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Freeform Bolting Robotic Assembly Freeform TIG Welding

Automated Panel Beating Defect Detection Robotic Assembly Weld Prep Inspection

Presenter
Presentation Notes
Overview of the research group:
Research traditionally difficult to automate tasks such as assembly of general engineering components and defect detection.

These tasks often require the measurement of non-ideal components which can be challenging for 3D scanners.




Measuring Challenging Surfaces
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Matt Powder Coated

Grit BlastedPolished

Surface finish, position and orientation affect measurement quality:

Presenter
Presentation Notes
To give a quick example of the influence surface finish can have on point quality. This happens because shiny surfaces badly affect the signal to noise ratio of the image. 

Different sensors are susceptible in different ways but it is important to consider in a scanning strategy.



The Problem
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Given an inspection task, what 
is the optimum pose to perform 
the measurement?

Task
• Object localisation

• Component assembly
• Bin picking
• Precursor to feature 

measurement
• Feature Measurements

• GD&T Inspection
• Form Error

• etc.

Object Properties
• Geometry
• Surface finish

Sensor Performance
• Measurability
• Quality

Pose Reachability Viewpoint Candidates

Presenter
Presentation Notes
Unpack the problem statement. State how this is necessary problem to solve if we want automated inspection of generic objects.
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Given an inspection task, what 
is the optimum pose to perform 
the measurement?

Task
• Object localisation

• Component assembly
• Bin picking
• Precursor to feature 

measurement
• Feature Measurements

• GD&T Inspection
• Form Error

• etc.

Object Properties
• Geometry
• Surface finish

Sensor Performance
• Measurability
• Quality

Pose Reachability Viewpoint Candidates

Presenter
Presentation Notes
We are most interested in the influence of object properties on sensor performance, as this affects our measurements of real parts with non-ideal finish. 

Not so interested in pose reachability or viewpoint candidate generation as this is very much application specific and there are already lots of methods to solve these problems.



Sample Problem
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0.74 0.090.46 0.37
Roughness Average, Ra (µm)

Where are the best places to make the measurements?

• Not all measurements require all features
• Features have conflicting scanning requirements

Presenter
Presentation Notes
In this example problem, we have an object with three features, and a set of measurements. We also have a variety of surface finishes on the objects. 

What is the best place to measure from?
Are the optimal locations the same for different roughnesses?




Our Approach
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1. Sensor Characterisation
- distance |V|
- normal N
- Roughness Ra
Process point cloud only

2. Sensor Modelling

Predict noise and density of 
the point cloud

3. Viewpoint Scoring
• Create a feature 

measurement score
• Combine feature scores per 

measurement and view

Sensor

Sample

Pan Tilt 
Table

Performance Maps

𝐹𝐹(𝑽𝑽,𝑵𝑵,𝑅𝑅𝑅𝑅)
𝜎𝜎(𝑽𝑽,𝑵𝑵,𝑅𝑅𝑅𝑅)

Viewpoint Generation

Presenter
Presentation Notes
In our approach there are three steps, Sensor characterisation, modelling and viewpoint scoring.

Sensor Characterisation
We treat the sensor characterisation as a black box – no assumed knowledge of its properties other than simple geometry.
Characterise the sensor on material coupons by imaging them at a set of different surface orientations.�
Model 
Simulate the point clouds for our object – Appling the noise and removing points to match probability.

Score viewpoint 
Use feature visibility combined with a measurement score.




Data Collection
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Sensor Characterisation

1. Generate Sample Poses
- Sub-divide icosahedron
- Variable density

2. Collect Data
- Run poses 
- Vary sample and distance

3. Segment Point Clouds
- Sub segment point cloud with 

variable minor radius
- maintain nPoints
- Reduce included angle

Gloss White Aluminium 
𝑅𝑅𝑅𝑅 = 0.4𝜇𝜇𝜇𝜇

Presenter
Presentation Notes
Sensor Characterisation – Data Collelction

Three step data collection:
Generate desired sample poses. 
Need to be dense enough to thoroughly explore the gradient space. More density is added where more detail is required, such as around the self-blinding region.

Collect Data. 
Acquire point clouds at each target pose. 
Can be acquired in any way. Eg robot or in our case a pan tilt table
Vary sample and distance to the sensor. Ideally explore the full measurement range.

Segment Point Clouds
Small difference in surface angle can have large influence on point quality.
Therefore sub-segment the clouds to maintain a fixed projected area  for each point cloud.





