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Convolutional Neural Networks
(CNN)
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Convolutional neural networks are a 
specialized type of artificial neural 
networks that use a mathematical 
operation called convolution in place of 
general matrix multiplication in at least 
one of their layers. They are specifically 
designed to process pixel data and are 
used in image recognition and processing.

https://en.wikipedia.org/wiki/Convolution
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Max Pooling is a pooling operation that 
calculates the maximum value for 
patches of a feature map, and uses it 
to create a downsampled (pooled) 
feature map. It is usually used after a 
convolutional layer.
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Sector 1 Six sectors shown
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Increasing beam current (luminosity) increases the number of 
background segments and combinatorics. (45 nA is the nominal 
running current)

At high beam currents, AI-assisted tracking drops to the level of conventional.
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Convolutional Auto-Encoder is used to de-noise raw data from drift chambers.

Network is trained of reconstructed data with track hits isolated from raw DC hits.
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For logistics problems Cross-Entropy Loss 
function is better

The penalty of not getting binary outcome is 
logarithmic 

MSE is good for linear regression problems
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We used Convolutional De-noiser and MLP classifier together and separately
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We used Convolutional De-noiser and MLP classifier together and separately

The efficiency at 100 nA is higher than conventional at 45 nA

If running an experiment at 100 nA, the same data can be 
collected less than half the time.

With the same running time the statistics more than doubles.

It was 35% increase in statistics with AI track classifier

Now we get 2.2x statistics (120% increase)
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Convolutional Neural Networks
(CNN)

Logistic Regression



HUGS (June 7-9 2022)G.Gavalian (Jlab)

Machine Learning 62

<latexit sha1_base64="EcQn5WfyRYTBIzO9tP883hwFCtg=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgxbArQT0GvXiMaB6QrGF20kmGzM4uM7NCWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUK6AaBZdYN9wIbMUKaRgIbAajm6nffEKleSQfzDhGP6QDyfucUWOle3w86xZLbtmdgSwTLyMlyFDrFr86vYglIUrDBNW67bmx8VOqDGcCJ4VOojGmbEQH2LZU0hC1n85OnZATq/RIP1K2pCEz9fdESkOtx2FgO0NqhnrRm4r/ee3E9K/8lMs4MSjZfFE/EcREZPo36XGFzIixJZQpbm8lbEgVZcamU7AheIsvL5PGedm7KFfuKqXqdRZHHo7gGE7Bg0uowi3UoA4MBvAMr/DmCOfFeXc+5q05J5s5hD9wPn8A6giNkQ==</latexit>

e�

<latexit sha1_base64="hRAYcPUClPWvLkicJHbnUy8OlVc=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSIIQkmkqMeiF48VTFtoY9lsp+3SzSbsboQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhQ8epYuizWMSqFVKNgkv0DTcCW4lCGoUCm+Hoduo3n1BpHssHM04wiOhA8j5n1FjJ7yT88bxbKrsVdwayTLyclCFHvVv66vRilkYoDRNU67bnJibIqDKcCZwUO6nGhLIRHWDbUkkj1EE2O3ZCTq3SI/1Y2ZKGzNTfExmNtB5Hoe2MqBnqRW8q/ue1U9O/DjIuk9SgZPNF/VQQE5Pp56THFTIjxpZQpri9lbAhVZQZm0/RhuAtvrxMGhcV77JSva+Wazd5HAU4hhM4Aw+uoAZ3UAcfGHB4hld4c6Tz4rw7H/PWFSefOYI/cD5/AG74jnM=</latexit>

⇡+

<latexit sha1_base64="mcbuxDXTW9QgPzCOHFrdFyHodyI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtIvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1Lqu1Zq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP3QeM/Q==</latexit>p

Drift Chambers

Central Tracker

CLAS12 detector 

Forward Drift Chambers:


In toroid magnetic field (6 sectors)

6 super layers

6 wire planes in each super-layer


Central Tracker:

Barrel Micromega Trackers

3 CVT barrels

3 Z-plane detector layers

3 Phi plane detector layers

Data Reconstruction

Reconstructing tracks from the detector 
responses takes 750 ms in a single thread.  

Data is collected at the rate of 12kHz

Takes about 4-6 months to process data 
collected in 1 month.

Track reconstruction is 90% of the 
computational time.

Calorimeter

Time Of Flight

Central Tracker
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Central Barrel Detector

3 rings of CVT

10, 14, and 18 double paddles in each ring

3 Layers of micro-megas with scripts in the Z direction

3 Layers of micro mega with strips in the shape of an 
arc (C-Layers)


Track reconstruction

Relies on signals from both detector types

At least 3 points along the trajectory (CVT and Z)

At least on C point



HUGS (June 7-9 2022)G.Gavalian (Jlab)

Convolutional Neural Networks 64



HUGS (June 7-9 2022)G.Gavalian (Jlab)

Convolutional Neural Networks 65



HUGS (June 7-9 2022)G.Gavalian (Jlab)

Convolutional Neural Networks 66



HUGS (June 7-9 2022)G.Gavalian (Jlab)

Convolutional Neural Networks 67

256 strips

256 strips
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84 sensors
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.
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.


