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The paper in a nutshell

Gradient Boosting Regression on graph-based structures
to identify features that increase/decrease target properties

Organic chemistry Quantum optics

Which chemical groups in a compound lead to 
changes in certain properties?

1. better/worse solubility in water vs. octanol. 

1 HOMO = Highest Occupied Molecular Orbital

2. higher/lower HOMO1.

physical intuition

design of experiments to probe 
local realism, or for quantum 
communication networks

Which combinations of experimental sub-
components can increase/decrease the production 
of high-dimensional, multipartite quantum 
entanglement?

3. other changes in relevant properties of 
application-specific data sets, eg
larger/smaller HOMO-LUMO2 gap…

2 LUMO = Lowest Unoccupied Molecular Orbital

design of pharmaceutical drugs, 
organic solar cells, OLEDs2…

3 OLED = Organic Light Emitting Diode



The paper in a nutshell

Gradient Boosting Regression on graph-based structures
to identify features that increase/decrease target properties

“The carbonyl group increases 
solubility in water.” previously

known

more 
unusual

“The amine group lifts the 
HOMO to higher levels.”

“Silole rings reduce the 
HOMO-LUMO gap.”

“An array of three equal-shift 
holograms increases 
multipartite entanglement.”

“Two nonlinear crystals connected
via a beam splitter decrease

multipartite entanglement ”

previously
known

previously
unknown

contradicts the intuition in the field !

Organic chemistry Quantum optics
physical intuition



Workflow for automated hypothesis generation

• All subgraphs are also listed and codified in bit-vectors 
using fingerprinting techniques.

…

• Graph = any structure that can be represented as
nodes connected by edges.

p = 1.234 p = 0.567 p = 0.890

…

, p = 0.567



Workflow for automated hypothesis generation

Extended-Connectivity Fingerprints

• Numbering of all non-H sites following conventions.

J. Chem. Inf. Model. 50, 742–754 (2010)

• Iteratively mapping out structures including neighbours.
• Hashing the resulting identifiers into a 32-bit integer.

Also used to fingerprint optical components!



Gradient Boosting Regression

Minimise loss function L (eg least squares) by iteratively 
minimising the residuals, eg via decision trees. 

Ref: Cory Maklin, “Gradient Boosting Decision Tree 
Algorithm explained”, towardsdatascience.com (May 18, 2019)

http://towardsdatascience.com


Gradient Boosting Regression

Example: determine house price

1. Calculate average: c0=688

2. Calculate first residuals.

Age Sq. footage Location Price
5 1500 5 480
11 2030 12 1090
14 1442 6 350
8 2501 4 1310
12 1300 9 400
10 1789 11 500
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1. Calculate average: c0=688.

2. Calculate first residuals.

3. Construct a decision tree from features.

Gradient Boosting Regression

Example: determine house price

Sq. footage

AgeLocation

-388, -288 -208 -188 402, 622
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Age Sq. footage Location Price Res. 1
5 1500 5 480 -208
11 2030 12 1090 402
14 1442 6 350 -338
8 2501 4 1310 622
12 1300 9 400 -288
10 1789 11 500 -188

1. Calculate average: c0=688.

2. Calculate first residuals.

3. Construct a decision tree from features.

Gradient Boosting Regression

Example: determine house price

Sq. footage

AgeLocation

-208 -188 512-338

4. Fit the data with the decision tree.

Age Sq. footage Location Price Res. 1 Pred.
5 1500 5 480 -208 667
11 2030 12 1090 402 739
14 1442 6 350 -338 654
8 2501 4 1310 622 739
12 1300 9 400 -288 654
10 1789 11 500 -188 669

learning rate, c1= 0.1



Gradient Boosting Regression

1. Calculate average: c0=688.

2. Calculate first residuals.

3. Construct a decision tree from features.

Example: determine house price

Age Sq. footage Location Price Res. 1 Pred.
5 1500 5 480 -208 667
11 2030 12 1090 402 739
14 1442 6 350 -338 654
8 2501 4 1310 622 739
12 1300 9 400 -288 654
10 1789 11 500 -188 669

4. Fit the data with the decision tree.

learning rate, c1= 0.1
5. Compute new residuals.



Age Sq. footage Location Price Res. 1 Pred.
5 1500 5 480 -208 667
11 2030 12 1090 402 739
14 1442 6 350 -338 654
8 2501 4 1310 622 739
12 1300 9 400 -288 654
10 1789 11 500 -188 669

Gradient Boosting Regression

1. Calculate average: c0=688.

2. Calculate first residuals.

3. Construct a decision tree from features.

Example: determine house price

Age Sq. footage Location Price Res. 1 Pred. Res. 2
5 1500 5 480 -208 667 -187
11 2030 12 1090 402 739 351
14 1442 6 350 -338 654 -304
8 2501 4 1310 622 739 571
12 1300 9 400 -288 654 -254
10 1789 11 500 -188 669 -169

4. Fit the data with the decision tree.

learning rate, c1= 0.1
5. Compute new residuals.
6. Repeat 3-5 until convergence.



Gradient Boosting Regression for hypothesis generation

subgraph 1 subgraph 2 subgraph 3 … property
Yes No Yes 1.234
Yes

No No 0.456

No Yes No 0.789
No No Yes 1.011
Yes No Yes 1.213
… … … …

“A binary feature vector describing presence/absence of 
automatically generated subgraphs is used to train a tree 
ensemble method eg Gradient Boosting.”

Quantification of feature importance

“Feature i leads to an increase/decrease of 
target property of strength s”

Aggregate features to formulate hypothesis, eg 
“The carbonyl group increases solubility in water.



Results 1: chemistry

Influence on solubility in polar vs. 
nonpolar molecules Influence on HOMO energy

Influence on HOMO-LUMO gap



Results 2: quantum optics

• Various experimental setups to engineer high-
dimensional multipartite entanglement.

• 3 photons + 1 photon as a trigger

• Measure of entanglement = size of involved Hilbert space4:

4 M. Huber and J. I. de Vicente, Structure of multidimensional entanglement in multipartite systems. Phys. Rev. Lett. 110, 030501 (2013).



Discussion

Extend same approach to other areas?
• Identify features (symmetries?) that increase localization of edge modes in topological materials?

• Identify compounds or elements that stabilise certain phases of matter, eg superconductivity?

• Identify laser regimes in ultracold systems that maximise observable readout?

Issues:
• Need for graph-based database. 

• Size of the database?

Meta-analysis:
• Hyperparameter optimisation to determine which features increase performance for other graph-based

machine learning algorithms, eg neural networks.


