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1 Executive Summary

1.1 Introduction

The project has successfully tackled the most critical needs expressed by a range of users of Large Volume
Metrology (LVM) by developing a range of new dimensional measuring instruments, new ways of
compensating for thermal and refractive index distortions, new measurement facilities and updated modelling
software, all designed for in situ operation in large volumes. The new (prototype) instruments have been
developed, inter-compared and successfully tested and demonstrated in both laboratory and industrial
locations. The instruments are based on a range of different principles, targeting different application areas.
Outputs from the project include instruments, techniques and new knowledge as well as many technical
publications and presentations and five patents (two of which are already granted). Selections of stakeholders
have already expressed a desire to use or further develop several project outputs and opportunities for
commercial and scientific exploitation (i.e. as commercial instruments or collaboratively developed facilities)
are already under discussion with a range of organisations. Some of the new facilities, such as the improved
50 m tunnel are already available.

1.2 The Problem

In many high value industries and science & healthcare facilities, large objects, assemblies, equipment and
facilities are manufactured or used, often at high cost. In order for these to operate correctly, control of
position, dimensions and/or shape of key components at the tens of micrometres level has to be performed
within large volumes (hundreds of m3), often in non-ideal environments. Better measurement generates
significant advantages such as: better accuracy of aircraft wing and fuselage manufacturing reduces the
amount of excess mat eringaneight and fual-bum,dand(ebdablesi moiie Jaerodyaamic
designs to be achieved (e.g. natural laminar flow for better fuel efficiency); better traceability to the Sl ensures
compatible component dimensions (e.g. airframe sections) when sourced from multiple countries (e.g. Airbus
operational model ) ; particle accelerators (e. g.
experiments/facilities (ITER, ESRF) as well as beam-based therapy systems in healthcare require alignment of
components over hundreds of metres to hair-width tolerances in order to function. In all these scenarios, the
measurement is not performed at a laboratory, but on the shop floor, in situ, in non-controlled environments,
making it difficult. To achieve these requirements, users of so-called Large Volume Metrology (LVM) systems
require these systems to: measure structures which are at uncontrolled temperatures and compensate for
thermal expansion; cope with large measurement datasets with low uncertainties and ideally at high speed
and low cost; compensate for errors introduced by airborne refraction; provide dimensional traceability to the
S| metre; be portable; and ideally assist the operator in calculating the total achieved measurement
uncertainty. LVM makes use of a number of optical techniques (laser tracking, photogrammetry,
interferometry, etc.) to determine position and dimensions of large objects but existing commercial LVM tools
cannot achieve all or even some of these requirements, across all ranges and technologies. A consortium of
end users identified and collated their key issues with LVM and the top four issues became objectives for this
research project. (Other issues were left for future work).

1.3 The Solution

In order to address as many issues as possible we decided that multiple strands of research were necessary
with the goal of developing several new techniques and instruments i we thought it unlikely that a single
approach would deliver impact for all end users. Firstly, we decided to develop several new measuring
inst ruments to full prototype stage, based on diffe
now being embodied in proprietary absolute distance meters (ADMs) used in commercial laser tracker and
laser ranging devices, we targeted a second research theme at developing ADMs which provide easy to verify
traceability routes using either well-known laser traceability schemes or using cheap, off-the-shelf
components. To enable better accuracy operation in non-standard environments we aimed to develop both
along-the-beam refractive index compensation and wider field refraction detection and modelling. The
environment not only affects the measuring instruments but also the object/assembly being measured i a
fourth research strand aimed to model and compensate for thermal distortion of assemblies in non-ideal
environments. To ensure that all the research outputs were performing as intended and that they were
capable of operating in industrial location, a final series of intercomparisons and demonstrations was planned
including a live test of several project outputs at an operating Airbus facility.
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By the end of the project, we had delivered:

(1) A prototype system based on an intersecting planes technique (InPlanT) which uses linear axes
separated from the harsh environment.

(2) A prototype system similar to videogrammetry but using spherical targets and through-the-lens laser
illumination.

(3) A system based on frequency scanning divergent beam interferometry which demonstrated an
accuracy of 50 um over small (1 m3) volumes. This system was then developed further into:

(4) A longer range system, again using frequency scanning interferometry (FSI), which was demonstrated
at 10 m ranges in laboratory and industrial environments.

(5) A portable telemeter based around cheap off-the shelf components operating at 1550 nm and 785 nm
wavelengths which could measure over ranges of 50 m and perform along-the-beam refractive index
correction using the second wavelength.

(6) A tracking interferometer with absolute distance determination based on multiple wavelength
interferometry, together with an additional set of wavelengths for refractive index compensation.

(7) An upgraded 50 m tape bench facility with additional temperature, pressure and humidity sensors
together with heating circuits, to simulate an industrial environment.

(8) A range of photogrammetry tools (multi-spectral imaging, long focal length imaging, digital axicon
camera, MathCad refraction analysis, volumetric refractive bundle adjustment software) developed
and combined into a system which can perform photogrammetric analysis of images and discrete
thermal measurements with refraction modelling and signal environmental instability across large
volume manufacturing spaces.

(9) A hybrid thermal compensation scheme in which scheme data from a sub-set of dimensional
measurements is fed back into a finite element model analysis together with temperature data, to
iteratively improve the accuracy of the FEA simulation. The model can then be used to perform
thermal compensation of the entire assembly/structure.

(10) A test component/assembly, typical of those used in aerospace manufacturing, designed and
instrumented together with full CAD model.

An inter-comparison of outputs (5) and (6) was performed using facility (7). This allowed verification of the
ultimate accuracy of these new instruments. Output (4) was taken to and tested in the Reference Wall facility

at PTB, all owing a test of t he techniqueds dridustriaina t e
testing/demonstration of outputs (1), (4), (5), (6), (8), (9) and (10) took place at Airbus, Filton, UK in a live
factory environment. The work of the project team has been presented at over 30 conferences, several sets of
training have been delivered by the project team, ten peer-reviewed journal papers have been submitted and

one good practice guide produced.

1.4 Impact

The project has already demonstrated impact and interest from end users across a selection of fields and this
has been growing in momentum. However, the greatest impact will occur when the project outputs have been
developed into commercial instruments and when discussions on future collaborations have culminated in new
collaboratively developed facilities such as that being discussed with CERN.

Dissemination

Ten publications have been submitted to peer-reviewed journals (five already published) and we have made
twelve inputs to standardisation and metrology committees (EURAMET, 1SO, VDI/VDE, UNI) with one
standard already citing work from the consortium partners. The project work and outputs have been presented
at 32 conferences and project staff have given eight training sessions (six of which were for external
audiences of end users). Three trade journal articles have been used to publicise the work in industry and we
have conducted a two week long successful onsite measurement and demonstration campaign at Airbus,
Filton as well as two successful inter-partner measurement campaigns.