.
3 rings

1 - 10 double sensors (20)

2 - 14 double sensors (28)

3 - 18 double sensors (36)
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This did not work. Why?
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Drift Chambers image 36x112 - 4032 pixels 
Track trajectory 36 pixels

~1% for single track

~2% for two tracks

Central Detector image 256x90 - 23040 pixels 
Track trajectory 6 pixels

~0.02% for single track

~0.04% for two tracks

Neural networks can not efficiently converge and result in output where all 
pixels are set to 0

Any other ideas?
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Logistic regression is a process of modeling the probability of a discrete outcome  
given an input variable. The most common logistic regression models a binary outcome;  
something that can take two values such as true/false, yes/no, and so on.
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Output is 84 numbers , 0 or 1

All Hits

Only hits belonging to a track
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Noise Level

Gradually increases with the lower 
threshold

Below 20% with efficiency above >90%

Sensor Identification Efficiency

94% at the lowest threshold
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Physics Analysis
(Trees)
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Id X1 X2 X3 X4 Y
0 4.3 4.9 4.1 4.7 0
1 3.9 6.1 5.9 5.5 0
2 2.7 4.8 4.1 5.0 0
3 6.6 4.4 4.5 3.9 1
4 6.5 2.9 4.7 4.6 1
5 2.7 6.7 4.2 5.3 1

1

10

X1<=4.3

X2<=6.1

decision node

decision node

Leaf node

Leaf node

Leaf node
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Id X1 X2 X3 X4 Y
0 4.3 4.9 4.1 4.7 0
1 6.5 4.1 5.9 5.5 0
2 2.7 4.8 4.1 5.0 0
3 6.6 4.4 4.5 3.9 1
4 6.5 2.9 4.7 4.6 1
5 2.7 6.7 4.2 5.3 1

0

1 0

X3<=4.1

X3<=4.7

decision node

decision node

Leaf node

Leaf node

Leaf node

Decision trees are highly sensitive to 
training data, resulting in high variance

The model may fail to generalize
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Bootstrapping

Select random data set (duplicates allowed)

Select randomly features to use for each tree

Train each tree separately


Aggregation

Evaluate input data using all trees

A majority voting decides the outcome

Random Forest is less sensitive to training data and 

generalizes the model much better
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Background
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<latexit sha1_base64="EcQn5WfyRYTBIzO9tP883hwFCtg=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgxbArQT0GvXiMaB6QrGF20kmGzM4uM7NCWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUK6AaBZdYN9wIbMUKaRgIbAajm6nffEKleSQfzDhGP6QDyfucUWOle3w86xZLbtmdgSwTLyMlyFDrFr86vYglIUrDBNW67bmx8VOqDGcCJ4VOojGmbEQH2LZU0hC1n85OnZATq/RIP1K2pCEz9fdESkOtx2FgO0NqhnrRm4r/ee3E9K/8lMs4MSjZfFE/EcREZPo36XGFzIixJZQpbm8lbEgVZcamU7AheIsvL5PGedm7KFfuKqXqdRZHHo7gGE7Bg0uowi3UoA4MBvAMr/DmCOfFeXc+5q05J5s5hD9wPn8A6giNkQ==</latexit>

e�

<latexit sha1_base64="EcQn5WfyRYTBIzO9tP883hwFCtg=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgxbArQT0GvXiMaB6QrGF20kmGzM4uM7NCWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUK6AaBZdYN9wIbMUKaRgIbAajm6nffEKleSQfzDhGP6QDyfucUWOle3w86xZLbtmdgSwTLyMlyFDrFr86vYglIUrDBNW67bmx8VOqDGcCJ4VOojGmbEQH2LZU0hC1n85OnZATq/RIP1K2pCEz9fdESkOtx2FgO0NqhnrRm4r/ee3E9K/8lMs4MSjZfFE/EcREZPo36XGFzIixJZQpbm8lbEgVZcamU7AheIsvL5PGedm7KFfuKqXqdRZHHo7gGE7Bg0uowi3UoA4MBvAMr/DmCOfFeXc+5q05J5s5hD9wPn8A6giNkQ==</latexit>

