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|.  Two SVD methods:
A) Pseudo-inverse for position estimation
B) SVD analysis for beam coherent motion removal
C) SVD + Pseudo-Inverse

Il. Estimation of the resolution error
A) Artificial noise on de-noised matrix
B) Pseudo-experiments on pseudo-inverse method



|. TWO SVD mE[hOdS Taking a long set of data in a unique beam position:
k : refers to the BPM under test
P = 1000 is the number of pulses
M = 19 is the number of stripline BPMs used

Resolution measurements: Model Independent Analysis dy =DK-v
dy doo dio -+ digro -+ duo)| (v,
di doy dyy oo digy - Ay e

cBPM measured values —» = <+—— correlation coefficients

dyp dop dip - digp .- dyp

stripline BPM measured values

To find the correlation coefficients: v = DK"dk. where the inverse of D, is calculated using the SVD method: SVD(D,) = USVT,

'

The residuals between measured position and estimated position are calculatedas Ry =dg — Dy - v.
px ' =vITs=1yT
And the resolution is estimated do be the rms of the residuals: Zf ngi v g T
O, = —_— = “..
k P 1y

BPMs taken: up-stream: MLIL.... ML15L, ML1P, ML2P, ML3P; down-stream: ML4P
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. Two SVD methods
A) Pseudo-inverse for position estimation

MIA resolution for S5_res_006_IFIC_Y_1DC
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. Two SVD methods

With only striplines for position estimation: 4.26 pm

A) Pseudo-inverse for position estimation

With Saclay cBPM for position estimati

on:
MIA resolution for S5_res_006_IFIC_Y_1DC
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. Two SVD methods

u; = beam spatial vectors

columns of U describe a behaviour

pattern along space

every vector u; describes the pattern

of motion of mode i along the

M BPMs
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Taking a long set of data in a unique beam position:
k : refers to the BPM under test
P = 1000 is the number of pulses
M =19 is the number of stripline BPMs used

o; = singular values
represent the strength of the
different modes of the beam motion

v; = beam temporal vectors
columns of V describe a behaviour
pattern along time

o; are arranged from higher to lower
so the dominant modes are found
first

every vector v; describes the pattern
of motion of mode i along the
P pulses

# modes < min(M, P)



|. Two SVD methods Taking a long set of data in a unique beam position:

k : refers to the BPM under test
P = 1000 is the number of pulses
M = 19 is the number of stripline BPMs used
Reconstruction of D, as:

N A threshold singular value ¢, is defined such as
~ “T o1 T 6, > o, > 0,; Where singular values above ¢, are
D =UZV" = [ | ] uy ] - [ Vi Ll ] attributed to coherent beam motion and

Om singular values under ¢, represent the noise
Beam coherent motion / \

setting all singular values 6 < ¢, to zero Noise of the devices

setting all singular values 6 > ¢, to zero
Allows the reconstruction of D, keeping

only the information of the beam jitter
and betatron oscillations observed along
all BPMs

Allows the reconstruction of D, keeping
only the information of the measurements
noise, individual for each BPMs

A _ . T . _ T
Dk,dominant =U Oy 14 Dk,noise =U 0 vV
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Singular values (um)

. Two SVD methods

Spatial vectors
Singular values
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Singular values (um)

. Two SVD methods
B) SVD analysis for beam coherent motion removal

Temporal vectors
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Singular values (um)

. Two SVD methods
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Singular values (um)

Two SVD methods

Singular values 2% 10!
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. Two SVD methods

Singular values (um)
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. Two SVD methods

Singular values

101 4

101 4

Singular values (um)

100 4

Stdv after 6 modes removal (um)
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. Two SVD methods

Sin BPMs ML2P, ML3P y ML4P
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. Two SVD methods

Resolution on IFIC BPM as a function of the modes removed:
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|. TWO SVD mE[hOdS Taking a long set of data in a unique beam position:
k : refers to the BPM under test
P = 1000 is the number of pulses

d,=DK-v M =19 is the number of stripline BPMs used
dy doo dio -+ digeo -+ duo| (v,
d dyy di; ... d; ... d Vi
cBPM measured values — o IS ol ML T | —
d};P d;)P d;p i p dyp| VM correlation coefficients

T

stripline BPM measured values

To find the correlation coefficients: v =DK™'d,  where the inverse of D, is calculated using the SVD method: S VD(D,) = USVT,
The non dominant modes are removed when calculating the pseudo-inverse.

