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Located in Berlin-Adlershof
Circumference: 240 m

Bending magnets: 32

Straight sections: 16
Beamlines: ~ 45

Electron energy: 1.7 GeV
Nominal beam current: 300 mA

Energy of the synchrotron radiation: 1eV to 150
keV

Duration of the light pulse: 20 ps

Measurement time: ~ 5000 h estimated for 2021
User visits from guest researchers: ~ 3000 p.a.
Beam + Machine Commissioning: ~ 1000 h p.a.
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BESSY Il - Some ML Use Cases

Use case @ BESSY I

| ML Paradigm \

| Potential gain

Measurement prediction (lifetime,
vertical beam size...) [VRHM™20]

Anticipating and understanding ac-
celerator behaviour

Supervised Learning

Booster current & injection effi-
ciency optimisation [VRHM™20]

Automation (avoiding manual tun-
ing)

Reinforcement
Learning

Beamline raytracing inversion — Dr.
G. Hartmann & Team

Performance improvement & au-
tomation

Supervised & Rein-
forcement Learning

Data compression of a photoelec-
tron diagnostic unit with latent space
labelling — Dr. G. Hartmann & Team

Performance improvement & knowl-
edge generation

Unsupervised Learn-
ing

Mitigation of harmonic orbit per-
turbations

Improvement of beam stability in
analitically non-tractable case

Supervised & Rein-
forcement Learning

Anomaly detection system with
feature assignation

Additional support for operators

Unsupervised Learn-
ing
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Mitigation of Harmonic Orbit Perturbations HZB......
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» Electron beam stability is a critical factor in order to
achieve light radiation with high quality brilliance
and brightness over time.

» Transverse beam dimensions at BESSY |II:

100 x 20pm.
» Magnet position errors destabilize the orbit —

efficiently corrected with fraditional methods -
BESSY II: fast orbit feedback (FOFB) ((MGL*09]).

Response-matrix-based correction in a nutshell:
Ax ~ SAc

with x relative beam position, c corrector magnets strength and S response matrix (calculated or
measured on the accelerator). Hence, for x:+1 = 0, we apply recursively

-1
Cir1:=Ct—aS X

with S~ Moore-Penrose pseudoinverse of S (at BESSY a = 0.8).
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Mitigation of Harmonic Orbit Perturbatic

» But the environment also produces additional
perturbations interfering with user operation:

» Civil noise

»> Main power (50Hz)

» Some imperfectly isolated magnetic sources
(e.g. booster power supply at 10Hz)

» The FOFB system itself (20-40Hz).

» Olivier Churlaud faced this problem in his MSc
([Chu16])

» Follow-up: mitigate the harmonic perturbations with
a RL agent learning the perturbation dynamics

from observation and interaction with the
environment

> Early 2020: simulations ([Chu16], [AGTZ14])

» Since Summer 2020: tests at the machine with
Bluesky (JACCR19], [SMS™21]) and zmq

L. Vera Ramirez et al., ICALEPCS 2021
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Model-free approach: Test for BPMZ5D7R, 1/3/21 HZB......

> State: last readbacks from 6 top-correlated

beam position monitors (BPMs) (A’s w.r.t. the Time domain

reference orbit in mm) Foas| |
g
> Action: strength of 6 top-correlated horizontal é‘“ { —
steerers (A’s w.r.t. the initial stregth, + 20 mA) = oo ﬁ“" il o™ \““"“M wb«
» Reward: transformation of the next readback " OTO0 T OTON0S 0100 01EIS 01020
from reference BPM: 2¢ =20 l#t+11 — 1
> Algorithm: DDPG ([LHP*16]) A e AN
> Baselines E oo
> Static steerers: steerers set back to the Y PR T
initial precalculated strength AN RYARY| VI, v/ VA A A | — fom ™
> FOFB: standard FOFB system ooo] Y AN MG ANTY, | — usgen
> FOFB (zmq): FOFB reimplemented in N S
the zmq loop.
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Model-free approach: Test for BPMZ5D7R, 1/3/21 HZB......
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Frequency domain
Archiver beam motion variable RMSE from on-the-fly data
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Model-free approach: Test for all BPMs, 1/3/21 HZB......