e�

<latexit sha1_base64="VWulVcRttdUfCmtDVS4pDp6pPxE=">AAAB+HicbVBNS8NAEN34WetHox69LBahItZEinosehFPFewHtGnZbCft0s0m7G6EWvpLvHhQxKs/xZv/xm2bg7Y+GHi8N8PMPD/mTGnH+baWlldW19YzG9nNre2dnL27V1NRIilUacQj2fCJAs4EVDXTHBqxBBL6HOr+4Gbi1x9BKhaJBz2MwQtJT7CAUaKN1LFzd2etWDFcgPYJtE+PO3beKTpT4EXipiSPUlQ69lerG9EkBKEpJ0o1XSfW3ohIzSiHcbaVKIgJHZAeNA0VJATljaaHj/GRUbo4iKQpofFU/T0xIqFSw9A3nSHRfTXvTcT/vGaigytvxEScaBB0tihIONYRnqSAu0wC1XxoCKGSmVsx7RNJqDZZZU0I7vzLi6R2XnQviqX7Ur58ncaRQQfoEBWQiy5RGd2iCqoiihL0jF7Rm/VkvVjv1sesdclKZ/bRH1ifP4s/kbo=</latexit>

J/ (e+e�)
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<latexit sha1_base64="EcQn5WfyRYTBIzO9tP883hwFCtg=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgxbArQT0GvXiMaB6QrGF20kmGzM4uM7NCWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUK6AaBZdYN9wIbMUKaRgIbAajm6nffEKleSQfzDhGP6QDyfucUWOle3w86xZLbtmdgSwTLyMlyFDrFr86vYglIUrDBNW67bmx8VOqDGcCJ4VOojGmbEQH2LZU0hC1n85OnZATq/RIP1K2pCEz9fdESkOtx2FgO0NqhnrRm4r/ee3E9K/8lMs4MSjZfFE/EcREZPo36XGFzIixJZQpbm8lbEgVZcamU7AheIsvL5PGedm7KFfuKqXqdRZHHo7gGE7Bg0uowi3UoA4MBvAMr/DmCOfFeXc+5q05J5s5hD9wPn8A6giNkQ==</latexit>

e�

<latexit sha1_base64="EcQn5WfyRYTBIzO9tP883hwFCtg=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgxbArQT0GvXiMaB6QrGF20kmGzM4uM7NCWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUK6AaBZdYN9wIbMUKaRgIbAajm6nffEKleSQfzDhGP6QDyfucUWOle3w86xZLbtmdgSwTLyMlyFDrFr86vYglIUrDBNW67bmx8VOqDGcCJ4VOojGmbEQH2LZU0hC1n85OnZATq/RIP1K2pCEz9fdESkOtx2FgO0NqhnrRm4r/ee3E9K/8lMs4MSjZfFE/EcREZPo36XGFzIixJZQpbm8lbEgVZcamU7AheIsvL5PGedm7KFfuKqXqdRZHHo7gGE7Bg0uowi3UoA4MBvAMr/DmCOfFeXc+5q05J5s5hD9wPn8A6giNkQ==</latexit>

e�

<latexit sha1_base64="EcQn5WfyRYTBIzO9tP883hwFCtg=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgxbArQT0GvXiMaB6QrGF20kmGzM4uM7NCWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUK6AaBZdYN9wIbMUKaRgIbAajm6nffEKleSQfzDhGP6QDyfucUWOle3w86xZLbtmdgSwTLyMlyFDrFr86vYglIUrDBNW67bmx8VOqDGcCJ4VOojGmbEQH2LZU0hC1n85OnZATq/RIP1K2pCEz9fdESkOtx2FgO0NqhnrRm4r/ee3E9K/8lMs4MSjZfFE/EcREZPo36XGFzIixJZQpbm8lbEgVZcamU7AheIsvL5PGedm7KFfuKqXqdRZHHo7gGE7Bg0uowi3UoA4MBvAMr/DmCOfFeXc+5q05J5s5hD9wPn8A6giNkQ==</latexit>

e�

<latexit sha1_base64="EcQn5WfyRYTBIzO9tP883hwFCtg=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgxbArQT0GvXiMaB6QrGF20kmGzM4uM7NCWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUK6AaBZdYN9wIbMUKaRgIbAajm6nffEKleSQfzDhGP6QDyfucUWOle3w86xZLbtmdgSwTLyMlyFDrFr86vYglIUrDBNW67bmx8VOqDGcCJ4VOojGmbEQH2LZU0hC1n85OnZATq/RIP1K2pCEz9fdESkOtx2FgO0NqhnrRm4r/ee3E9K/8lMs4MSjZfFE/EcREZPo36XGFzIixJZQpbm8lbEgVZcamU7AheIsvL5PGedm7KFfuKqXqdRZHHo7gGE7Bg0uowi3UoA4MBvAMr/DmCOfFeXc+5q05J5s5hD9wPn8A6giNkQ==</latexit>

