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Presenter Notes
Presentation Notes
High-speed 6DoF Tool Monitoring using a Low-cost Photogrammetric System. This research has been carried out by UCL and IDEKO.�This talk is divided into the following sections:
The context of this research
How we are going to test the new developments
A brief explanation about the technology�The methodology�The results �Conclusions 
A next step�
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DYNamic Applications of large volume Metrology in Industry of Tomorrow Environments - an EU funded project
bringing together a number of companies across different countries to improve measurement capabilities in
manufacturing environments. Focuses on enhancing the ability to measure size, location, orientation and shape
of Iarge objects assemblles or large working-volume devices under dynamic situations.

In the low-cost photogrammetry space this project has demonstrated 6DoF solutions scalable in volume,
complexity, and number of tracked objects, tracking 50+ 6DoF solutions in parallel within a common spatial and
temporal reference system at different frequencies and accuracies. This work investigates the high speed

measurement capabilities of this approach.
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Presenter Notes
Presentation Notes
The context of this research is the DynaMITE project, funded by European commission �The aim is to improve large-scale metrology. Mainly developing technologies that are dynamic and allow tracking of several objects simultaneously.
The benefits will have an impact in numerous sectors, such as in the aeronautic. For example, this technology allows for drilling large parts with high accuracy, or assembling two parts without complex fixturing.
Also, it is important to keep the budget under control.
Several national metrology institute are working on the DynaMITE project in this direction. This presentation focuses on WP2, in which UCL and IDEKO are joining their efforts to address this challenge. They propose a solution based on photogrammetry.
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System Characteristics and
Measurement Challenges

 SORALUCE milling machine (FMT)
Large multi-axis cutting machine.

* Spindle error analysis: Cutting tool
has a maximum speed of 3000
RPM.

e Measure the main dimensions of
heads: Testing volume of 1 m3 over
central turntable.
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Presenter Notes
Presentation Notes
IDEKO is a research center closely connected to the industry, as you will see tomorrow. We focus on advanced manufacturing, and our clients demand new technological solutions from us.
We have suggested testing a new development to improve two setup processes.
The first one is spindle error analysis. Once the machine head is assembled, an operator checks whether the spindle is aligned with respect to the axis of the machine. Capacitive or inductive methods are used to measure this deviation.
The second one is the setup of the heads. Currently, the milling machine builder must calculate the position of the machine head with high accuracy. The quality of milling is directly related to the deviation in this process


Both setting up are slow. UCL and IDEKO face this challenge with a photogrammetry technology.
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* Point matching across multiple images allows for 3D reconstruction.

High uncertainty

* Uncertainty estimation through least squares “bundle adjustment”. | PRl

* Quality of angular measurements, number of lines of sight and

network geometry affect the quality and robustness of the results. /“““

* All overlapping points can be simultaneously processed as part of a
single network — does not require individual point measurement.

|
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Single Camera, Multi-Pose

* Avery large number of images may be included, strengthening results.
* Limited to static object measurement.

Multi-Camera Single pose

* Images captured simultaneously, allowing for dynamic measurement.
* Movement may affect lines of sight, altering coordination capability.

e Other challenges include maintaining traceable scale; thermal changes
in object, camera and environment; and air turbulence.
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Presenter Notes
Presentation Notes
Let me briefly explain photogrammetry to you.
This technology is based on measurements taken with cameras. To measure an object, at least two points of view are required. This can be achieved with either two cameras or by moving a single camera to two positions. The limitation of a single-camera process is that it is mainly suitable for static objects.
While it's possible for a single camera to track an object that has been previously measured, the uncertainty is significantly higher. Typically, multiple cameras are used to observe the object, allowing for accurate determination of its six degrees of freedom.
The two main advantages of this technology are:
The ability to track as many objects as the cameras can see.
It provides a cost-effective solution.
However, some of the current challenges in this technology include traceability, managing thermal changes, and mitigating air turbulence
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* |DEKO’s VSET used for static measurement.
 UCL's VMS used for dynamic measurement.

* Both systems use high contrast circular
targets allowing for identification of the
centre point to sub-pixel accuracy in
images.

<X =0 3 ® S5

e VSET uses barcode targets allowing single
targets to be uniquely identifiable.

