable of delivering optical range measurement with an
uncertainty better than 5 um over path lengths up to 20 m, and the total standard uncertainty on distance
measurement (including mechanical errors of the heads) is 11 um which is state of the art. The heads are also
capable of making measurements up to 140 m range (far greater than commercial laser trackers).

(Dmeasure DFE = distributed feedback laser diode .- '(‘.47 ~ =
EAM = electro-absorption modulator - a\oo\\ O
VOA = variable optical attenuator | 92 -\“o‘ Iy
SMF = single mode fiber \ o
PD = photodetector
LO = local oscillator
S = RF splitter l?ﬂ

. Qlass
Q' phere

Phasemeter

Head C

Head D

1x4 switch

optical ™ optical
amplifier  splitter

Absolute Distance Meter Optical head A Optical heads B, Cand D

Figure5 - schema of the CNAM multilateration measurement system.

By using the four measuring heads to measure the same common target, a multilateration-based coordinate
measuring system is achieved. The metrological basis of the system is the determination of the distances from
all four heads to the common target. After measurement, the target is moved to a new location and the distance
measurements are repeated. When sufficient measurements have been completed, the system becomes
mathematically solvable, revealing the 3D locations of the heads and the locations where the target was meas-
ured. The schema of such a system is shown in Figure 5.

However, the combination of range information from multiple heads into a multilateration-based coordinate
measurement system can achieve an improvement on the 3D position uncertainty, especially if the locations
of the measuring heads are chosen carefully. The reason for this is that the uncertainty field obtained by each
head is in the form of an ellipsoid, with unequal axes. By arranging the heads such that the four ellipsoids (one
from each head) are enmeshed in a way that distributes the ellipsoid axes equally in 3D, the combined uncer-
tainty will be minimised as no two ellipsoids will have their major axes aligned. When the heads are positioned
in one of the arrangements shown in Figure 6, the overall 3D uncertainty of the measured target is minimised
toavalueof 3/ a4 oahge mdasurement uncertainty. With a range uncertainty of 5 um, such an arrange-
ment can achieve 7.5 um uncertainty.
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Figure 6 - optimum arrnagements of four multilateration headd ariarget. a: regular tetrahedron; b: circulargpacedetrahedron
c: isosceles tetrahedroifhese arrangementsinimise the overall uncertainty ellipsatze.

The details of the measuring heads and the overall multilateration system are described in a journal paper in
Precision Engineering (https://doi.org/10.1016/j.precisioneng.2021.09.009).

The uncertainty of measurement obtained using a laser tracker can be difficult to calculate correctly as the
commercial tracker software does not expose the underlying geometric model, nor its sensitivities, values or
uncertainties. The model is further complicated by the mechanics of the laser tracker and the reliance on angle
measurements in addition to the ranging. However, the CNAM measuring heads do not rely on the measure-
ment of angles, and their mechanical model is known. This enables propagation of the relevant parameters
into a GUM-compliant uncertainty calculation, taking into account factors such as uncertainty in the determi-
nation of the measurement head locations (through self-calibration multilateration). This means that a metro-
logically-compliant uncertainty of measurement can be obtained for every target location measured using the
system. Together with the link to the Sl unit realisations, the results of the system are fully Sl traceable.

Figure 7 - photograph shoimg three of the four CNAM measuring heads as part of a multilateration network.

An initial assessment of the uncertainty of the system is described in the journal Precision Engineering:
https://doi.org/10.1016/j.precisioneng.2020.08.002.

Verification of the uncertainty modelling was obtained through three experimental sets of measurements:

A a: a small volume of one cubic meter using a corner cube as target in 14 different positions; 3 triplet
pairs of targets were constructed;

A b: alarge volume with distances up to 11.5 m and a corner cube target in 14 different positions; the
targets were arranged on 3 pillars and as 3 couples;

A c: a small volume of one cubic meter using a glass sphere of index n = 2 as target in 16 different
positions; the targets were again arranged as 3 triplets.

The uncertainty on the measured distances (k= 1) has been assessed at 4.

cube and at 4.3 em when int2 Rafereace méasurements weneeobtanedoubingi n d e x

the ADM aligned with the axis between each pair of target locations. In such a way, high accuracy inter-target
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distances were obtained which formed the ground truth for the tests of the multilateration system. These dis-
tance measurements had an uncertainty of 7.1 um. The differences between the inter-target distances (d1)
(calculated from the multilateration data) and the directly measured distances (d3) are plotted in Figure 8.
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Figure 8 - results from comparison between multilateratiterived intertarget distancegdl) and the directly measured distances
(d3).Uncertainty bars correspond to 68 % confidence level (k = 1).

The 68 % confidence level of accuracy that can be achieved with the developed system, when the arrangement
of the heads is close to a regular tetrahedron, is typically between 6 um and 10 um for a small volume of one
cubic meter and between 10 um and 22 pum for a large volume with distance scale of the order of 5 m.