e�

<latexit sha1_base64="kHoaiv+iPZwjenERC5jVTRs9v04=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoMevEY0TwgWcPspJMMmZ1dZmaFsOQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7glhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGpVkA1Ci6xbrgR2IoV0jAQ2AxGN1O/+YRK80g+mHGMfkgHkvc5o8ZK9/h41i2W3LI7A1kmXkZKkKHWLX51ehFLQpSGCap123Nj46dUGc4ETgqdRGNM2YgOsG2ppCFqP52dOiEnVumRfqRsSUNm6u+JlIZaj8PAdobUDPWiNxX/89qJ6V/5KZdxYlCy+aJ+IoiJyPRv0uMKmRFjSyhT3N5K2JAqyoxNp2BD8BZfXiaN87J3Ua7cVUrV6yyOPBzBMZyCB5dQhVuoQR0YDOAZXuHNEc6L8+58zFtzTjZzCH/gfP4A5wCNjw==</latexit>

e+

<latexit sha1_base64="kHoaiv+iPZwjenERC5jVTRs9v04=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoMevEY0TwgWcPspJMMmZ1dZmaFsOQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7glhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGpVkA1Ci6xbrgR2IoV0jAQ2AxGN1O/+YRK80g+mHGMfkgHkvc5o8ZK9/h41i2W3LI7A1kmXkZKkKHWLX51ehFLQpSGCap123Nj46dUGc4ETgqdRGNM2YgOsG2ppCFqP52dOiEnVumRfqRsSUNm6u+JlIZaj8PAdobUDPWiNxX/89qJ6V/5KZdxYlCy+aJ+IoiJyPRv0uMKmRFjSyhT3N5K2JAqyoxNp2BD8BZfXiaN87J3Ua7cVUrV6yyOPBzBMZyCB5dQhVuoQR0YDOAZXuHNEc6L8+58zFtzTjZzCH/gfP4A5wCNjw==</latexit>

e+

<latexit sha1_base64="mcbuxDXTW9QgPzCOHFrdFyHodyI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtIvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1Lqu1Zq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP3QeM/Q==</latexit>p

<latexit sha1_base64="mcbuxDXTW9QgPzCOHFrdFyHodyI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtIvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1Lqu1Zq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP3QeM/Q==</latexit>p

<latexit sha1_base64="mcbuxDXTW9QgPzCOHFrdFyHodyI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtIvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1Lqu1Zq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP3QeM/Q==</latexit>p

<latexit sha1_base64="mcbuxDXTW9QgPzCOHFrdFyHodyI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtIvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1Lqu1Zq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP3QeM/Q==</latexit>p

<latexit sha1_base64="Nlg113E62F6liziegac+BL7QztE=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU92Voh6LXsRTBfsB7VKyabaNzSZLkhXK0v/gxYMiXv0/3vw3Zts9aOuDgcd7M8zMC2LOtHHdb6ewsrq2vlHcLG1t7+zulfcPWlomitAmkVyqToA15UzQpmGG006sKI4CTtvB+Cbz209UaSbFg5nE1I/wULCQEWys1Lo768Wa9csVt+rOgJaJl5MK5Gj0y1+9gSRJRIUhHGvd9dzY+ClWhhFOp6VeommMyRgPaddSgSOq/XR27RSdWGWAQqlsCYNm6u+JFEdaT6LAdkbYjPSil4n/ed3EhFd+ykScGCrIfFGYcGQkyl5HA6YoMXxiCSaK2VsRGWGFibEBlWwI3uLLy6R1XvUuqrX7WqV+ncdRhCM4hlPw4BLqcAsNaAKBR3iGV3hzpPPivDsf89aCk88cwh84nz8qpI7g</latexit>

J/ 

Background

<latexit sha1_base64="fR8ZSSGGYhIoosq6hYmjX2br/a8=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY9FLx4r2g9ol5JNs21oNhuSrFCW/gQvHhTx6i/y5r8xbfegrQ8GHu/NMDMvVIIb63nfqLC2vrG5Vdwu7ezu7R+UD49aJkk1ZU2aiER3QmKY4JI1LbeCdZRmJA4Fa4fj25nffmLa8EQ+2oliQUyGkkecEuukB9VX/XLFq3pz4FXi56QCORr98ldvkNA0ZtJSQYzp+p6yQUa05VSwaamXGqYIHZMh6zoqScxMkM1PneIzpwxwlGhX0uK5+nsiI7Exkzh0nTGxI7PszcT/vG5qo+sg41Kllkm6WBSlAtsEz/7GA64ZtWLiCKGau1sxHRFNqHXplFwI/vLLq6R1UfUvq7X7WqV+k8dRhBM4hXPw4QrqcAcNaAKFITzDK7whgV7QO/pYtBZQPnMMf4A+fwBh6o3g</latexit>pp
<latexit sha1_base64="oL2EV7reoPD0j3piXH40lsGDzU8=">AAAB73icbVBNS8NAEN3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy2k3bpZhN3J0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVHJo8lrHuBMyAFAqaKFBCJ9HAokBCOxjfzvz2E2gjYvWAkwT8iA2VCAVnaKVOD0eArJ/0yxW36s5BV4mXkwrJ0eiXv3qDmKcRKOSSGdP13AT9jGkUXMK01EsNJIyP2RC6lioWgfGz+b1TemaVAQ1jbUshnau/JzIWGTOJAtsZMRyZZW8m/ud1Uwyv/UyoJEVQfLEoTCXFmM6epwOhgaOcWMK4FvZWykdMM442opINwVt+eZW0LqreZbV2X6vUb/I4iuSEnJJz4pErUid3pEGahBNJnskreXMenRfn3flYtBacfOaY/IHz+QMv4JAU</latexit>