 VMS uses coded target blocks where sets
of 8 targets are uniquely identifiable.

e VSET detects and handles individual VMS
targets as arbitrary uncoded targets.
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Presenter Notes
Presentation Notes
UCL and IDEKO have been working in photogrammetry technology in parallel. 
Both centres have been developing single and multi camera systems. After putting in common the datasheet of the system, we decided to use for this DynaMITe project, the single measurement system form IDEKO(VSet) and the dynamic measurements UCL (VMS)

VSet uses barcode targets to match the image.
VMS uses coded target blocks where sets of 8 targets are uniquely identifiable.

The data flow is Vset measure the reference points and the targets and VMS tracks once they move.


1DcKO IDEKO VSET System &

Modular design for the alignment of large-scale parts

@ Manufacturing

Co-funded by the
European Union

&) hireumne Measure the over stock before milling
Compare the measurement with the design
Align the part to the machine axis
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reference wall 12 m Uncertainty

0.22 mm K=2
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Presenter Notes
Presentation Notes
Before explain the development of UCL to achieve the aims of DynaMITE, let me explain the Vset, single camera photogrammetry survey.
The main aim of Vset is to large scale measure part before milling them to know if there is overmaterial to remove and to know how align this part respect the machine axis. This process is carried out of the machine  so the owner of the machine saves this time of setting up.
Vset is made up of three modules. 
The first one is the measuring. The user measures the part.
The second one is fitting and the user takes the measurement and fit with the theorical dimensions. 
The last one is the alignment module. Once the part is in the machine, the machine touch in only 6 points the part and with this information the Software calculate how
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 VMS targets are stuck to the machine in three
groups. Each group defines an individually 2 .\
trackable object: the cutting tool; a ring around s
the tool head, and the boom arm. ! N\

A dense network of Magnetic VSET targets are
arranged around the machine.

e Scale bars with VSET targets provide scale to
the network.

* The VSET measurement provides a point cloud
of the measured targets.

e The VMS target groups are extracted from the
point cloud to define a reference coordinate
set for the 6 Degree of Freedom Tracking of
each object of interest.
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* Ability to “freeze” image motion with a tool
rotating at 3000rpm.

 Minimal image distortion — global camera
shutter.

e Short exposure [<0.1ms]

* High level of light return from retroreflective
targets.

* Use of image gain and amplification to
increase visibility with minimal noise.

e Camera synchronisation.
e Data transfer and processing.

* Previous ‘50 object” demo system tested
concept with a spinning fan.
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Presenter Notes
Presentation Notes
When tracking the cutting tool we have a number of aims and problems to solve
We need to be able to get a clear set of images of the tool as it spins, freezing the motion
This requires a very short exposure, whilst maintaining a clear, visible image of the targets. This may use firmware changes to modify the image captured, but this has the downside of increasing noise, requiring a compromise to be made.
We also need to ensure cameras are synchronised and data captured is transferred and processed at a reasonable rate.
We have made previous progress in these areas in an earlier project using a spinning fan.
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2D/3D
computer
CPU, GPU

SA / ROS2

Modular Multi-Sensor System Architecture

Network
Switch

Network
Switch

2D/3D
computer
CPU, GPU

SA / ROS2

Trigger Box !

Digitalisation of Workpieces, Tools, Environment & Human Interaction
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Presenter Notes
Presentation Notes
We have developed a modular, scalable system for photogrammetry. Cameras are connected to a trigger box to ensure image synchronisation, and to a control computer. This can be easily expanded with a shared trigger system providing a signal to multiple cameras, or other measurement systems, to maintain synchronisation across measurement devices. Data can be output for application in a number of environment, with existing support to share data with Spatial Analyser and ROS2.
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IDS UI-3290SE-M-GL with Sony Pregius S sensors R Tpical oxample)

o Incident Light

e
1 1 1 1

High-speed signal processing of Pregius

: Photodiode (Memory| Photodiode (Memory|
E Pixel circuit . Pixel circuit _
| J 3 [ IR == <
* Uses a global shutter where the full image is captured in a P | poercran
single instant rather than a rolling shutter which scans down o
the image introducing temporal distortion conversion drct
* Photodiode arrangement optimises light sensitivity to reduce Simultaneous bulk tranfer

Analog signal

noise and improve image sharpness

* Delivers >10 M pixels at 10s of frames per second over industry
standard USB3.2 connection

