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Novelty (Anomaly) Evaluation

The history of novelty detection is basically a history of developing novelty evaluators/
methods of the testing sample 

(Note: ``MC-based’’ (semi-supervised) or ``data-driven’’ (fully unsupervised) often refer to 
how to simulate/evaluate the backgrounds and hence is separated from the discussions 

here; the novelty evaluators/methods suggested in principle can be applied to both)  
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Two Main Classes of  Evaluators
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Isolation-based

Clustering (density)-based

[J. Hajer, Y. Li, TL, H. Wang; arXiv:1807.10261] 



Isolation-based Evaluators

The novelty of a given testing point is evaluated according to its 
distance to or isolation from the distribution of known-pattern data 

in the feature space.  

  All of the other testing points in the sample are irrelevant.
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                 : mean distance of a testing data point to its k nearest neighbors    

                 : average of the mean distances defined for its k nearest neighbors  

                     : standard deviation of the latter  

All quantities are defined w.r.t. the training sample

Novelty measure: range unnormalized Novelty evaluator: 0  O  1

Isolation-based Evaluator I: k-Nearest Neighbors 
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[J. Hajer,  Y. Li, TL, H. Wang; arXiv:1807.10261] 



Isolation-based Evaluator II: Reconstruction Error

Reconstruction error as a measure of distance to/isolation 
from the known-pattern data  

In essence, isolation-based  

Distance is calculated with different metrics

[T. Heimel et. al.; M. Farina et. al; 2018] 
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Clustering-based Evaluators

The novelty of a given testing point is evaluated according to the data  
clustering around this point on top of the known-pattern data distribution 

in the feature space.   

The testing data around this given testing point are potentially relevant. 
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             : mean distance of a testing data point to its k nearest neighbors in the 
training dataset   

             : mean distance of a testing data point to its k nearest neighbors in the 
testing dataset  

m: dimension of the feature space (but not necessary) 

Novelty response is evaluated by comparing local densities of the testing point 
in the training and testing datasets 

Approximately statistical interpretation :  
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Clustering-based Evaluator I: k-Nearest Neighbors

[J. Hajer,  Y. Li, TL, H. Wang; arXiv:1807.10261] 
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Clustering-based Evaluator II
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Why Do We Wanna Synergize Both?

[X. Jiang,  A. Juste, Y. Li, TL, H. Wang; in preparation]
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Data in both regions can 
be scored high!

Novelty response

14

Synergy-based Evaluator I

Scored low by O_iso

Scored high by O_iso

[J. Hajer,  Y. Li, TL, H. Wang; arXiv:1807.10261] 
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Synergy-based Evaluator I

Center slightly shifted, with S/B = 1/20

Oclu Oiso

Osyn

Oclu

Oiso

Osyn

x

x

[J. Hajer,  Y. Li, TL, H. Wang; arXiv:1807.10261] 
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Pros: simple, intuitive

Cons:  

not fully optimized 

breaks the independence of testing events, and hence loses nice 
properties in statistics of the original sample: Gaussian/Poisson 

Synergy-based Evaluator I

[J. Hajer,  Y. Li, TL, H. Wang; arXiv:1807.10261] 



Synergy-based Evaluator II
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Isolation-based

Clustering (density)-based

data: N-response

[X. Jiang,  A. Juste, Y. Li, TL, H. Wang; in preparation]
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2D Gaussian Benchmarks

R1 : � = 0.1

R2 : � = 0.3

R3 : � = 0.6

C1 : µ = (0, 0) C2 : µ = (1, 0) C3 : µ = (2, 0)

B = 10000, S = 1000
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ROC Curves and AUC Values (Preliminary)

Synergy-based Osyn

Supervised

Synergy-based O’syn

Isolation-based Oiso

Clustering-based Oclu

[X. Jiang,  A. Juste, Y. Li, TL, 
H. Wang; in preparation]
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ROC Curves and AUC Values (Preliminary)

Isolation-based Oiso

Clustering-based Oclu

Synergy-based Osyn

Synergy-based O’syn

C1 > C2 < C3

R1 > R2 > R3

Improved AUC in C3

Universally the best AUC!

Complementarity



List of  Novelty (Anomaly) Evaluation

Isolation-based   
Autoencoder: [Hajer, Y. Li, TL, H. Wang, 2018; Heimel et. al.,2018; Farina et. al, 
2018; Cerri et. al. 2018; Tuhin et. al., 2019; Blance et. al., 2019, … …]  

Clustering(density)-based  
Autoencoder: [Hajer, Y. Li, TL, H. Wang, 2018]  
Test statistic: [Simone et. al., 2018] 
Probabilistic modeling [Dillon et. al., 2019] 
More [Shih et. al, 2020] 

Synergy-based   
Autoencoder: [Hajer, et. al., 2018; Jiang, Juste, Li, TL, in preparation] 

Test statistic - based 
Traditional: D0, CDF, CMS, ATLAS  
ML development: [D’Agnolo et. al., 2018; Simone et. al., 2018]  
Quantum computing: [Matchev, 2020] 

Others 
Weakly supervised: [Cohen et. al, 2017] 
Signal pattern - dependent: [Metodiev, et. al., 2017; Collins et. al., 2018] 

… … 21
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 Summary

Rapid development of the DNN techniques is bringing far-reaching impact for 
particle physics 
To search for NP as novelty, it is important to properly design novelty evaluators/
evaluation methods: isolation-based, clustering-based, … …    
Synergy-based evaluators/methods can bring us to the farther, … … 
More efforts are needed to fill up the gap between proof of concept and real data 
analysis; stay tuned, … …                            

Isolation-based

Clustering (density)-based Synergy-based



LHC

  At tree level, we have 

Here                                            can be understood as a measure of the de 

   

At loop-level, we have  
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Thank you!

GRF under grant No. 16312716 

GRF under grant No. 16302117 

GRF under grant No. 16304315



Workflow

Step 1: (SM/background) 
feature learning   

Step 2: dimensionality 
reduction of feature space 
(auto-encoder) 

Step 3: novelty evaluation 
of testing data  

Detection sensitivity can be 
analyzed based on novelty 
response of testing data

With this algorithm, new physics can be searched for without a priori knowledge!

[J. Hajer,  Y. Li, TL, H. Wang; arXiv:1807.10261] 24



Dimensionality Reduction 

Autoencoder  
Latent feature space is defined with a demand of minimizing event reconstruction error 

Novelty evaluation can be subsequently pursued in the latent space

Credit: www
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ROC Curves and AUC Values (Preliminary)

C1 > C2 < C3

Isolation-based Oiso

x x x
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ROC Curves and AUC Values (Preliminary)

Clustering-based Oclu

R1 > R2 > R3

x

x

x
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C3 => C1, R1 => R3: 
significance decreases 

Small gap in significance 
between O’syn based 
analysis and supervised 
learning

ROC Curves and AUC Values (Preliminary)