✓p
<latexit sha1_base64="tOc2gO7ih/yo5B25Soezk1rknCQ=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9mVoh6LXjxWsB/QLiWbZtvYbBKSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvUpwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61jEw1oU0iudSdCBvKmaBNyyynHaUpTiJO29H4dua3n6g2TIoHO1E0TPBQsJgRbJ3U6qkR66t+ueJX/TnQKglyUoEcjX75qzeQJE2osIRjY7qBr2yYYW0Z4XRa6qWGKkzGeEi7jgqcUBNm82un6MwpAxRL7UpYNFd/T2Q4MWaSRK4zwXZklr2Z+J/XTW18HWZMqNRSQRaL4pQjK9HsdTRgmhLLJ45gopm7FZER1phYF1DJhRAsv7xKWhfV4LJau69V6jd5HEU4gVM4hwCuoA530IAmEHiEZ3iFN096L96797FoLXj5zDH8gff5A52wjys=</latexit>

�p

<latexit sha1_base64="eFpy3AqK2uJSNg4/GoK8KvQXQa4=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgxbArQT0GvXiMYB6YrGF20kmGzM4uM7NCWPIXXjwo4tW/8ebfOEn2oIkFDUVVN91dQSy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUK6AaBZdYN9wIbMUKaRgIbAajm6nffEKleSTvzThGP6QDyfucUWOlh0485N0UH88m3WLJLbszkGXiZaQEGWrd4lenF7EkRGmYoFq3PTc2fkqV4UzgpNBJNMaUjegA25ZKGqL209nFE3JilR7pR8qWNGSm/p5Iaaj1OAxsZ0jNUC96U/E/r52Y/pWfchknBiWbL+ongpiITN8nPa6QGTG2hDLF7a2EDamizNiQCjYEb/HlZdI4L3sX5cpdpVS9zuLIwxEcwyl4cAlVuIUa1IGBhGd4hTdHOy/Ou/Mxb8052cwh/IHz+QN3dZDL</latexit>

�e�

<latexit sha1_base64="9MACQj3+TVq4l/tg4MfOoOvjCUQ=">AAAB83icbVBNS8NAEN34WetX1aOXxSJ4sSRS1GPRi8cK9gOaWjbbSbt0swm7E6GE/g0vHhTx6p/x5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVHBo8lrFuB8yAFAoaKFBCO9HAokBCKxjdTv3WE2gjYvWA4wS6ERsoEQrO0Eq+j0NA1svg8XzSK5XdijsDXSZeTsokR71X+vL7MU8jUMglM6bjuQl2M6ZRcAmTop8aSBgfsQF0LFUsAtPNZjdP6KlV+jSMtS2FdKb+nshYZMw4CmxnxHBoFr2p+J/XSTG87mZCJSmC4vNFYSopxnQaAO0LDRzl2BLGtbC3Uj5kmnG0MRVtCN7iy8ukeVHxLivV+2q5dpPHUSDH5IScEY9ckRq5I3XSIJwk5Jm8kjcndV6cd+dj3rri5DNH5A+czx8NCZG0</latexit>

✓e�

<latexit sha1_base64="wXxB21KYz0kEQo+JHGjWRCjX0Nc=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4sSRS1GPRi8cK9gPaWDbbSbt0kyy7G6GE/ggvHhTx6u/x5r9x2+agrQ8GHu/NMDMvkIJr47rfzsrq2vrGZmGruL2zu7dfOjhs6iRVDBssEYlqB1Sj4DE2DDcC21IhjQKBrWB0O/VbT6g0T+IHM5boR3QQ85AzaqzUkr0MH88nvVLZrbgzkGXi5aQMOeq90le3n7A0wtgwQbXueK40fkaV4UzgpNhNNUrKRnSAHUtjGqH2s9m5E3JqlT4JE2UrNmSm/p7IaKT1OApsZ0TNUC96U/E/r5Oa8NrPeCxTgzGbLwpTQUxCpr+TPlfIjBhbQpni9lbChlRRZmxCRRuCt/jyMmleVLzLSvW+Wq7d5HEU4BhO4Aw8uIIa3EEdGsBgBM/wCm+OdF6cd+dj3rri5DNH8AfO5w8244+A</latexit>pe�

