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What is the best method to design receiver geometries?

• Experimental designiconcepts

- Measures of ‘designiquality’

- Design Algorithm maximise quality

• Tests & Results

 Choosing a Design Method
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Design Heuristic (rule of thumb):  Design with highest gradient is best

Which design is better?
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What if we recorded a different datum?

arg𝑆max 𝐸 𝐼𝑛𝑓 𝑚
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What to do before a survey?

Experimental design theory

𝒂

𝒃
Shewry and Wynn (1987) 
proved Heuristic 2 also works 
in fully nonlinear cases

Design Heuristic 1: Maximise 
forward model gradient

Design Heuristic 2: Maximise 
Prior Data-Space Uncertainty

Prior Probability 
Distribution

Assumes: Joint [Model+Data] space
information is constant
- True if data measurement  

uncertainties are independent of 
measured data values
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Which is the most uncertain
(i.e., highest quality) design?!

Maximise the Prior Data-Space Entropy:   arg𝑆 max 𝐸𝑛𝑡(𝑑)

arg𝑆max 𝐸 𝐼𝑛𝑓 𝑚
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Optimal receiver 
locations designa
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Quality measures

መ𝑆 = arg𝑆max …

• Linear design

• Bayesian D-optimisation: maximise the gradient of 𝐹

• Nonlinear design

• Maximum Entropy Design: max 𝐸𝑛𝑡 𝐷

• 𝑫𝑵-optimisation: approximate max 𝐸𝑛𝑡 𝐷



Linear design: D-optimisation

• Assumes F is linear

• Compute gradients of 𝒅 w.r.t. 𝒎

መ𝑆 = arg𝑆max 𝑎𝑗 ln 𝑨𝑆,𝑗
𝑇 𝑨𝑆,𝑗

𝒃



Linear design: Bayesian D-optimisation

• Assumes F is linear

• Compute gradients of 𝒅 w.r.t. 𝒎

መ𝑆 = arg𝑆max
1

𝑁


𝑗=1

𝑁

𝑎𝑗 ln 𝑨𝑆,𝑗
𝑇 𝑨𝑆,𝑗



• The optimal design has the largest 
entropy in data space

Nonlinear design: Maximum Entropy Design

መ𝑆 = arg𝑆max 𝐸𝑛𝑡 𝜌 𝒅 𝑆

𝒃

𝐸𝑛𝑡 = −න
Χ

𝑓 𝑥 log 𝑓 𝑥 𝑑𝑥



• Entropy approximation

• Spread of data is defined by the 
‘ambiguity’ in data space

Nonlinear design: 𝐷𝑁-optimisation

Observation uncertainty 
for earthquake model 5

Design a Design b

መ𝑆 = arg𝑆max ln Σ 𝑆

With Σ the covariance matrix 
of the synthetic data samples



Design Optimisation



Sequential Design Algorithm

• Evaluating all possible designs is a combinatorial 

problem - too costly

1. Calculate quality measure for all potential 

additional single receiver locations

2. Find maximum quality location

3. Add a receiver at that location to network

4. Repeat from 1
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Method comparison

Vertical cross sections through four synthetic models



Method comparison

Potential receiver locations for 
network design

Cross section

Map view



Quality measure – presentation (D-optimality)

Map view iteration 4
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Performance assessment

• Percentage of distinguishable sources
- Take a source position

- Calculate the arrival times for all other sources

- Count the sources where 𝑡𝑎𝑟𝑟𝑖𝑣𝑎𝑙 ≤ 0.1 𝑠

- Repeat for all pairs of sources

• Percentage of distinguishable sources 

≈    measure(‘certainty’) for an ideal inversion algorithm



Results



Three Designs from Three Measures…

Maximum Entropy DesignD-optimisation 𝑫𝑵-optimisation

Which one is best?



Homogeneous Two layers

Three layers Three layers, source in half space

𝑫𝑵-optimisation

𝑫𝑵-optimisation

𝑫𝑵-optimisation

𝑫𝑵-optimisation

Linear design

Linear designLinear design

Linear design

Results: Design Performance

Random design

Random design

Random design

Random design



Results: Number of earthquakes for stability

Linear design

𝐷𝑁-optimisation

Maximum Entropy Design
(still unstable)

Earthquakes



Results: computation time

Linear design

𝐷𝑁-optimisation

Maximum Entropy Design



Conclusion

• D-optimisation
• Compute intensive
• May not perform better than a random design in more complex situations

• Maximum Entropy Design
• Very compute intensive
• Requires very many prior samples

• 𝐷𝑁-optimisation
• Quick to compute
• Best performing networks

𝑫𝑵-optimisation

Darrel Coles & Curtis
- Geophysics 2011
Hugo Bloem, Curtis, Maurer
- Geophys. J. Int. 2020



Conclusion

• D-optimisation
• Compute intensive
• May not perform better than a random design in more complex situation

• Maximum Entropy Design
• Very compute intensive
• Requires very many prior samples

• 𝐷𝑁-optimisation
• Quick to compute
• Best performing networks

𝑫𝑵-optimisation

Dominik Strutz
- Variational Design
- Maximise Information
- Interrogation Problems



The Leading Edge, 2004 – Parts A (linear) and B (nonlinear)
https://blogs.ed.ac.uk/curtis/



Thank you