Point Cloud Processing
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Sensor Characterisation

For each sub point cloud:

Fraction of Recovered points, 𝐹𝐹:

𝐹𝐹 =
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑜𝑜𝑜𝑜 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑜𝑜𝑜𝑜 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

Normalised for distance, 𝑽𝑽 , and surface angle, �𝑵𝑵 ⋅ �𝑽𝑽,
so isolates the effect of surface finish on performance

𝜌𝜌 = 𝜆𝜆2
𝑛𝑛|𝑽𝑽|2

𝐴𝐴(�𝑵𝑵 ⋅ �𝑽𝑽)

Point standard deviation, σ (mm):
Measured along 𝑽𝑽 to plane – the actual direction of noise 
propagation

𝑃𝑃 = 𝑃𝑃𝜀𝜀 + 𝜀𝜀 �𝑉𝑉

Presenter
Presentation Notes
Each sub point cloud is processed for two metrics:

Fraction of recovered points
Calculated based on the density of points recovered versus maximum possible density. Either determined experimentally on an ideal surface (matt white) or by theory if enough camera parameters are known.
Density is normalised by the surface orientation relative to the view vector and the distance to the sample. This isolates the non-geometric effects on point density such as surface finish and ambient noise.

Point standard deviation
Measured relative to a fitted plane along the viewing vector.
Important to measure along the direction of noise propagation, otherwise the noise becomes artificially influenced by surface inclination.



Noise Distributions
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Sensor Characterisation

PrimeSense Carmine 1.09 PhotoNeo S

Microsoft Kinect V2 David SLS 3

Presenter
Presentation Notes
It is important to realise the limitations of a generic noise characterisation.

Different sensors exhibit drastically different noise patterns which are mostly technology specific.

Here we have examples from several structured light sensors.

However they are predominantly gaussian, although some fringe projection sensors can be sums of gaussians, but very tech specific.

Therefore we take a gaussian approximation of noise and accept that a general model can not predict the spatially variant noise distribution.



Results – Ensenso N10
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n

Self Blinding

n

Adverse Scattering

Sensor Characterisation

Presenter
Presentation Notes
Resulting performance maps for the Ensenso N10 active stereo camera, for a single distance and surface finish.

On the left are the measurement points for each surface normal in the gradient space.

Middle is point fraction.

Right is point noise.

We can see the regions of adverse scattering and self blinding which causes loss of data.



Performance Maps
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Point Fraction Standard Deviation
Distance Distance

400 mm 800 mm 400 mm 800 mm

Presenter
Presentation Notes
Performance map for all distances in the measurement range for the Ensenso. Also tested on different shininess.

From this we have got a thorough map of sensor performance over the usable sensor range.

We can see the drastic influence on performance of distance, surface texture and surface orientation on both performance parameters.

More shininess and lower roughness both reduce usable surface normals and increases noise.



Simulating the Point Cloud
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1. Sensor Model
- Requires camera geometry
- Standard graphical methods:

- Frustum & back face culling
- Ray-tracing occlusion 

determination

2. Ideal Point Cloud
- Perfect intersection of rays 

and model faces.

3. Apply Noise & Uncertainty

Account for Multi-Camera 
Occlusion

Apply Material to 
Model Faces

𝑷𝑷𝜀𝜀 = �𝑷𝑷 + 𝜀𝜀�𝑽𝑽, 𝑖𝑖𝑖𝑖 𝑅𝑅𝑈𝑈 < 𝜌𝜌𝑒𝑒
[], 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜

𝜀𝜀 = 𝑅𝑅𝑁𝑁𝜎𝜎𝑒𝑒

Presenter
Presentation Notes
The point cloud is simulated in a three step process.

Sensor model is made using known camera geometry and cad of the object. Standard graphical methods are used to account for occlusion and apply multi-camera/projector visibility checks for each point.

We can then generate the ideal point cloud with associated normal and distance to each point.

For each point, apply noise as looked up and interpolated from the performance map and remove points randomly to maintain point density.



Simulation Validation
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Simulate point clouds corresponding to 
characterisation data set.

Sample 4 
@ 600 mm

SimulationActual

Presenter
Presentation Notes
Simulation is validated by monte-carlo simulation of flat plate corresponding to characterisation data.

Then compare predicted and actual point density and standard deviation curves and distributions. Residual absolute mean error is less than 10% for all but the shiniest surface. The reason for this is on the shiny surface at distance, multiple reflection effects dominate. 

Example of simulated and actual point clouds. Regions of self-blinding are typically well represented, but noise distribution is quite different. This is inevitable unless you have an extremely detailed technology specific sensor model.



Viewpoint Scoring
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1. Generate candidate views

- Sub divide icosahedron to 
sample a sphere.

- Ensure reachability by the tilt 
table 

2. Simulate & Measure Views

- Segment point cloud on 
feature basis

- Calculate feature scores

3. Score Views per Measurement

Combine feature scores based on:
- Fraction of points recovered

- Mean point noise

- Feature occlusion ratio

Number of points for pillar2

Presenter
Presentation Notes
In scoring the viewpoints there are three main steps

Generating candidate views. These are largely determined my sensor accessibility. In this example are based on the motions of the three axis pan tilt table.