<latexit sha1_base64="rPaxHytJIEqUeICAcRggNNr6DpI=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSIIQkmkqMeiF48V7Ae0sWy2k3bpJll2N0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZeIAXXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1EmqGDZYIhLVDqhGwWNsGG4EtqVCGgUCW8Hoduq3nlBpnsQPZizRj+gg5iFn1FipJXsZPp5PeqWyW3FnIMvEy0kZctR7pa9uP2FphLFhgmrd8Vxp/Iwqw5nASbGbapSUjegAO5bGNELtZ7NzJ+TUKn0SJspWbMhM/T2R0UjrcRTYzoiaoV70puJ/Xic14bWf8VimBmM2XxSmgpiETH8nfa6QGTG2hDLF7a2EDamizNiEijYEb/HlZdK8qHiXlep9tVy7yeMowDGcwBl4cAU1uIM6NIDBCJ7hFd4c6bw4787HvHXFyWeO4A+czx8z2Y9+</latexit>pe+
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The response is the classifier’s output.

A tight cut on the response leads to a cleaner event 

Metrics are calculated here for the testing sample 
with equal amounts of positive and negative 
sample events.

The prediction rate for all is of order 10^5 s^-1



HUGS (June 7-9 2022)G.Gavalian (Jlab)

Physics Reaction Identification 82

Change training samples when using a deuterium 
target, or different beam energies (10.2 GeV and 
10.6 GeV in spring 2019 RG-B).  


 Simulated deuterium target with elSpectro event 
generator. 


We apply cuts on !2 to produce a clean sample. 
Most J/" past these cuts are retained by the 
classifier.


Currently working on the publication which will 
include many more reaction examples.
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Experiment Control



HUGS (June 7-9 2022)G.Gavalian (Jlab)

Level-3 trigger (with Artificial Intelligence) 84

Identify electrons based on raw information from Drift Chambers and 
calorimeter

Network trained on reconstructed data:


Matrix of size 6x112 for drift chambers

Matrix of 6x72 for calorimeter

Combined matrix of 6x184


Convolutional Neural network is used to train on data with reconstruct 
electron in the sector and random tracks with calorimeter hits in the same 
sector.

Drift Chambers CalorimeterCombining Two Detectors into one image
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Neural Network was developed for Level-3 trigger studies. (Richard Tyson, University 
of Glasgow) 
The Software was tested on clonfarm11 node with two NVIDIA Tesla T4 GPUs (2 
available, tested only on 1), over 3 times faster than RTX 2080 Ti 
Results reported as inference per second (inference is per one sector) 
Real data rate is inference divided by 6 
Results are reported for 1 CPU core and 1 GPU unit

TESLA T4 (Max Rate ~58.5 kHz)

CPU (Max Rate ~3.4 kHz)
Event Rate ~ 550 Hz

Event Rate ~9.4 kHz)

RTX 2080 Ti (Max Rate ~17.2 kHz)
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Recurrent Neural
Networks

(RNN) 
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Recurrent neural networks (RNN) are the state of the art algorithm for sequential 
data and are used by Apple's Siri and and Google's voice search. It is the first 
algorithm that remembers its input, due to an internal memory, which makes it 
perfectly suited for machine learning problems that involve sequential data.
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A recurrent neural network (RNN) is a class of artificial neural networks where 
connections between nodes form a directed or undirected graph along a temporal 
sequence. This allows it to exhibit temporal dynamic behavior. Derived from 
feedforward neural networks, RNNs can use their internal state (memory) to process 
variable length sequences of inputs

https://en.wikipedia.org/wiki/Artificial_neural_network
https://en.wikipedia.org/wiki/Directed_graph
https://en.wikipedia.org/wiki/Graph_(discrete_mathematics)
https://en.wikipedia.org/wiki/Feedforward_neural_networks
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I just woke up and I’m going to have ______________

I’m tired, I’m going to go _____________

The grass is _____________ (green)
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It was raining at night. The grass is _____________

The more steps in series you go, the memory of the earlier stages fades
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RNN Long-Short Term Memory

(LSTM)
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RNN Long-Short Term Memory

(LSTM)

Forget Gate

Input Gate

Output Gate
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Gated Recurrent Unit

(GRU)

Long-Short Term Memory

(LSTM)

Forget Gate

Input Gate

Output Gate
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Training INPUT contains 24 numbers (6 wires for each 4 super layers)

Training OUTPUT contains 36 numbers (6 wires for each 6 super layers)

The developed network will predict the hits in Super-Layer 1&2 (where the noise is 
the highest due to proximity to the beamline) based on hits in super layers 3,4,5 & 6.