071 1/071

~ ~ ‘. ~ T - _ %e .
DKgominane = USVT = [ug [...] uy | é, [vi ...l vo| =Dk} vum =V 1/5, u’

The residuals between measured position and estimated position are calculated as Ry = dy — DK - ¥

And the resolution is estimated do be the rms of the residuals:

== INSTITUT DE
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|, TWU SVD mE[hOdS Taking a long set of data in a unique beam position:
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l.  Two SVD methods:
A) Pseudo-inverse for position estimation
B) SVD analysis for beam coherent motion removal
C) SVD + Pseudo-Inverse

Il. Estimation of the resolution error

A) Artificial noise on de-noised matrix
B) Pseudo-experiments on pseudo-inverse method
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|I. Estimation of the resolution error
A) Adding artificial noise to a de-noised matrix

10!

Singular values (um)

10°

~

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0
# Mode number

idea 2:

Generate an D, ez7Thatrix keeping only the
dominant s, to which the noise is added as:

3 Dcoherent +E

sim

E is Gaussian noise added independently to each
channel: o, ; for striplines.

Perform SVD on D;, removing the dominant
modes to obtain-and compute o,;,,, .ppu

The systematic error provoked by the stripline
|imitations iS AGCBPM = O-sim,cBPM - O-CBPM
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|I. Estimation of the resolution error
A) Adding artificial noise to a de-noised matrix

Resolutions from each BPM ¢

are

Strip,i

cted from this:
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|I. Estimation of the resolution error

Generate an D,,,,,.,, Matrix keeping only the
dominant modes, to which the noise is adde

D, =D

sim coherent

+E

E is Gaussian noise ed independently to each
channel: s,,; striplines.

101 4

Singular values (um)

100 -

e
v

orm SVD on D, removing the dominant
modes to obtain Dy, .. and compute o;,, .ppy
/ The systematic error provoked by the stripline

e

P

”

Measured resolution after removing 6 modes: 3.82e+00 um

Simulated resolution after removing 6 modes: 5.76e+00 um
125 150 175  20.0

0.0 : 50 75 100 : : :
/ # Mode number The difference in resolution between the measured and
simulated data is: 1.94e+00 um
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|I. Estimation of the resolution error

Generate an D,,,,,,.,, Matrix keeping only the

dominant modes, to which the noise is added as:

D, =D,

sim coherent

+E

E is Gaussian noise added independently to each
channel: 6., ; for striplines.

Perform SVD on D, removing the dominant
modes to obtain Dy, ,.ise aNd compute o, .ppy
The systematic error provoked by the s

722e+00 um
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Distribution of Simulated Resolution at IFIC

removing 6 modes
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Measured resolution: 3.82e+00 um
Mean simulated resolution: 6. +00 um
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|I. Estimation of the resolution error

Pseudoexperimentos:

Coémo evaluamos el error
introducido porv;y n;?

4eee——

1. Seleccionas aleatoriamente X pulsos (5007 si pueden ser mas mejor)

2. Calculas los factores de correlacion v;.

O Alcoger 500 pulsos ya estamos teniendo en cuenta el posible error en las

v; (cuantos mas pulsos mejor)
3. Cogemos un pulso de los que queda

O Y metemos ruido aleatorio a las medidas dadas por los otros BPMs en un
rango de si%ma= 10 um (se puede estudiar el efecto de este valor en el error
sistema de medida) y estimamos la posicién en nuestro BPM i#k ik

asociado a
para unos 1000 o0 10000 casos

4. Repetimos el paso 3 para mas pulsos y promediamos o,

Este método deberia tener en cuenta el:

* ruido de los BPMs,

* incertidumbre de los coeficientes de correlacion,
* estadistica

Con esto estimamos el error del sistema de medida o ¢ , después
podriamos hacer que:

_ |2 2
OBPM-IFIC = J Omedida,BPM—IFIC — Oref

"F "C$§E§2T> O et ... malo

CORPUSCULAR

/N

N

N
Re= Gt S ety 4 G — Y omo

Generamos ruido en los BPMs dyp = dyg + RO[0,1]*0

d

estim

=dpovo +diovs+--dyovn

I

dq9=d4o + R1[0,1]*0,

Oref,1 = std(dyy;,) OF std(Ry) ?

stim

L. K. Pedraza - PhD33: Resolution analysis ATF May26
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|I. Estimation of the resolution error k: refers to the BPM under test

P = 1000 is the number of pulses
M =19 is the number of stripline BPMs used
L = 10000 is the number of simulations

dk = DK' \4
INFLUENCE OF BPMs RESOLUTION: dy dyy dio digro -+ dyo Vo
d dyy dyy ... d; . d 1%
cBPM measured values —» ar=t Tl L —
d};P d;)P d;p d';;k , dyp| \VM correlation coefficients