Early impacts
Five patents have been submitted based on the work of the project and two have already been granted: DE 10

2010 032 407 B3 and DE 10 2015 203 697. These patents have been the basis of two project partners
entering into partnership discussions with two commercial organisations, to exploit the developed technology;
a partnership agreement is close to signature. An existing U0.5M collaboration with the University of South
Wales changed direction as a result of the project (i.e. the project outputs showed a better route for the
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research direction). The variable temperature environment tape bench with improved sensor systems is
already operational at GUM and has been used by two project partners.

The UK national project 0U063IM funding kalue) & dakirig rsevérdl @utputsFanc t o r y ¢
the LUMINAR project (the work of University College London and the University of Bath) and developing them
further into a full technology demonstrator. Demonstration of the FSI system to CERN has resulted in a
request from them to collaborate to develop the FSI system for their use in periodic realignment of the Large
Hadron Collider and in future alignment of its successor; CERN have already purchased target spheres for the
FSI system for use in alignment tasks. The InPLanT system has been demonstrated to a machine tool
company and this has led to a request to explore further development of the technology. There has been a
strong and potentially highly valuable request from a commercial organisation to enter into collaboration to
develop and exploit the FSI system. There has also been an early discussion with a commercial organisation
to exploit the tracking interferometer. The Capabilities and Potential report (IP Exploitation Plan) for the project
outputs lists 23 items for potential commercialisation or exploitation ranging from cheap environmental loggers
based on the Raspberry Pi computer, to exploitation of a developed laser tracker uncertainty mode for
dynamic measurements which can be used to improve the accuracy of hand-carried laser tracker targets.

Longevity
A new collaboration between University College London and Airbus in structures testing will be using work

from the project. The National Physical Laboratory has received a request from a national (UK) funding body
to submit proposal for further development of the FSI system into a facility for use by aerospace companies. A
plan to set up a calibration service for large coordinate measuring machines using the tracking interferometer
is already underway at PTB and NPL is already continuing to improve the FSI prototype system using national
funding.

Wider potential impact i meeting high-level societal needs

Assuming exploitation routes already started are successfully concluded (new LVM services at GUM, PTB,

NPL are used by customers; development of INRIM, PTB, NPL outputs taken up by commercial companies;

CERN takes delivery of an FSI system; UCL & UBATH outputs developed further in the Light Controlled

Factory demonstrator produce eventual update), the project will have several direct impacts on many sectors:

1 Instrumentation: a range of instruments will become available, giving accuracy approaching that of laser
trackers but with S| traceability and ability to measure more targets simultaneously and compensate for

refractive index effects. A t around 0100k minimum each unit, commer
significant new EU turnover at the commercial technology partners.
1T Science: the Large Hadron Colliderds successpiojectwi | |

research i without accurate alignment, the largest machine ever built will not work - $7.8 billion direct costs
plus 13,000 person years of contributed effort would be wasted.

9 Transport: aerospace manufacturing will be using measuring systems coming from project outputs to
perform in situ testing of new wings without the need to pause tests to wait for measurements to be made
statically; live monitoring of wing assembly jigs will lead to the accuracy improvement (400 um down to 100
pm) required for next generation aero-structures, saving at least 100 kg in weight on each aircraft built and
122 tonnes of fuel/aircraft p.a., leading to a reduction of 38.5 tonnes of CO: /aircraft p.a. and reduced
overaloperating costs of around 0U5.5k per aircraft p.a.

1 Advanced manufacturing / Industry 4.0: factory-wide metrology system will be based at least partly on
combinations of technologies from the project, enabling automated robotic assembly and manufacture at
necessary accuracy level. A recent report concluded that an industrial-scale version of the Internet of
Things, i.e. Industry 4.0, could add $14.2 trillion to the world economy over the next 15 years. Advanced
large scale manufacturing will require the advanced metrology from this project.

This project has produced a range of new techniques, instruments and knowledge that will enable LVM users
to deliver their own advanced products, facilities, and measurement services which will all make contributions
to society either by being more efficient, or generating higher impact/ new science, using fewer manufacturing
resources & creating less scrap/waste, etc.

AfWe Shapel OuramdoThereafter Our Tools Shape
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2 Project context, rationale and objectives

2.1 Context

Large volume metrology (LVM) i the ability to measure size, location, orientation and shape of large objects,
assemblies or machine tools - is a critical requirement in many high value industries where the EU is globally
competitive, such as aerospace, automotive, civil engineering, and power generation. LVM is also an
underpinning technology used in critical periodic alignment of large advanced science facilities such as those
at CERN or ESRF, in the preparation of particle beam-based therapy systems for healthcare, and in the civil
engineering and surveying industries. Almost all modern large volume metrology instruments employ optical
techniques in which electromagnetic beams propagate in ambient air. However, fundamental technical and
environmental issues, including the difficulty of establishing traceability to primary standards of length and the
determination of reliable measurement uncertainties, are preventing wider uptake of LVM or limiting the
available accuracy or applicability. LVM is a process often hidden from consumers but is absolutely 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, or they are part of a semi-fixed
infrastructure that cannot be removed. In other words, they have to be measured in situ, often in non-
cooperative environments. These issues make accurate metrology very difficult to perform. The inability of the
metrology to keep pace with user demand is now being acutely felt in many industries owing to commercial or
regulatory pressures.

The Clean Sky Joint Technology Initiative of FP7 and the IATA Technology Roadmap have recognised that
meeting targets for reduced aircraft emission require new aircraft designs, including laminar flow wings, and
blended wing body architectures. Regulatory pressure behind the Initiative comes from both the Aviation
Directive 2008/101/EC and from Directive 2002/30/EC concerning noise at airports.

Ubi quitous 3D metrology for &édSmart Bcudng and metrslogwyduided
assembly of large structures will almost certainly use optical techniques and will therefore continue to be
limited by the unavailability of 3D refractive index data. These factories will manufacture a wide range of
products: consumer goods, automotive, jet engines and turbines, high speed railway trains, aircraft wings and
wind turbines 7 n ot al | i t ems ma n u f-the keyinvelbmenti of UVM is & thé flaciory-gvieled
metrology network. Standardisation committees stress the industrial demand for new international guidelines
for traceability, qualification and verification of inline and in-process measuring systems based on robust
procedures. Yet measurement in uncontrolled environments is ignored in current standards such as ASME
B89.4.19 and VDI/VDE 2617.

Fundamentally, the main metrological development of laser trackers since their invention in the 1980s is the
commercial move to absolute distance meter (ADM) technology. The most significant accuracy advance was
the development of the laser tracer concept, but this is a 1D measuring tool, with higher accuracy over shorter
ranges - it is not directly a 3D coordinate measuring system. Furthermore, traceability of the laser tracker ADM
is not easily demonstrated or checked by the user and the refractive index compensation is typically limited to
a single point in the entire volume.