> State: last readbacks from 6 top-correlated
beam position monitors (BPMs) (A’s w.r.t. the Time domain
reference orbit in mm)

> Action: strength of 6 top-correlated horizontal Em
steerers (A’s w.r.t. the initial stregth, = 20 mA) et
» 0.04
» Reward: transformation of the next readback 2
from all BPMs (m = 102) OO 3120 282130 282040 287150 282200 282210 2822:20)
5 Time

26—20RMSE[xt+1] 1= 26_20 w 1

> Algorithm: DDPG ([LHP*16]) —0.040 me
» Baselines 0085

g
> Static steerers: steerers set back to the g"“’” " Fors Gmp
initial precalculated strength 0.0 W — Rigent
» FOFB: standard FOFB system 0020 % ) e %
» FOFB (zmq): FOFB reimplemented in Tims (%)
the zmq loop.
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Model-free approach: Test for all BPMs, 1/3/21 HZB......
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Frequency domain
Archiver beam motion variable RMSE from on-the-fly data
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Towards a model-based approach HZB.....
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» Ideal set up: global response-matrix-based correction
smoothed with ML/RL for the frequency domain.

> First approach: learn perturbation patterns with a
surrogate model used for

F:RY™ xR — R™

0.0050

0.0025

0.0000

—0.0025

—0.0050

—0.0075

» combined correction with response-matrix methods o010
» model-based RL
» further analysis

—0.0125

00016
00014
00012
00010

BPMZSDTR
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Time (secs)

All BPMs - Surrogate model prediction

(Xt—ny A ,Xt,Ct+1) — X¢+1 %Duwa l
Input: BPM [ DI 00002
e B B ) e B e I WD O W
c 5 F ® 5w s » %
Input: steerers 5048 200 100 freauensy
I=48
Error | Test Set Avg. Previous BPM Data Resp. Matrix: x; + S (ci+1 —¢;) | Model: F(x/—g,...,X¢, Cty1)
X¢ Xi—1 X2 Xt—3 X4
RMSE 0.0154 0.0274 | 0.0178 | 0.0236 | 0.0204 | 0.0229 0.0098 0.0036
R? 0 -2.172 | -0.3455 | -1.3492 | -0.769 | -1.2223 0.5896 0.9441
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— our surrogate model achieves an impressive prediction accuracy!
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Towards a model-based approach: Test for all BPMs, 21/6/21 HZB......

A= —aSTx
repeat

Xf—s-l =X+ S(cf_|r1 —cy)

)N(f_H = F(Xt—n, .-, Xt, Cf_H)

il = taSTH = (XF, —xF, ) —x]
until convergence or k too large

Time domain
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Frequency domain
Archiver beam motion variable
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Mitigation of Harmonic Orbit Perturbations: Interpretability HZB......
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Xi+1 =~ F<Xt7n7 sy Xy Ct+1)

» F'is a NN with ReLU
and linear activation
functions —
differentiable a.e.

art . 9F™
BC%JA ac%+1
J = : " : ’
: - Avg. of Js (@pprox. Ex, c,,,)~ test data |/ |(Xt,coen) ])
art . 9F™
Bclt+1 aci+1
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Mitigation of Harmonic Orbit Perturbations: Interpretability HZB......
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Xi+1 =~ F<Xt7n7 sy Xy Ct+1)

» F'is a NN with ReLU
and linear activation
functions —
differentiable a.e.

art . 9F™
Ociyy Oci 4y
C .__ . .
JO = : . : Actual measured (horizontal) response matrix S
art . 9F™
Bclt+1 aci+1
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Mitigation of Harmonic Orbit Perturbations: HZB......
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Xi41 = F(thm sy Xy Ct+1)

» F'is a NN with ReLU
and linear activation
functions —
differentiable a.e.

art . 9F™
6(:é+1 6(:é+1
JC = H H 3
: : : : Standard deviation of J¢’s
art . 9F™
aclt+1 aclt+l
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Anomaly detection with feature assignation HZB......
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> First experiments with Isolation Forests ([LTZ08]) - prototype
ready for roll-out in control room.