Simulate the viewpoints using the sensor simulation and acquire corresponding real data for each sensor pose.

For each pose calculate the view scores for each model feature:
Fraction of recovered points
Mean point noise
Feature occlusion ratio

These can be plotted on a surface mapped to the candidate viewpoints to show relative view quality.





The View Score
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We assume that feature accuracy improves with:
• More acquired points
• Lower point noise
• More feature visibility

Feature Score, 𝑆𝑆𝑓𝑓

𝑆𝑆𝑓𝑓 = �𝑛𝑛
�𝜎𝜎 𝑓𝑓

Feature Occlusion Ratio

𝑅𝑅𝑓𝑓 = 𝑛𝑛
𝑛𝑛𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑓𝑓, 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀

Viewpoint Scoring

�𝑛𝑛𝑓𝑓 =
𝑛𝑛𝑓𝑓

max 𝑛𝑛𝑓𝑓 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀

�𝜎𝜎𝑓𝑓 =
�𝜎𝜎𝑓𝑓

max �𝜎𝜎𝑓𝑓 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀

𝑛𝑛𝑓𝑓 = number of points for feature 𝑓𝑓

Presenter
Presentation Notes
Score views based on the assumption that feature accuracy will improve with 
	More acquired points
	Lower point noise
	more feature visibility

So we calculate two scores for each feature. 
Feature score – normalised number of points divided by normalised feature standard deviation.
Results in a higher score for more points and lower noise value.

Feature occlusion ratio – number of points recovered compared to if the feature was un-occluded with an ideal surface.
Determines how much of the feature is occluded by other object geometry,




The View Score
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All feature measurement, 𝐹𝐹𝑚𝑚 ∈ (𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝)

𝑆𝑆𝑚𝑚 = �
𝑓𝑓∈𝐹𝐹𝑚𝑚

𝑆̂𝑆𝑓𝑓

𝑅𝑅𝑚𝑚 = �
𝑓𝑓∈𝐹𝐹𝑚𝑚

𝑅𝑅𝑓𝑓

×

𝑉𝑉𝑚𝑚 = 𝑆𝑆𝑚𝑚𝑅𝑅𝑚𝑚

Presenter
Presentation Notes
The view score for a given measurement depends on all the features for the measurement. In this example, the measurement requires all three features. 

Measurement dependent feature scores are summed to give a measurement score. But this is susceptible to bias. Doesn’t take into account if all features are actually visible or not for the measurement.

Therefore use the product of the feature occlusion ratios to identify regions where all features are visible.

The product of the measurement score and occlusion score gives the aggregate view score for the measurement.





Example Result
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View Score Decile View Score Decile

𝑁𝑁𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

𝑁𝑁𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

𝜃𝜃 = ∠𝑁𝑁𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑁𝑁𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 → 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

Presenter
Presentation Notes
Example result requiring two features on the shiny surface artefact. Results are for plane and pillar angle. Nominal value is zero degrees. 

Only very small number of views have measurable data, which are accurately predicted by the view score.

To score views, we divide the views by their view scores into bins at 10% intervals. Then we can score each decile of views by their mean true measurement error and uncertainty.

We see good correlation between the view score and measurement accuracy and uncertainty.



Example Result

Task Specific Viewpoint Optimisation Slide 19 of 22

𝑑𝑑

View Score Decile View Score Decile

𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 → 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷

Presenter
Presentation Notes
Another example using only the pillars. Angle between pillar1 and pillar2 on aluminium sample 3. 

Good correlation between regions of poor accuracy and impossible measurements due to occlusion are accurately predicted. 

Less distinction between top 30% of views which are all quite similar. 



Example Result
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𝑟𝑟

View Score Decile View Score Decile

𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅

Presenter
Presentation Notes
Single pillar measurement only on the matt white sample.

Despite ideal conditions the view angle is still very important and significant benefits can be had in areful view selection.



View Score Accuracy
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Measurement Error Measurement Standard Deviation

Mean rank of the view score percentile bins for every measurement and sample

Presenter
Presentation Notes
Comparison of our predicted bin rank based on the view score and actual bin ranking are very good. 

Especially good at predicting bad views. 

We find that the proposed view score metric gives good indication of measurement quality.



Summary

Task Specific Viewpoint Optimisation Slide 22 of 22

• Sensor characterisation method
– Allows real-world sensor performance comparison.
– Provides an empirical sensor performance model.

• Sensor simulation
– Use model to predict point cloud quality.
– Simulate measurement tasks

• View optimisation
– Predict optimum measurement specific pose scores.

Presenter
Presentation Notes
In summary:

Sensor characterisation allows us to compare generic point cloud producing sensors on non-ideal surfaces.

Simulation allows the predication of point cloud quality using an empirical noise model.

Point cloud quality can be used to predict the quality of views as a function of geometry, surface finish and measurement dependent model features.
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