The lack of traceability in LVM has already been identified by the NMI community. The IMERA Length
Roadmap 3, p a p-procdss metr@ogyeis g furtfier indispensable prerequisite for real-time quality
control in production. Especially for metre-range products specific advanced traceability methods have to be
designed which should not be based on materialised artefacts because of their limited, size dependent
st abiol iRuyrét h é&dvamoed 80 mefsuring instruments up to 100 mois also named as a research
target in IMERA Length Roadmap 4.

The chief scientist of a |l eading L ddmentibnal s [digplaceneent]t
interferometry will be dead within 5 yearso ; industry is abandoning reli
favour of absolute distance measurement (ADM) methods that offer the user flexibility and convenience, but at
the expense of measurement traceability and accuracy. Directive 2004/22/EC states within the first page that
flCorrect and traceable measuring instruments can be used for a variety of measurement tasks. Those
responding to reasons of public interest, public health, safety and order, protection of the environment and the
consumer, of levying taxes and duties and of fair trading, which directly and indirectly affect the daily life of

he

ma n

abl

e

citizens in many ways, may require the wse of legally
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There is a commercial need for novel systems to bridge the gap between expensive but accurate laser
trackers and cheaper but less accurate photogrammetry. This will enable a wider uptake of LVM by SMEs,
leading to novel applications. Real-time feedback is a fundamental requirement for complex manufacturing
applications, such as robotic drilling machines where accurate metrology over large volumes is necessary.
Current large volume ubiquitous metrology networks, e.g. based on iGPS, are not sufficiently accurate and
local solutions based on laser trackers are too expensive or unable to simultaneously coordinate large
numbers of features within the manufacturing space.

2.2 Rationale

Thus, as shown above, LVM plays a key role in many sectors but whilst the accuracy achievable in an NMI
environment has progressed significantly, at the shop floor, in uncontrolled environments, achievable accuracy
has not really changed much in the last couple of decades. Despite initiativess uch as NI STés
NMI 6 progr am wimpravé theatiagaabitity links in manufacturing, the nature of the shop floor
environment (metrological and financial) demands a different approach than offered in NMls. Assumptions and
simplifications in routine use in the metrology laboratory cannot be overlooked on the shop floor and this can
be seen in a summary of the most critical issues affecting LVM users outside the metrology laboratory:

i Basic understanding of how a multiple-part assembly behaves under differential thermal and
gravitational loading is still not very detailed. Manufacturing and assembly operations cannot take place
in prohibitively expensive close-control environments, so issues such as gravitational sag, thermal
expansion, uneven heating due to materials with thermal diffusivities and thermal effects on
instruments/parts must be tackled using multi-disciplinary approaches involving dimensional and
thermal metrology and state-of-the-art modelling.

1  Erroneous refractive index compensation leads to scale errors and poor uncertainties, limiting available
accuracy over ranges of more than a metre or so and thermal gradients within a large work-space
induce beam bending that leads directly to coordinate errors (~0.5 mm) that cannot currently be
compensated. The typi cal s i ngdtei opnobi nste néswoera tthheart scto me s
reading at only one point in the entire (large) volume T it cannot be representative of large volumetric
variations in e.g. temperature.

1 New Absolute Distance Meters are needed that can achieve the necessary accuracy but which are also
easily traceable to the definition of the metre. Easily calibrated designs or designs which are intrinsically
traceable are needed so that users can check them easily and generate meaningful uncertainty
budgets. The traceability is needed critically by multi-national manufacturing organisations such as
Airbus to ensure right-first-time when assembling large parts sourced from multiple countries.

1  The accuracy of current metrology systems is insufficient even for existing production techniques. New
manufacturing challenges will require tighter tolerances and higher quality. New metrology systems are
needed to meet these new demands. When measuring critical features on large, complex assemblies,
the dominant uncertainty source is often the effect of the environment. Industry has no mechanism to
correct for these effects or to take the associated uncertainty contributions into account; hence
conformance to design cannot be demonstrated.

1 Innovation in LVM is relatively low i the work horses of the field, laser trackers, theodolites, electronic
distance meters and photogrammetry systems, have been around for decades and yearly product
update and launch cycles tend to focus on new software features or ease of use rather than delivering
truly novel technologies or traceability.

There is plenty of scope for generating significant social, environmental and financial impact from LVM due to
the high value sectors where it is used.

6 Sh

Wi

Aerospace manufacturing directly employs over 440,000 peopl e i n Europe and contri

bilionp.a.t o t he gl obal economy. Aviationbés gl obal economi

estimated at Uuss$ 3,560 billion, (u270 bil | and mviatiom
transports 35 % of all international trade by value. The aerospace market is being driven by the need for fuel
efficiency; shorter lead times and improved reliability. Ramp-up flexibility in aircraft manufacture is critical to
achieving market-driven delivery rates (29,000 new aircraft, t 2. 3 tr il |l i on val ue, by
20 % reduction in lead time is required. For large, complex aircraft, this will require increased automation,
which will depend on accurate in-line metrology in a large volume environment. A typical large aircraft has
several hundred kg of non-designed weight (shims, filler etc.) due to imprecision in manufacturing because of
accuracy losses of LVM tools in factory environments. Improved accuracy of LVM tools and better
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compensation for environmental effects could lead to significant weight savings, hence lower fuel costs and
emissions.

Expensive advanced particle beam therapies such as proton therapy will be a necessary means for
healthcare provision for an EU population living longer. Better mechanical alignment through new LVM tools
would allow more beam outputs from a single synchrotron source, with better accuracy of beam delivery to
tumours resulting in treatments with higher cure rates.

Bi g s c | wechcas particle accelerator facilities rely intensively on alignment of their components.
Reducing down-time by faster, more accurate LVM would help improve efficiency of these world-leading,
expensive science projects, thereby reducing the burden to the tax payers within the EU. A more fundamental
issue i s that current LVM technology is unlikely to
which is currently being designed.

Large components play critical roles in energy generation, yet often need alignment or operation in harsh
conditions. Near Borkum, Germany, six gigantic windmills, with an investment value of approximat el y
million stood still for months because of gear problems which could have been prevented by better
measurement before or during installation.

However, the wealth of potential usage scenarios for improved LVM is also a concern in terms of the ability of
a single research project to make significant impact in just a three year period. A single project cannot tackle
all the known problems and no single problem has such an overwhelming priority that requires a focus of effort
so we had to achieve maximum coverage another way i.e. by having a broad research portfolio within a single
project. Simply improving the accuracy of instruments was not enough i several new approaches were
required, long-standing difficult problems experienced by LVM users had to be tackled and a balanced set of
outputs had to be worked on in parallel. Through the inclusion of a range of end users in the drafting stage of
the project, we were able to quickly agree a short list of necessary research objectives.

2.3 Project scientific and technical objectives

Analysis of the required research revealed four scientific objectives together with an over-arching objective to
show that the project outputs are able to operate in a typical end user industrial environment. These objectives
were;

(1) To develop several new measuring tools and techniques that bridge the gap between
photogrammetry and laser trackers and are capable of operation in typical industrial LVM
environments, based on several different operating principles, to maximise the range of applications
where they can be used, over volumes of 10 m x 10 m x 5 m with a target accuracy of 50 pm.