> We are developing additional anomaly scores that can be
individually assigned to input features - based on
[LWSG13], [CTS20], [LECT19].

Let P;(x) = {No, N1,..., N;} be the node path of point z in i-th tree
T; and s(N) the number of samples assigned to node N after
training. Define the Splitting path of = in tree T; (p > 0) as:

(Nj41)\*
Si(z) == {(1 _ 2 :
S(NJ) Nj,Nji1 €Pi(z),j=1 l

,,,,,

Anomaly score of point = and feature F at tree T;:

ai(F,z) =Y {s;j € Si(x) | F(N;) = F}

extended to the whole forest as: a(F, z) := % SF L ai(F,x)

L. Vera Ramirez et al., ICALEPCS 2021 18
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Feature Anomaly Scores
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coefficients
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Anomaly detection with feature assignation

Feature Anomaly Scores.

- lve
training data

L. Vera Ramirez et al., ICALEPCS 2021
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Negative score;
the machine
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an anomalous
state (decay
mode - training
data was only
from top-up
mode).
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Feature Anomaly Scores
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Anomaly detection with feature assignation

Feature Anomaly Scores
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The model detected the feature anomaly in the per-bunch booster current without
any information about our alert intervals!
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Summary and Outlook I

»> Mitigation of harmonic orbit perturbations

»> Model-free deep RL agent with 6 BPMs and
steerers improves stability in frequency domain but
not in time domain.

> Steps towards model-based global optimisation:
very accurate surrogate models, first combined
algorithms tested.

» Anomaly detection with feature assignation scores
developed and tested in several proof-of-concepts -
ready for roll-out in control room.

> Next steps:
»> Model-based RL for harmonic orbit perturbations .
> Interpretability: simple gradient analysis already

gives interesting information - more sophisticated
tools towards interpretability — Physical insights?

L. Vera Ramirez et al., ICALEPCS 2021
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Appendix - Orbit Perturbation HZB......

> Early 2020: first RL tests with

simulations (code from [Chu16] and v ‘ T
OCELOT [AGTZ14]). A RL agent P "

acting in time domain able to reduce T N - I
perturbations also in frequency A, : _ wh \ |

domain:
> Since February 2021: zmg-communication
» July 2020: infrastructure set-up during improved, stable RL-interaction loop at 75 Hz,
machine commissioning and first further attemps at 150 Hz:

plausibility tests of the Bluesky-based
framework up to 20Hz.

» September 2020: direct
zmg-communication with the mBox
(fast orbit correction infrastructure),
communication up to 100Hz. First
learning results.

&
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...and how is the RL agent manipulating the steerers?

—— HSIMD2R

[ 20 40 60 80 100
Time (s)

Notice that the smoothness of the RL
agent performance in frequency domain is
achieved in spite of (or probably due to) a

high activity in the horizontal steerers...

L. Vera Ramirez et al., ICALEPCS 2021

FFTs of horizontal steerers: 2021-02-28721:52:14.060000Z - 2021-02-28721:53:55.031000Z

Amplitude

0.00004

0.00002

on| 1 —ed |
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Frequency

... which is a translation of the observed
perturbation pattern of the orbit
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» Frameworks: [AAB*15], [Cho15], [Pla16]
DDPG - Hyperparameters
» Actor: feedforward network with three hidden layers (50-20-10 neurons), ReLU as activation
function (output with tanh)

» Critic: feedforward network with four hidden layers (50-(50+action)-20-10) neurons, ReLU as
activation function, Adam as optimizer

> Learning: v = 0.99, target model update rate = 0.01, batch size = 32

» Exploration: Ornstein-Uhlenbeck process (o = 0.05, 8 = 0.1, no annealing), memory buffer
with 20000 steps, short episodes (50 steps) followed by steerers random restart.

Surrogate model correction - Hyperparameters

> Model: architecture plotted in slide, ReLU as activation function, linear output, Adam as optimizer

» Learning: 16000 points for training, 4000 for test (gathered at 150 Hz), validation split 0.05,
batch size = 32, 50 epochs.

> Steerer randomisation: steerer intensities sampled from A(0, 5) (in mA) and actually set with
probability p = 0.005.
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