This network will be used in high-luminosity run analysis to aid the clustering 
algorithm in high occupancy regions of drift chambers.
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True-Track Candidates

False-Track Candidates
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Performance matrix comparing reconstructed true tracks depending

On the closeness cut of the distance of wires to the real track.

This network is an excellent aid for tracking detectors in high-luminosity 

experiments where parts of the detector (closer to the interaction point) have 

higher noise levels and need clustering or identified area for searching for track 
continuation 
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Software
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How to get started:

Python: https://www.python.org

TensorFlow: https://www.tensorflow.org

Scikit-learn: https://scikit-learn.org/


Other Options:

DeepLearning4J (Java): https://deeplearning4j.konduit.ai

DeepNeets (Java) : https://www.deepnetts.com

EJML (Java): http://ejml.org


Described Projects

All projects described in this talk are done in JAVA

The implementation of networks in CLAS12 reconstruction 
software is in JAVA

Java provides completely portable software deployable 
anywhere

Even the JDK can be shipped inside the software package DeepNetts

https://scikit-learn.org/
https://deeplearning4j.konduit.ai
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Backup Slides



HUGS (June 7-9 2022)G.Gavalian (Jlab)

Why Did we need the second Network (Auto-Encoder) 101

Positive 
Charge Conventional Artificial 

Inteligence Gain

6 CLUSTER 242,145 256,175 1.0579

5 CLUSTER 24,155 52,839 2.1875

TOTAL 267,339 309,058 1.1561

Relative fraction of 5 super-layer tracks 
is about ~10% of total positively charge 
particles. 
The gain in number of 5 super-layer 
tracks is about x2.2 (120% increase) 
The gain in 6 super-layer track 
reconstruction with AI suggested track 
candidates is ~6%. 
Due to high gain in 5 super-layer track 
(where combinatorics is much larger for 
given number of segments) the total 
increase in tracks reconstructed is 
~15.6%  

Questions: 
Are these real tracks ?  
How does this translate into physics ? 
Is this gain real ?
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AI track classification and segment recovery network was implemented as a CLARA service. 
Tracking code was modified to separate clustering from track finding 

Data analyzed in two parallel service compositions with separate output for Time Based Tracking 
The parallel branches produce separate particle banks 
Tracking code in the AI branch is 35% faster compared to conventional branch 
The full chain will be available soon for users to analyze and compare results from AI assisted 
tracking with conventional tracking.

DC Clustering 
(Hit Based Clustering)

AI Track Finder DC HB 
Tracking

Conventional 
Track Finder

DC HB 
Tracking

RECAI::Particle

REC::Particle



HUGS (June 7-9 2022)G.Gavalian (Jlab)

Physics Impact 103

Implementation of AI assistance in CLAS12 tracking 
lead to tracking speed improvement of ~35%. 
Particle reconstruction efficiency increased when 
using only AI suggested tracks. 
Study was performed to measure tracking efficiency 
as a function of experiment luminosity (beam current) 
Conventional tracking efficiency decreases by 0.40% 
per nA of beam current. 
AI assisted tracking efficiency drops by 0.22% per nA. 
Efficiency drop improved by factor of ~2x.
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f=1.00+-0.0040x
f=1.00+-0.0022x

f=0.99+0.0024x
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Old sk1in 31 files
ID
Entries
Mean
RMS

            557
            159

  2.625
 0.3649

  27.01    /    37
P1   38.04   8.923
P2   3.094  0.7453E-02
P3  0.3613E-01  0.7817E-02
P4   1.535   1.879
P5  0.5089   1.020
P6  0.4555  0.3660
P7 -0.2288  0.9833E-01

M(e+e-), GeV

0

2
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10
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New B sk1in 31
ID
Entries
Mean
RMS

            557
            211

  2.641
 0.3682

  32.79    /    40
P1   51.06   10.32
P2   3.088  0.8432E-02
P3  0.4409E-01  0.8241E-02
P4   4.007   2.045
P5  0.7549E-01   1.099
P6 -0.8351E-01  0.3943
P7 -0.7390E-01  0.9855E-01