(2) To develop new traceable absolute distance meters to operate over ranges of at least 20 metres,
specifically a user friendly portable device and a system that will be built into a laser tracker.

(3) To develop both line-of-sight refractive index measuring systems (one standalone and one that will
be built into a laser tracker) as well as a novel network based system that can measure refractive
index effects over a 3D volume. These systems will enable on-line compensation of refractive index
effects in industrial environments over volumes up to of 10 m x 10 m x 5 m with a target accuracy of
1 part in 107.

(4) To undertake the necessary modelling to understand and predict how large multi-component
structures (such as aircraft wing segments) behave in non-ideal measurement environments. This
will be supplemented by in situ dimensional and thermal measurement data at critical points.

(5) To verify and demonstrate the capabilities of the developed new technologies, instruments and
approaches i mixing measurements at project-Partners, with those in real-world industrial
environments, and demonstration of how traceable large volume metrology in industrial
environments can be achieved practically.

The project was planned as multiple parallel avenues of research, with the common goals defined above, in
order to target as many potential application areas as possible. The range of approaches is best summarised
in a flow diagram:
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Figure 1 - Project outline. The four left side technical objectives (light blue) are the basis for the thirteen research strands
(orange) which were organised as four work packages. The various strands of research were brought together in three locations
(white circles) for inter-comparison and testing. Outputs from the project are collected together into the seven routes to impact
on the right side (yellow flags). Involvement of external stakeholders helped steer the project and provided several channels for
dissemination of project outputs.

By allowing each of the project partners to concentrate on their own area of expertise (with suitable guidance)
we were able to produce many outputs in parallel at relatively high speed since no single partner could act as
a bottle-neck, restricting the speed of the others. In cases where a new output was potentially on the critical
path of other outputs (e.g. the new interferometer under development by GUM which would be used to test
new instruments being developed by CNAM and PTB) we ensured alternatives and backups would be
available as fall-back options. Similarly, the large on-site testing campaign at Airbus which was the key
demonstration deliverable, was planned with additional options available (testing at PTB and at The University
of Sheffield facilities). We also built in several break-points into some of the instrumentation deliverables
allowing for last minute changes of plan depending on the results of early research.

The verification and demonstration objective together with the routes to initial impact were planned to occur in
the very end stages of the project, when the hardware had been designed, assembled and tested though
several ongoing activities were possible during all stages of the project (conferences, committee work, early
research papers, etc.)
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3 Research results

In summary, the research conducted by the various teams has delivered a large range of outputs which satisfy
all the scientific objectives of the research project. Furthermore, the objective relating to the start of impact
generation through demonstration activities has also been achieved with exploitation routes and early impact
pathways already being explored.

In the sections below, the numbered outputs are those from section 1.3.

3.1 Objective 171 innovative systems

Development of innovative measuring systems which bridge the gap between photogrammetry and laser

trackers, working over volumes of 10 m | 10 m |

ACHIEVED

The first objective has been achieved via the four systems that were developed. These systems all
demonstrate novel metrology concepts and two have attracted interest from potential commercial
manufacturers/adopters:

1 A prototype system based on intersecting planes (InPlanT) which uses linear axes separated from the
harsh environment. This delivered repeatability of 45 um in an industrial on-site test campaign using
short versions of two measuring axes simulating a 10 m x 10 m area.

1 A prototype system similar to videogrammetry but using spherical targets and through-the-lens laser
illumination. This was tested in a lab environment and achieved 100 um accuracy over 3 m ranges.

1 A system based on frequency scanning divergent beam interferometry which demonstrated an
accuracy of 50 um over small (1 m?3) volumes. This system was then developed further into:

1 Alonger range system, again using frequency scanning interferometry (FSI), which was demonstrated
at 10 m ranges in laboratory and industrial environments. Hardware failure during final testing limited
the accuracy to 100 um but earlier tests indicated that 50 um or better will be possible.

Details of InPlanT system

The INRIM development of a proof-of-concept demonstrator of the Intersecting Planes Technique (InPlanT) is
based on the idea that a point in space can be thought of as the intersection of three non-parallel planes. In
particular, if the planes are orthogonal to each other, their normal unit vectors form a Cartesian coordinate
system, the planes are coordinate planes, and the position of each along its normal axis is the coordinate of
the plane. The coordinates of the target are then the ordered collection of the positions (x,y,z) of the
intersecting planes. InPlanT is parallel, as the axes work independently of each other, each yielding a single
coordinate. The actual coordinate measurements are performed at the borders of the measurement volume,
where the axes are located - when the conditions of the measuring volume are harsh, the axes can experience
more favourable conditions either naturally (being away from the source of the harshness) or deliberately (e.qg.
localised temperature control and shielding). The use of more than 3 axes can be envisaged as a route to data
redundancy and either self-calibration or uncertainty reduction.
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Figure 211 InPlanT concept of coordinate planes Figure 371 Possible physical embodiment of the InPlanT
intersecting at a target. system realised by three rotating pointers each moving along

an independent (measured) axis.

Several designs of rotary light beam were considered: a beam source with tracking capability (like a laser
tracer); a continuously tracking rotating stage; and a light blade, distributed in space (e.g. using a cylindrical
lens or mirror). Preliminary tests settled on the second option of a tracking, rotating stage. This required further
development in order to optimise both the beam launching and return beam detection arrangements i tests
were performed using a pentaprism mounted onto a hard disk motor assembly with a four quadrant detector
for the return beam. A final design was arrived at, based on a commercial linear slideway onto which is
mounted a carriage with commercial rotation stage which holds the pentaprism. Light is collimated onto the
prism from a nearby lens source. In order to maintain orthogonality of the planes, and to compensate for pitch
and yaw errors of the linear stages an assembly of crossed autocollimators was designed and aligned. These
achieved a sensitivity of 12 microradians per pixel.

Camera

Rotary stage

Camera
Autocollimator

Beam splitting
pentaprism

Retroreflector
(n = 2 sphere)

Linear stage

Figure 41 InPlanT single axis T overall design.

Report Status: PU Public

Issued: January 2017 E M RP -
Final Publishable JRP Report Version V1.0 European Metrology Research Programme
11 of 48 ® Programme of EURAMET

The EMRP is jointly funded by the EMRP participating countries
within EURAMET and the European Union



IND53 LUMINAR N

LUIMIiHR ERAMEL
yavavanv v,

The image in section 3.5 shows the final pair of linear axes with their rotating carriages i the project budget
was only sufficient to manufacture a two-axis prototype - the key elements of the design can be easily seen. A
moving linear stage carries: a rotary table with rotation axis aligned to the measurement axis, a laser
collimator (fed by a fibre) aligned to the rotation axis, a pentaprism attached to the rotary table which deflects
the beam 90° regardless of its orientation. The beam impinges onto a retro-reflecting target and the returning
beam is deflected back by the pentaprism and impinges (through a beam splitter) onto a camera. The camera
sees the (luminous) image of the retro-reflecting sphere and the position of the sphere in the camera image
drives: vertically, the rotary table; horizontally, the linear stage. When the image is centred (possible residuals
are compensated), the linear position is measured by a linear encoder and constitutes the sought coordinate
for that axis. NPL provided the same retro-reflecting targets to INRIM as used for its FSI systems.