T

stripline BPM measured values

To find the correlation coefficients: v = Dk’_ldk — done for all bunches

For a given bunch i and a simulation I: We simulate a random noise with ¢,,;,; in E;; which is added to DK;

The simulated estimation position is: DK;;,.1i - v; Where DK, i = DKi + E;;

The simulated residuals between measured position and estimated position are calculated as: R =dy, - DKji1.i * V;

ksim,l,i

We observe the standard deviation of the estimated position and the residuals for a given bunch i across all L simulations:

Opstim.i(DKsim,1i - Vi) Oresiduals iRy, ) = Performing simulations over several bunches: Bostim o

residuals
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|I. Estimation of the resolution error

INFLUENCE OF BPMs RESOLUTION:

Pseudo-experiment considering

Gstrip,i

obtained with SVD and only the last bunch

Simulated estimated position for 10000 simulations

k : refers to the BPM under test

P = 1000 is the number of pulses

M = 19 is the number of stripline BPMs used
L = 10000 is the number of simulations

Simulated residuals for 10000 simulations

1600 - ~= 3 sigma_e=1.68e+00 um 1600 4
1 == mean_e=5.25e+00 um
1
1400 1 [ 1400
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1200 A HHe— 1200 A
— |1
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> 1000 1 1 > 1000 1
c 1 c
3 1 e
S 800 1 & 800
i : ] £
600 - : 600 -
1 ||
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0
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Estimated position (um) at IFIC with added noise
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[ sigma_r=1.68e+00 um
== mean_r=-6.71e+00 um

Residuals (um) at IFIC with added noise
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|l Estimation of the resolution error k: refers to the BPM under test

P = 1000 is the number of pulses
M = 19 is the number of stripline BPMs used
L = 10000 is the number of simulations

INFLUENCE OF BPMs RESOLUTION:

Pseudo-experiments considering o, obtained with SVD and observing the stdv results over all bunches

strzpl
ilated standard deviation of estimated position for 10000 simulations over 9¢ Simulated standard deviation of residuals for 10000 simulations over 993 bt
I i - 1
140 1 mean_sigma_e=1.67e+00 um 1 140 ] —— mean_sigma_r=1.67e+00 um
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— l |
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6] I >
c i 1 [9)
g 80 1 S 80-
o 1 =]
w fuly
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| L
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1 40
1
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20 1 1 20 -
1
4—( ' ]—H
01— ; . . . — 0
163 164 165 166 167 168 1.69 1. 70 1_71 163 164 165 1.66 167 168 1.69 170 1.71
Standard deviation of estimated position (um) at IFIC with added noise Standard deviation of the residuals with added noise

P == INSTITUT DE

r [ FiSICA L. K. Pedraza - PhD33: Resolution analysis ATF May26 20/07/2026 26
CORPUSCULAR



|I. Estimation of the resolution error k: refers to the BPM under test

P = 1000 is the number of pulses
M =19 is the number of stripline BPMs used
L = 10000 is the number of simulations

d,=DK-v
INFLUENCE OF CORRELATION d do de . d 4
COEFFICIENTS ERROR: i 00~ 0 i#k0 Mol (v
cBPM measured values —» df‘l = df” d_“ di?fk’l dff“ A —
d,;P d;)P d;P di;;k,P dA./[P V;u correlation coefficients

T

stripline BPM measured values

To find the correlation coefficients: v = Dk’_ldk — done for all bunches

We assume bunches are not correlated between each other.
Bootstraping: procedure for estimating the distribution of an estimator by resampling (often with replacement) one's data.

We perform »,,,,,,.,, = 1000 bootstrap simulations in order to quantify the statistical uncertainty of v, due to finite
sample size and random noise/jitter across the measured pulses:

= how robust v is? For another set of P pulses under the exact same conditions, vywould likely fall within £¢(v;)
= how much v, fluctuates due to random electronic noise in the BPMs, beam position jitter, or pulse-to-pulse intensity
fluctuations.
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|I. Estimation of the resolution error k: refers to the BPM under test

P = 1000 is the number of pulses
M =19 is the number of stripline BPMs used
= 1000 is the number of simulations

nbnnmtraps
Bootstrap Distribution of Correlation Coefficients (v;) across 20 BPMs
(Nbootstraps = 1000)
INFLUENCE OF CORRELATION e o - -
COEFFICIENTS ERROR: . =] « N = N e To know if v; is reliable:
- Ul ol Ll e <