* Paired with fibre optic USB and dedicated capture card for
rapid data transfer with zero loss over 60m cable lengths.

o

Digital signal

>
b
Horizontal scan circuit

by enlarging the size
of metal wiring area

== The larger area for
signal processing
circuits realizes
better performance

Signal processing circuit area
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Presenter Notes
Presentation Notes
For this we have selected the IDS UI-3290SE-M-GL with Sony Pregius S sensors
This uses a global shutter, rather than a rolling shutter, removing the associated image distortions
The sensor is laid out so as to maximise light sensitivity, which increases its capabilities for low light work, and therefore high-speed work.
The cameras deliver >10 M pixels at 10s of frames per second over industry standard USB3.2 connection
We pair this with fibre optic USB and dedicated capture card for rapid data transfer with zero loss over 60m cable lengths
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73.3 (=-0.1mk) 17.526,

Kowa fixed focal length “C”
mount lens

 Matched to sensor dimensions, §
pixel size and optics

P64
M62 x0.75

iﬁ 5
of
f=8.5mm/F2.5
0.2 . m
456% 16
P43

* Angle of view
* Focal length
* Physical stability over time

 Equipped with double “Angel
Eye” light rings — Green to
match peak sensor sensitivity

* Lens features high transmission
and image sharpness in the
green wavelength

o
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Presenter Notes
Presentation Notes
Lens is selected to match sensor dimensions, pixel size and optics of camera, with an appropriate Angle of View and Focal Length to cover the volume of interest. We select for lenses we can trust to maintain stability, including the selection of fixed focal length lenses.
These are fitted with light rings to ensure a good return from the retroreflective targets used, especially over short periods of exposure. For this we a, pair of green “Angel Eye” light rings for each camera. We use green lights as this matches the highest sensitivity of the camera sensors and, bearing this in mind, the selected lenses have a high rate of transmission and image sharpness over this range of wavelengths.
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|ID=KO  Setting up a coordinate reference system for a

multi-camera system

* Design camera network to achieve coverage
and overlapping lines of sight and mitigate
occlusions.

* Balance the quality, number and geometry of
the angular measurements to achieve
required accuracies.

* Define physical coordinate reference system.
e Tune cameras for optimal data capture.
e Calibrate cameras.

e Bundle adjustment in VMS provides
coordinate of photogrammetric reference
points and their uncertainties.

e Capture of joints across multiple poses allows
for alignment of axis to centre of rotation.

o
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Presenter Notes
Presentation Notes
Setting up this type of measurement system requires working through a number of steps.

Firstly, an appropriate network is designed ensuring the best coverage of the indented area of operation, based around number and placement of cameras. The network designed aims to balance the quality, number and geometry of the angular measurements to achieve  the required accuracies.
Next we define the physical coordinate system by measuring the targets and determining initial positions, for this project this was carried out using IDEKO’s VSET system.

Next we needed to tune the cameras for optimal capture, pointing and focusing them, and setting aperture, exposure time and other software parameters such as gain and image amplification. This sections require careful compromise to balance and amount and quality of data that can be capture. With this setup we were able to avoid increasing gain and amplification above their minimum parameters, reducing noise.

Following this the cameras are calibrated, so as to define internal image parameters and measurements can begin to be taken
During data capture the location of the cameras are determined on a frame-by-frame basis based on the location of a set of visible reference targets.
In order to provide the greatest context for the data captured a reference frame is defined for each part of the machine being monitored, these frames are aligned with the axis of rotation of the parts by capturing a set of data with them in multiple poses and finding the center of rotation of the measured targets.


1 DcKO

oo Camera Calibration and Static Measurement &
. . o [P Visien Measurement System - VMS Object View
e Calibration images captured of e e e e s
characterised robot moving through a 30 View o«

series of poses.

e Calibration image processing carried out
in VMS.

e Efforts made to incorporate multiple
segments of the machine by locking joint
positions.

* Calibration results achieved an image
coordinate RMS of 0.34 um [1/10t pixel].

 With Cameras calibrated, static
measurements of the machine agreed
with VSET results with a mean precision
of 9.23 um
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* VMS Capture is used for real
time 6 Degree-of-Freedom
(6DoF) tracking of target
objects.