The mechanical and optical systems were integrated by linking the rotary stage controller to a Raspberry Pi
computer using Ethernet. The Pi also linked to the camera and the linear stage controllers using USB
interfaces. A web server interface was used to provide user access to the system. Testing in the laboratory at
INRIM was completed very shortly before the transportation for the tests at Airbus. The pentaprism pose was
adjusted on the rotary stage to obtain a residual angle of (111 +46) microradians. The squareness error was
measured as 935 um but was reduced down to 97 um. The sensitivity of an axis system was demonstrated as
0.31 pixels/um. For these prototypes, maximum tracking speed is about 1 cm/s because of limited control

bandwidth (general purpose LabVIEW setup), however the residual error isbel ow 25 em when

stopped. Granularity in position due to actuator step size is similarly 25 um. Linear position tracking noise of
around 10 um at 7 m target range was demonstrated.

In principle, to achieve a (10 x 10 x 5) m3 measuring volume, two 10 m and one 5 m axes are required. Due to
the budget limitation, the project prototype is limited to two axes only, with strokes of 1 m and 2 m,
respectively. Only the 2D coordinates of the projection of the target over a measuring plane can be measured
at the moment, limited to an area of (1 x 2) m2. However, measurements in a 3D space at full distance (e.g. at
10 m) are possible thanks to the mutual independence among axes. The results obtained in a harsh
environment at Airbus are detailed in section 3.5, however, in summary: an InPlanT working prototype was
constructed, limited to 2D and to a (1 x 2) m?2 area, but simulating 3D and (10 x 10 x 5) m3 in full; the principle
has been successfully validated; an error standard deviation of 45 um was achieved in a rotary table test in
harsh conditions; further test data are currently being evaluated and the system improved.

Details of videogrammetry system

One of the issues which affects photogrammetry as a metrology technique is the appearance of the targets
when viewed from multiple locations and orientations. Typically targets are flat discs of reflective material
(possibly with identification markers) i when viewed straight on, they appear in the image taken by the
photogrammetry camera as small circular dots, however when viewed non-normally, the discs degenerate into
el lipses and the flatness of the surface then contr
developing laser trackers using glass targets with refractive index n = 2 suggested that these omni-directional

t

targets (the spheres actasomni-di r ect i onal catsbd eyes) could mdHese bett

n = 2 spheres have a potential downside for photogrammetry use because they reflect most of the light back
towards the light source i in the case of a photogrammetry camera, the light source is usually a flash gun or

ring flash mounted on the camera. In such a situation the light is reflected by the sphere back into the flash
unit, rather than into the camera lens. However, by arranging for through-the-lens illumination this can be
turned to an advantage as these spheres then become
camera lens with minimal divergence or distortion.

With assistance from UCL, NPL developed a videogrammetry camera featuring through-the-lens laser
illumination together with the necessary bundle adjustment software and targets. The single camera was
developedi nt o a 3 <camera 3D metr ol oMeyologyySstae rehé pamerasonerg p e
designed with divergent lens systems to allow a large field of view.
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Figure 51 Metrology Space camera design with through- Figure 6 - Pair of Metrology Space cameras vieing calibration
lens laser illumination. artefact.

The Metrology Space system was used to measure the lengths of reference bars of length 200 mm, 400 mm
and 600 mm, oriented in several directions inside the 3D measuring volume of the system. The system was
calibrated using a multiple-target artefact and a known length. The root mean square of the residuals was
between 0.094 mm and 0.463 mm. The repeatability of the measurements (as calculated by the standard
deviation of each set of measurements) was between 0.054 mm and 0.092 mm. This would indicate the
system is repeatable to well within 0.1 mm, and that the reason for the relatively high measurement
uncertainty and residuals are due to systematic errors rather than noise or random errors. These systematic
errors are likely to be optical distortions in the imaging lenses. Nevertheless, the proof of concept of a through-
the-lens laser illuminated photogrammetry system operating with n = 2 spheres was successfully
demonstrated.

Details of divergent FSI system

Building on the successful use of n = 2 target spheres in the Metrology Space system, NPL used these as
targets for a novel measuring system based on multilateration; this is the process where 3D locations of
targets are determined from a set of distance measurements to those targets from a set of sensors. Given four
sensors which make measurements to at least 6 targets, there are more knowns than unknowns and the
system can be solved mathematically i including more targets makes gives data redundancy which allows
uncertainties to be calculated. With 4 sensors and 6 targets, the solution can even be obtained if the locations
of the sensors are unknown at the start (however one has to choose an arbitrary origin for the coordinate
system). An added advantage of using distance measurement (compared with angle measurement of
photogrammetry) is that beam bending refraction effects are considerably reduced (path directions change
much more than along-the-path distance changes for the same bent path).

Distance measurements are made using frequency-scanning interferometry (FSI) which is able to measure the
absolute distance between a sensor and a target. In conventional FSI, a single sensor emits a narrow
collimated beam in one arm of an interferometer and, as the frequency of the laser is scanned, a series of
interference fringes crosses the detector i the speed of the fringes on the detector is proportional to the
distance to the target and the scanning speed of the laser (and the speed of light). To measure multiple
targets simultaneously we diverge the beam with a simple lens and place the targets in the cone of diverged
light (much like the visible laser cone in figure 12). However the signal at the detector is now a superposition of
fringe signals, one from each target, with different periodicities based on the different target ranges. By taking
the Fourier Transform of the signal, it can be shown that the targets then appear as individual peaks in the
frequency domain (of the detected signal), provided they are at different distances. We simply extract the
target distances from the frequency spectrum. To make the system traceable to the SI metre, we include an
extra interferometer channel in which we place a hydrogen cyanide gas cell. The gas cell has absorption
features well-spaced within the infra-red part of the spectrum swept through by the FSI laser (1530 nm to
1563 nm). These absorption features are quantum references which have been measured by other
researchers with respect to the SI metre and are known at the 1 in 106 level of accuracy; every sweep of the
FSI laser generates absolute distance measurements to all visible targets, each having in-built traceability to
the metre.
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Figure 7 - Schematic representation of divergent beam FSI.