M(e+e-), GeV

0

2

4

6

8

10

12

2 2.2 2.4 2.6 2.8 3 3.2 3.4

<latexit sha1_base64="ClmOu9lPutVWO7QsomETGFzwSmY=">AAAB7nicbVBNS8NAEJ3Ur1q/oh69LBbBU01E0WPRi3iqYD+gDWWz3bRLN5tldyOU0B/hxYMiXv093vw3btoctPXBwOO9GWbmhZIzbTzv2ymtrK6tb5Q3K1vbO7t77v5BSyepIrRJEp6oTog15UzQpmGG045UFMchp+1wfJv77SeqNEvEo5lIGsR4KFjECDZWat+f9aRmlb5b9WreDGiZ+AWpQoFG3/3qDRKSxlQYwrHWXd+TJsiwMoxwOq30Uk0lJmM8pF1LBY6pDrLZuVN0YpUBihJlSxg0U39PZDjWehKHtjPGZqQXvVz8z+umJroOMiZkaqgg80VRypFJUP47GjBFieETSzBRzN6KyAgrTIxNKA/BX3x5mbTOa/5lzXu4qNZvijjKcATHcAo+XEEd7qABTSAwhmd4hTdHOi/Ou/Mxby05xcwh/IHz+QNfP47v</latexit>

J/ 25% more than in pass1
S.Stepnyan’s Analysis

38 Events 51 Events
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R.Tyson’s Analysis

15 Events

31 Events

18 Events



HUGS (June 7-9 2022)G.Gavalian (Jlab)

Physics Impact 106

UL: e’K+(FD) - B has 19% more events than A 
UR: e’K+(FD)p(FD) - B has 28% more events than A 
LL: e’K+(FD)p(CD) - B has 14% more events than A 
LR: e’K+(CD)p(FD) - B has 18% more events than A

D. Carman’s Analysis



Monte-Carlo Validation

107

H. Avakian’s Analysis
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RAW DATA GROUND TRUTH De-NOISED

Using Convolutional Auto-Encoders we can clean raw data sample to leave only hits that 
belong to a track. 
Network is trained on “good” reconstructed tracks from experimental data.
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Published: Comput.Phys.Commun. 271 (2022) 108201
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AI assisted tracking:

Two types of Neural Networks are developed to assist tracking code:


Track candidate classifiers

Inefficiency recovery network based on Auto-Encoders


The implementation in standard reconstruction code lead to improvements:

Tracking code speedup of ~35%.

Particle track reconstruction efficiency improvement of ~15% for 
standard running conditions (40-50nA).

Physics Impact

Improved efficiency for physics outcome for multi particle final sates


Improvement in statistics 20%-35% (for standard running conditions)

High Luminosity Running


De-noising DC and running standard reconstruction shows significant 
improvements in particle reconstruction.

With both de-noising and AI assistance makes it possible to run at higher 
luminosities.

De-Nosing network is ready and can be implemented as part of the 
workflow.

Heavy restructuring of DC code is needed to implement de-noising.

Conventional Tracking
AI Classification
AI De-Noising&Classification
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Identify particles based on detector responses 

Each particle is assigned features depending 
on traveled path:


Drift Chamber track trajectory

High Threshold Cherenkov response

Time of Flight

RICH detector response

Electromagnetic Calorimeter shower  
(energy, shape and moments of the shower)


Neural Network will be trained on Monte-Carlo 
data.

Reaction specific framework will be developed 
to refine particle identification for specific final 
states.

DC HTCC FTOF RICH ECAL

<latexit sha1_base64="ni8dLxIEbgjIY0966wE/ix1fVO4=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4sSQi6rHoxWNF+wFtLJvtpF262YTdjVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJIJr47rfztLyyuraemGjuLm1vbNb2ttv6DhVDOssFrFqBVSj4BLrhhuBrUQhjQKBzWB4M/GbT6g0j+WDGSXoR7QvecgZNVa6x8fTbqnsVtwpyCLxclKGHLVu6avTi1kaoTRMUK3bnpsYP6PKcCZwXOykGhPKhrSPbUsljVD72fTUMTm2So+EsbIlDZmqvycyGmk9igLbGVEz0PPeRPzPa6cmvPIzLpPUoGSzRWEqiInJ5G/S4wqZESNLKFPc3krYgCrKjE2naEPw5l9eJI2zindR8e7Oy9XrPI4CHMIRnIAHl1CFW6hBHRj04Rle4c0Rzovz7nzMWpecfOYA/sD5/AHpEo2O</latexit>
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Network was trained on uniformly 
generated electrons, pions and muons 
in GEMC 
Testing was done on Inclusive e,pi+,pi- 
event simulated using Pythia 

What is the physics impact ? 
Electrons identified by Neural 
Network lead to increased statistics 
in the exclusive e,pi+,pi-,p event 
The recovered electrons seem to 
come from edges of calorimeter 
where there are some energy losses, 
and AI can identify them better than 
a a simple Sampling fraction CUT. VERY EXTREMELY


PRELIMINARY

Using 28 parameters from Calorimeter
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