* Live feed of data sent to Spatial
Analyzer for analysis.

e Centre of rotation of machine
joints found and sensible
reference frames defined.

* Tool ring or boom arm may be
used to define a reference
frame.

* Live data viewable in both VMS
Capture and Spatial Analyzer

o
SpatialAnalyzer
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When the machine is running the cutting tool
should rotate around a consistent axis relative to
the target ring around the tool.

Given an accurate characterisation of the tool
axis from the reference 6DoF measurement,
deviations observed in the estimated tool 6DoF
can be used to assess noise in the measurement
system and give a measurement of its precision.

Spatial Deviation: 22.7 um
Angular Deviation: 0.061 °

This test is then repeated across the observed
volume to assess the variation present.

' A 3D METROLOGY
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Dynamic Measurement — Results
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Presenter Notes
Presentation Notes
This image shows overlaid frames in SA captured of the tool, while it is in a central location over the measurement system and rotating at 3000RPM, over the course of several minutes.
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Spatial Deviation Angular
Deviation (°)

(um)

Central

+250mm in X
-250mm in X
+250mm inY
-250mmiinY
+250mm in Z
-250mm in Z

+20 degrees

-20 degrees

22.7
390.0
653.1

54.0

44.7
113.5
480.7
321.6
556.7
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Dynamic Measurement — Initial 6DoF stability results i
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Presenter Notes
Presentation Notes
We carried out this experiment with the tool head in 9 poses, Offset from a location centred above the measurement system, with linear offsets in X, Y and Z; and angular offsets about the Y axis. These results are visibly worse for a number of poses

Looking at the results visually reveals a small number of very obvious individual frames that are far away from the expected position.
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Central
+250mm in X
-250mm in X
+250mminY
-250mminY
+250mmin Z
-250mmin Z
+20 degrees
-20 degrees

*15 of 1712 Frames removed
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Spatial Deviation Angular
Deviation (°)

22.7
35.3
26.0
54.0
44.7
17.2
53.2
34.5
51.8

0.061
0.079
0.061
0.105
0.112
0.053
0.092
0.101
0.113

Spatial Deviation (um)

700.0

600.0

500.0

400.0

300.0

200.0

100.0

Dynamic Measurement — 6DoF stability Results &
[gross outliers removed]

Standard Deviations
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Position 1 Position 2 Position 3 Position 4 Position 5 Position 6 Position 7 +20 degrees -20 degrees
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B Spatial Deviation (um)  ® Angular Deviation (°)
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Presenter Notes
Presentation Notes
Removing these 15 outlier results (of 1712 total measurements made) brings these further measurements more in line with the initial results


EEEEEEEEEEEEEEEEEEEEEE Summary following initial Demonstrator ity
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 |IDEKO’s VSET system was easily able to be used with the VMS system, demonstrating
the benefits of information sharing across metrology systems in order to find the most
optimal solutions.

* A low-cost photogrammetric approach can be used to capture usable images of targets
travelling at high speeds.

e Data captured with this approach can be used to for resilient, real time 6DoF tracking.
* Measurements made can be used for real-time operator or machine feedback.

* Tracking cameras auto-reference into common coordinate frame allowing the system to
adapt as required to machine tool movements, making the system resilient to occlusions
and camera movement.
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Future of the Project ity

e cham

Dynamite 6DoF
reference object

. travelling between

| partners during 2024 for
multi-system validation

Work to automatically
_ identify and remove
sources of outlier data

Factory environment Large-scale CMM Large cable Robot
led to oil spot Laboratory conditions Industrial conditions

contamination of
lens surfaces,
leading to image
distortion. Work is
being done to
mitigate this.

| OHLIRMM
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Presenter Notes
Presentation Notes
About the next steps, the first one is how automatically identify and remove the outliers.
Likely these outliers are related with some drops of oil we found on the lenses. We will also work to avoid them.
Once we solve these issues, we are going to test the performance of the system in a CMM of 2,4m, 1,2m and 1m at IDEKO
After that we will also test in a large scale CMM at PTB, 
To complete the testing, the VMS will be use in LIRMM with a large cable robot.
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Thank You

Please visit our live demonstration at IDEKO tomorrow to see the system for yourselves!
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Presenter Notes
Presentation Notes
Thank you for your attention. Please visit our live demonstration at IDEKO tomorrow to see the system for yourselves.
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