With divergent beam FSI, there is no need to track or steer beams to targets i any target in the measuring
volume produces interference signals at each detector. This reduces the complexity of the sensor head design
to essentially just a fibre coupler and a diverging lens, making it highly suited to mounting in industrial
locations. However, when operating in an industrial environment, it is highly likely that there will be vibration
present i since multi-target FSI is a frequency-based system, target motion induces Doppler-like shifts to the
detected frequencies and amplifies physical vibration into a much larger error signal after FSI processing. A
simple solution is to use a second FSI laser which sweeps in the opposite direction to the primary laser T in
the spectrum from this laser, errors due to vibration have the opposite sign to those in the primary spectrum
and taking a simple mean of the two signals removes most of the vibrational error. The disadvantage of this
approach is the additional cost of an expensive FSI laser. We overcome! this problem by using a cheap laser
and the technique of four-wave mixing in which a pump laser and a non-linear process generate a second
output beam which sweeps in the opposite direction as the input beam, in perfect synchronicity; as the primary
beam scans from 1530 nm to 1563 nm, the generated second beam scans from 1598 nm to 1565 nm. We
process the two signals and take the mean to remove first order effects of vibration.

In tests with a target mounted on a piezoelectric actuator moving up to 0.1 mm amplitude at speeds of 100
mm/s, the individual FSI signals showed motion at the 1.3 mm level (i.e. 13 times the real motion) but the
combined two FSI signals reduced this to the correct 0.1 mm amplitude.

Further tests were performed with targets placed within the field of view of a four sensor system (at half the
1 m maximum range, 60° cone angle). The divergent FSI system demonstrated an accuracy of 3.8 um when
using single beam FSI which was improved to 0.4 um when using the vibration compensation.

1J J Martinez, M Campbell, M S Warden, E B Hughes, N Copner, A Lewis, fDual-sweep frequency scanning
interferometry using four wave mixingg IEEE Photonics Technology Letters, 27 (7) 733-736 (2015).
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Details of multi-beam long range FSI

The sensor to reflector range of the divergent FSI system is limited by fundamental physics and we calculated?
the limit based on Cramér-Rao boundary theory to be around 2 m forwards (on axis) and 0.5 m sideways (off-
axis) for output powers within eye and tissue safe levels. Essentially only a very small fraction of the divergent
beam hits a reflector and the reflectors only send a few percent of light back into the output fibre. There is also
a signal loss before detection of the interference pattern. The elegant simplicity of divergent beam FSI is thus
limited to desktop-sized volumes. To extend the range of FSI to the requirement listed in the project
objectives, we employed Spatial Light Modulators (SLMs) which are diffractive optical elements which we
program to form a diffraction pattern on a planar surface which takes an incoming wavefront and generates
multiple output beams, one each per target. In order to know where the targets are located with respect to the
SLM (and how many targets are present) we added a visible camera mounted alongside each SLM and
introduced through-the-lens visible laser illumination (based on the earlier Metrology Space system) to each
sensor head. Thus we were able to generate multiple narrow beams from the single input beam, and have
each beam track a target. This significantly increased the signal to noise ratio allowing longer ranges to be
achieved 1 in testing at Airbus, ranges over 10 m were easily demonstrated.

Control of the SLMs requires the generation of diffraction patterns using Fourier theory and to do this at

speeds necessary for tracking moving targets requires significant computing power. We thus implemented the

SLM control systems in CUDA2 on a graphics card in the control PC. With the longer path lengths,
compensation for refractive index effects in the airbec ame | mport ant so we devel opec
|l oggersdé6 based on the Raspberry Pi comput er“ @nelodgerc heap
was mounted in each FSI sensor head i the four heads were connected to the control PC using optical fibres

(outputs fibre, signal return fibre), HDMI cables (for driving the SLMs), USB cables (for visual targeting camera

signals) and a Wi-Fi network (for the environmental loggers). The remainder of the system (frequency

scanning laser, gas cell frequency reference, four-wave mixed vibration compensation, multilateration solution

software) was essentially the same as the divergent beam system.

One minor difference to divergent beam FSI is necessary due to the refraction in the optics and the change of
wavelength during a frequency scan. As the laser is frequency scanned, the output beams generated by the

SLMs change angular pointing direction by a small but significant amount; the effect is that of moving the
directions of the beams during each scan, causing signal loss as the beam moves away from each target. We
solve this by programming the SLMs to generate ielong
although the direction of the beam centroid moves, only the light reflected by the target centre re-enters the

detection fibre, thus the Abbe alignment criterion is preserved.

Figure 8 - Rear view of FSI sensor head showing fibre Figure 9 - Front view of 2 FSI sensors showing visible targeting
& cable connections and SLM. laser output and wide beam aperture.

2M S Wa rRtfegision offfrequency scanning interferometry distance measurements in the presence of
noised Applied Optics 53 (25) 5800-5806 (2014).

3 CUDA is a parallel computing platform, https://en.wikipedia.org/wiki/CUDA.

4 A Lewis, M Campbell, P Stavroulakis, fPerformance evaluation of a cheap, open source, digital
environmental monitor based on the Raspberry Pi§g Measurement, 87 228-235 (2016).
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The first FSI sensor head was assembled and tested at NPL and then three additional heads were
manufactured immediately before the first test campaign at Airbus. The full testing of the system was thus
performed during the two measurement campaigns at Airbus and PTB i for details see section 3.5, but in
quick laboratory tests, the system achieved a maximum range of over 12 m, a field of view of greater than 70°
cone angle and standard deviations of around 1.0 pm for a target at 2.35 m range. The system is an ideal
indoor version of 0GP S-alibraing, ahle ta ¢stmate measueraentbuhcertaintys and
measure multiple targets simultaneously.

3.2 Objective 21 traceable absolute distance

Development of novel absolute distance meters which are intrinsically traceable to the SI and which
operate over tens of metres range.

ACHIEVED

The second objective has been achieved via the two new systems that were developed together with an
improved test facility:

1 A portable telemeter based around cheap off-the shelf components operating at 1550 nm wavelength
which could measure over ranges of 50 m with a resolution and accuracy around 2 um, tolerant of
beam break, and easy to operate.

1 A tracking interferometer with absolute distance determination based on multiple wavelength
interferometry, achieving absolute distance measurement with 60 pum standard deviations over a 40 m
path length (in IFM mode the device operates at around 1 um + 0.1 um/m uncertainty).

i The 50 m tape bench facility at GUM was upgraded with additional temperature, pressure and
humidity sensors together with heating circuits, to simulate an industrial environment, to allow for
testing of outputs (5) and (6) against a compensated laser interferometer.

Details of telemeter

A portable telemeter was developed during the lifetime of the project. The idea was to use relatively cheap off-
the shelf components from the telecommunication industry to build an absolute distance meter with
performance better than those available on the market. The principle of the instrument is very classical and is
based on the measurement of the phase accumulated by an amplitude modulated light beam during its
propagation in air. All optics part of the system is fibered (except for the collimation optics to the target) so that
no precise optical alignment is required. A diode laser (DL) at 1550 nm is amplitude modulated by a built-in
electro absorption modulator at around 5 GHz. After propagation in air the phase of this modulation is
compared to the phase reference issued from the low cost frequency synthesizer used for the modulation of
the DL. This frequency synthesizer is referenced to an oven controlled quartz oscillator which ensures a
traceability of the measurements at 108 level.