A further performance verification was obtained by comparison with measurement of a network of targets
measured using a commercial laser tracker. Colleagues from RISE (Sweden) travelled to CNAM and used
their Leica AT960-LR laser tracker. This comparison required a very careful assessment of the 3D error ellip-
soids obtained by the four CNAM measuring heads as well as that of the laser tracker. Overall when looking
at the deviations between the two instruments, 94 % of the measurements agreed on the target locations within
their k = 2 uncertainties, as expected.

The results of the multilateration operation, a detailed assessment of the measurement uncertainty, and the
comparison against a laser tracker are reported in a 2022 journal paper in Metrology
(https://doi.org/10.3390/metrology2020015). In conclusion, with the advanced (yet affordable ADM) and the
careful analysis of the uncertainty of the measuring heads and of the system as a whole, CNAM have demon-
strated a 3D large range coordinate measuring system which achieves accuracies better than commercial
instruments.

Large Volume Photogrammetry System / TEKNIKER

This system has been developed in WP2 Task 2.2: 3D position measuring system in large factories and has
been previously named as system (ii-b) in the project description. The aim of this system is to measure the
position of moving objects in a large factory with a demonstrated uncertainty.

One of the interests of this system is the assistance in the assembly of large parts; these complex assemblies
require nowadays manual adjustment via trial and error or using large and complex rigs to assist the assembly.
The second interest of this system is specifically targeting the tracking of AGVs. Recently AGVs have benefited
from more advanced sensing technology and the implementation of Atrtificial Intelligence, delivering higher
safety and more reliable navigation. However, typically the control system of an AGV is integrated in the vehicle
itself, providing an autonomous working capability but not a full integration with the plant where it is working.
TEKNIKER has provided a low-cost 3D position measuring system developed for the real-time 3D tracking of
moving objects in large volumes such as factory shop floors. The technology employed for this solution is
photogrammetry. Because this system is software-driven and uses off-the-shelf camera and computer com-
ponents, it is easy and affordable to install, operate and repair. In addition, real-time position of the moving
parts is measured automatically, without human intervention.

The selected approach to measure in real-time the position of items in factory shopfloors is based on the
photogrammetry technique, making use of cameras and target points. As to the targets, near-infrared (NIR)
LED lights have been selected as the most appropriate solution, because a NIR filter can be used in each
camera lens to remove from the photograph most of the undesired environment light energy content. For this
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purpose, battery-driven wireless active targets have been developed and manufactured. This makes the active
and wireless infrared target solution the most interesting both from the point of view of implementation and
robustness.

In the following two images it is shown the difference between working with the full light spectrum and using
only a narrow bandwidth around the NIR wavelength used by the active targets. This test was performed at
the beginning of the project in open air and under solar light, which is the most adverse condition, compared
that of an indoor environment. In this preliminary test an incandescent halogen lamp was used (later 850 nm
LEDs were adopted).

As can be seen, when filtering all the light wavelengths except for the 850 nm NIR light band, most of the
undesired light energy content is eliminated, so the light emitted by the active target appears in front of a nearly
black background excepting some minor unwanted reflections that can be filtered. Working in the NIR band
therefore helps to identify the target in the scene.

Spectrum of Solar Radiation (Earth)
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Figure 9 - testingof photogrammetry camera in sunlight without filtering.
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Figure 10 - testing of photogrammetry camera in sunlight but with filtering to exclude all but the NIR wavelength range.
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The TEKNIKER-developed system can work with passive targets, but as explained earlier, working in the infra-
red spectrum band show an advantage for identifying the target in the scene.

There are two options for working in the NIR band. First is to use retro-reflective targets, which are illuminated
by a set of several NIR light sources or lamps installed around the working volume of the system. The incon-
venience of this approach is the buying cost of the lamps and the electricity expense derived of having the
lamps continuously switched on.

In this project, a second approach has been embraced which is the use of self-powered battery driven active
targets. For this purpose, the design and manufacture of 10 such active targets have been achieved. The
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active targets have three 850 nm LEDs and a compact Lithium-ion battery cell with capacity to power the led
intermittently for 8 hours which is the common working day duration.

The design of this system has included the electronics needed to handle the power management of the LED
light source. Apart from the management of the battery and temperature control to prevent overheating, also
the system has wireless communication capability. This is based on the use of a Bluetooth protocol and a
remote control that allows to order the switching on and off from each single target from the main software
installed in the computer.

Figure 11 - selfpowered active targets developed by TEKNIKER.
Once the final cameras and lenses were selected, they were installed in a shopfloor, arranged in a volume of
1I0mx10mx5m.

In the following images it is shown the kind of field of view that is obtained (these images are in the visible
spectrum, although they will have later a filter to work in the infrared spectrum only).

Figure 12 - images from the photogrammetry cameras covetfieglO m x10 m x 5 m volume.

An automatic technique for extrinsic camera self-calibration was implemented to calculate the position and
orientation of the cameras in the scene. This method, as shown in the next figure, has been based on a Bundle
Adjustment algorithm which is used to estimate and refine both extrinsic camera parameters and 3D point
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