Nevertheless, in order to take advantage of this high level of accuracy, special care has to be taken to avoid
any cross-talk between the emission port and reception port, by electronic or optical means. A large
engineering effort was realized in order to reduce these cross-talks down to such a level that it does not
induce errors of more than 2 um to 3 um on the distance measurement (this corresponds to an isolation
between emission and reception ports of 70 dB to 75 dB). A clear correlation between periodic errors of the
instrument and cross-talk level was established. A control of this cross talk level and so of possible errors is
realised before each measurement.

The typical standard deviation even over 50 m (under controlled environment) of a sample of several
thousands of points, each point being integrated over 10 ms, is 2 um. An integration time of 100 ms for each
point would lead to a resolution below 1 ym.
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Figure 10 - Typical raw data obtained over 50 m during half an hour in a quiet environment. Each point results in an integration
over 10 ms. The standard deviation of this sample is 2 um. y axis is the measured displacement in um and x axis is time in
hours.

The accuracy of the telemeter was tested by comparison with an interferometric controlled displacement
bench of 3 m. The accuracy of the reference bench was better than 1 um thanks to a very well temperature
controlled atmosphere and proper temperature, pressure and humidity measurements. The standard deviation
of the difference between the reference distance and the distance measured by our telemeter was 1.6 um over
the 3 m range. So, the accuracy of the instrument is equal to its resolution, i.e. typically 2 pm.
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Figure 11 - Comparison between the portable LUMINAR/CNAM ADM and an interferometer over 3 m, in well controlled
environment. Standard deviation of the measurement error is 2 um.

The telemeter is not sensitive to beam break: absolute distance is realized by varying the modulation
frequency and deducing the distance by a coincidence method.

The instrument is composed of an optical head of dimension very similar to a commercial laser tracker head.
This optical head is linked to a laser/detection and process unit by an optical fibre and 2-3 electrical cables. A
laptop is used as interface user. Work is ongoing to find a technical solution to include all optical and electronic
units on the optical head. Another route for evolution of this telemeter is the use of several miniature optical
heads linked to the laser/electronic unit by optical fibres, enabling sequential measurements of distance and
3D measurements.

Details of tracking interferometer

The tracking i nterifLars@maned re,redd gnatiwdsfeeqgbeacy-dldubled Nd:YAG laser
sources, emitting at 532 nm and 1064 nm wavelengths. One laser is stabilised on an iodine hyperfine structure
transition in the visible, the second laser is stabilised on the first one with a frequency difference of 20 GHz at
1064 nm. This offers two measurement modes: using the interferometer phases of the iodine stabilised laser
with fringe counting, displacements can be measured with high resolution; using the phase differences of both
lasers an absolute distance measurement (ADM mode) within 7.5 mm can be measured without ambiguities,
since the so called synthetic wavelengths are 7.5 mm for 532 nm and 15 mm at 1064 nm. For larger distances
additional laser frequencies are generated with acousto-optic frequency shifters. The frequency shifters are
also used to generate heterodyne signals for the phase detection.

The beams are coupled into polarization maintaining single mode fibres and fed into the interferometer head.
The head was successfully miniaturised and adapted to a motorized mount based on the commercial
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LaserTracer system from Etalon AG. Thus, the interferometer can follow a retro-reflector freely in space.
Following the design idea by Hughes et al. [3] and Hartig and coi workers [¢] the reference is fixed during this
movement by replacing the reference mirror by a sphere fixed in space. The rotatable interferometer hence
measures the distance between the movable retroreflector and this fixed reference sphere [?]. Data was
acquired and processed using a 16 bit 100 MSamples/s analogue digital converter. Phase processing and
fringe counting is realized using the FPGAs on the converter board.

Details of upgraded 50 m tape bench

The 50 m tape bench at GUM with limited number of environmental sensors was upgraded to allow for
accurate and relatively fast measurements of refractive index of air. The measuring setup was upgraded to
consist of forty air temperature sensors of type YSI 44031, five relative humidity sensors and one air pressure
sensor, connected to the computer-controlled measuring system. Sensors were placed in regular intervals to
cover the entire 50 m range. The tape bench is located in a measuring space with an environment which is
controlled by two independent air conditioners and additional heaters in separated sections. The setup has
been prepared to simulate the harsh conditions typical for an industrial production hall. All sensors were
calibrated before tests for wide range of possible environmental conditions. The parameters of the
characteristic has been estimated. The software for real time recording and data analysis of all parameters
was developed.

Adjustment capabilities of the operating parameters of two independent air conditioners were used to obtain
large gradients along the test bench or rapid changes in local conditions. The air conditioners located at both
ends of the 50 m tape bench were tested in different variants of work to achieve required conditions.
Combinations of cooling, heating and normal state were examined. During preliminary tests the air
temperature gradient on the level of 4 °C and relative humidity gradient on the level of 11 %RH for distance of
50 m were achieved. The highest gradient of temperature was achieved with use of additional convection
heaters. The vertical gradients perpendicular to the bench axis were also examined.

The uncertainty of the measuring system was estimated using a Monte Carlo method. Several series of
collected raw data sets were used together with thousands of randomly generated measurements for each of
series. Correlation between amplitude of changes of temperature and humidity was observed. This fact was
used to estimate the uncertainty of mean humidity calculation. Differences between n values calculated using
raw and randomly generated data was used to estimate the uncertainty of the system. The estimated
uncertainty is U(n) = 4.2 x 10-7. This level of uncertainty was required for the verification of the CNAM and PTB
measuring systems during the measurement campaign at GUM, which took place before the end of the
project.

3.3 Objective 31 refractive index detection & compensation

Development of a method to provide on-line compensation for refractive index effects in ambient air in
industrial environments, targeting 107 accuracy over a volume of approximately 10 m x 10 m x 5 m.

ACHIEVED

The third objective has been achieved via three approaches that were successfully developed:

1 The portable telemeter was fitted with a second wavelength at 785 nm which enabled it to achieve
500 pm accuracy in refractive index compensated distance measurement at 50 m range.

SE.B.Hughes, A. Wilson, and G. MNccurde@Widasediodrauttidi g¢mn eofat a ohiCtRRBc hni q
Annals - Manufacturing Technology 49, 3911 394 (2000).

5 F. H&rtig, C. Keck, K. Kni el , H. Sc hwe n k e ,erorfeter faWtdordimate e ani
me t r o ITechnischés Messen 71, 2271 232 (2004).
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1 The tracking interferometer had an additional set of wavelengths added and, despite some optical
problems, demonstrated agreement with conventional refractive index measurement to within 5 x 107,

1 A range of photogrammetry tools (multi-spectral imaging, digital axicon camera, MathCad refraction
analysis, volumetric refractive bundle adjustment software) were developed and combined into a
system which can perform photogrammetric analysis of images with refraction modelling and signal
environmental instability across large volume manufacturing spaces.

Details of compensated telemeter

An air index compensated version of the LUMINAR/CNAM telemeter described above was developed. An
additional wavelength was implemented in the telemeter. The principle of the measurement was to realize a
distance measurement simultaneously with a second extra wavelength (785 nm) and take advantage of the
knowledge of the air index dispersion between 1550 nm and 785 nm. If both measurements are realized with a
high accuracy, the difference of the phase accumulated by both beams is used to correct the measurement
done at one of the wavelength from air index effect. The true value of distance is given by:

D=D:+A (D2-D1),

where D is the compensated distance, Di the distances measured at /itaking air index equal to unit, and A is a
factor which numerical value is depending on both wavelength and is given by air index dispersion equation
(equal to 50 for 1550 nm and 785 nm). This A factor acts as an amplification factor of the measured difference
of distance Di-D2. In order to get a given uncertainty on the air index compensated distance, measurements at
both wavelength should be realized with an uncertainty A times better.

The second telemeter at 785 nm was based on the same principle as the telemeter at 1550 nm briefly
described above. A compact measurement head was realized including both wavelength, enabling an easy
alignment of both optical beams on the measurement path and a robust operation. Nevertheless, essentially
due to the optical amplification principle used (based on a semiconductor amplifier) this second telemeter had
lower performance than the 1550 nm telemeter. For this reason it was not possible to reach uncertainty on the
compensated distance as low as could be expected by excellent performances at 1550 nm. Compensation at
the scale of 500 um was obtained. Great improvement is expected in the future by changing both wavelengths
to reduce the A factor and realize two telemeters with the same good performance.
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Figure 12 - Distance measurement over 20 m without temperature and air pressure measurement, using air index compensation
formula. Distance was measured simultaneously at both wavelength (1550 nm and 785 nm).
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Details of compensated tracking interferometer

The 3D-Lasermeter uses frequency doubled Nd:YAG lasers which offer both frequencies in the infrared
(1064 nm) and visible (532 nm) at the output ports. An interferometer measures the optical path length in air,
which is different for separate wavelengths due to dispersion. From both optical path lengths for 1064 nm and
532 nm the mechanical distance can be calculated. For dry air, no temperature, humidity, and pressure
sensors are required. With humidity, only the partial pressure of water vapour in air has to be measured, e.g.
by a hygrometer. The challenge of this measurement is the fact that uncertainties in the difference of the
measured optical path lengths are scaled by a large factor. In fringe counting mode the phase refractive index

Final Publishable JRP Report -19 of 48 - Issued: January 2017
Version V1.0



IND53 LUMINAR N

LUIMIiHR ERAMEL
yavavanv v,

of air has to be used, giving a factor of ~65. When measuring with the synthetic wavelengths in absolute
distance mode, the group refractive index has to be used and the factor is smaller (~22.5), but an additional
uncertainty scaling by the ratio of the synthetic wavelength (7.5/15 mm) to the optical wavelength
(532/1064 nm) of ~14 000 is present, giving a total uncertainty enlargement of about 300 000.

The experimental performance of the fringe counting mode was very satisfactory, for 1D measurement a
constant uncertainty of 0.9 um and a length dependent part of 1 x 107 | was demonstrated in controlled
environment against a conventional He-Ne counting interferometer. In harsh environment with temperature
gradients of up to 10 K in the beam path, a reference interferometer could not be used. The 3D-Lasermeter,
was capable of monitoring a fixed target continuously in most cases, and compensation worked successfully.
In an industrial environment, in comparison with a sophisticated sensor network, deviations of 5 x 107
between the Lasermeter and the environmental sensors were observed. This can be well explained by the
distribution of the temperature sensors. For 3D measurements with tracking of the reflector additional length
independent uncertainty contributions occur, giving a constant part from 1.3 um in controlled environment to
estimated 4 um in harsh conditions.

The absolute distance mode suffered from polarisation instabilities in the beam splitters. Broadband beam
splitter plates, which cover both wavelengths, turned out to be not useful and broadband non-polarising beam
splitter cubes were not available for the wavelengths 532 nm and 1064 nm. As a compromise beam splitter
cubes for the visible spectral range were used. Probably thermal- and stress-induced birefringence lead to
small drifts in the measured lengths. The large uncertainty scaling factor of about 300 000 led to a standard
deviation of 60 um for the refractive index compensated result at 10 s integration time on a 40 m path in an air
conditioned lab. This length independent scatter corresponds to a standard deviation of merely 0.2 nm
(60 um/300 000) in the difference of the measured lengths for the four optical wavelengths used. In harsh
environment however, the drifts were much larger. Hence, the refractivity-compensating absolute
measurement mode could not be implemented with satisfactory uncertainty measurement performance in the
3D-Lasermeter. The refractivity-compensating counting measurement mode, showed a convincing
performance and can be used, e.g., for multilateration-based calibration measurement in uncontrolled
environments.

Details of photogrammetry-based technigues

UCL6s contribution was based around s eveirthelobsarpatfion ofac hes
multiple targets in multiple camera images and correlation of the targets (together with a calibrated linear

scale) to determine 3D coordinates. The focus of the research was the detection of (and possible
compensation for) refraction effects which bend light beams causing errors in computed 3D coordinates.

Because photogrammetry is a volume-intensive measuring system, deploying a network of multiple
simultaneous optical sight lines across a factory space, it has the potential to provide refraction signalling
information to other narrower beam systems (such as laser trackers) operating in the same 3D volume. The

three focuses were: use of multi-spectral imaging; volumetric refraction modelling; and development of a

digital pseudo-axicon camera.

The first developmentfrom UCL was to develop a refraction simulatio
formul ation (which is more appl i ThaWworking space throughhwhichither e b a
measurement rays pass, is divided into cuboidal voxels. Readings from 8 thermocouples at the voxel corners,

are used to interpolate the temperature T at the position of the current ray segment. To interpolate
temperature at a point inside the voxel, trilinear interpolation from the 8 corners is used. The interpolated
temperature gives the refractive index nusingB°® nsch and Pot.rorms this forswulafthe gradient a

of n w.r.t. T is calculated and from the interpolation equation for T, the vector gradient of T with respect to the

3D space is calculated.

A first implementation of the system was based around the use of multiple cameras (with differing focal length
lenses and optical qualities) coupled with targets consisting of LEDs operating at a range of wavelengths (i.e.
an implementation of the multi-spectral imaging designed to detect wavelength-dependent dispersion). Initial
tests of the proposed system at NPL against a laser tracker proved inconclusive as they were performed in a
relatively small laboratory where thermal effects on the mounting structures dominated. After further
development of the theory and refinement of the hardware to use long focus lenses, a new test (not in the
original plan) was performed using the 50 m tape bench at GUM in June 2015. Four clusters of LED targets
(violet, blue, green, yellow, red, IR1, IR2) were positioned in a vertical pattern 50 m from a typical
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