BPM Reliability / ﬂmm Hﬂ | LA hﬂm
Contribution: If a specific v, e bom. ) MR L SNR of v_i(bpm_1): 1.80, reliable?: Yes
has a verv laree & (v relative to it > i il i SNR of v_i(bpm_2): 0.81, reliable?: No
. ylarge o(v) . dl I I SNR of v_i(bpm_3): 3.30, reliable?: Yes
its mean value, that particular 0 H]M - " % o mnﬂﬂ SNR of v_i(bpm_4): 1.60, reliable?: Yes
BPM's contribution to o0 o o5 oos 002 o 0o <003 -0 -001 00 001 002 o201 00 o1 002 03 SNR of v_i(bpm_5): 1.59, reliable?: Yes

.. . . E R SNR of v_i(bpm_6): 0.69, reliable?: No
DFEdICtIng dk IS noisy or | SNR of v_i(bpm_7): 0.66, reliable?: No
unstable. SNR of v_i(opm_8): 0.84, reliable?: No

SNR of v_i(bpm_9): 0.19, reliable?: No

0.00 0.02 004 0.06 001 002 003 004 005 006
e of v Value of v

When performing
bootstraping, it is possible to
evaluate:

1p (

SNR of v_i(bpm_11): 4.36, reliable?: Yes

SNR of v_i(bpm_13): 1.95, reliable?: Yes

ﬂﬂm_ SNR of v_i(bpm_14): 2.52, reliable?: Yes
SNR of v_i(bpm_15): 2.20, reliable?: Yes
SNR of v_i(bpm_1p): 12.00, reliable?: Yes

):
):
SNR of v_i(bpm_12): 3.98, reliable?: Yes
):
):
):

~001 000 001 002 003 004 ~0.05-0.04 ~ ~0.05 ~0.04 ~0.03 ~0.02 ~0,01 0,00 010 ol
Value of v v Value of v Value of v,

) 4p (v:

SNR; = |u(v)leo(v;)|

SNR of v_i(bpm_2p): 4.00, reliable?: Yes

il i ittt i I o I SNR of v_i(lbpm_3p): 3.00, reliable?: Yes
- A‘WH_H Hmﬁ' = »HH m}m s mﬂ mhﬁ. ‘mﬁ SNR of v_i(Saclay): 28.05, reliable?: Yes
= SNR of v_i(bpm_4p): 1.86, reliable?: Yes

0005 0010 0015 0020 0025 000 001 002 003 004 0.525 0550 0.575 0.600 0.625 0.650 ~0.005 0.000 0.005 0.010 0.015 0.020
Value of v Value of v Value of ;

(
(
(
(
(
(
(
(
(
SNR of v_i(bpm_10): 2.67, reliable?: Yes
(
(
(
(
(
(
(
(
(
(
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|I. Estimation of the resolution error k: refers to the BPM under test

P = 1000 is the number of pulses
M =19 is the number of stripline BPMs used
= 1000 is the number of simulations

nbootstraps
INFLUENCE OF CORRELATION Comparison with theoretical formula:
COEFFICIENTS ERROR: P '
Comparison of Correlation Coefficients
@ v (from SVD)
I W v (analytical)
0.25 ¥ v (bootstrap)
E P
0.20
é 0.15
% 0.10
i}
g 0.05 i E i i . % i
0.00 - E i i I I L
—0.05 A % I I % %
—0.10 A

NG 2 2 R O I Y2 R 2R e N I v
N\ N\ N\ \Z \'Z N2 \4 N4 \2 " > 02 04 "4 >
AR Y Y Y Y Yy
BPMs
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|I. Estimation of the resolution error

INFLUENCE OF CORRELATION
COEFFICIENTS ERROR:

(Fic

INSTITUT DE
FISICA
CORPUSCULAR

0.020 -

0.018 A

Error on Correlation Coefficients (v)

o
o
S
)

0.006 A

0.004 -

k : refers to the BPM under test
P = 1000 is the number of pulses

M =19 is the number of stripline BPMs used

0.016 -

0.014 -

0.012 A

0.010 A

nbootstraps
Comparison with theoretical formula:
Comparison of Error on Correlation Coefficients
8 @ Error (bootstrap)

B Error (analytical)

(]
]
] [ ]
]
[ ]
6 ' . n #
e g 2 | [ ]
] ° 8 * ]
| |
(]
] [ |
Y PP WY ¥ YOSy sy ey R
NG R R R SR R R VAR VANV AR A VR R R R
BPMs
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= 1000 is the number of simulations
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|I. Estimation of the resolution error k: refers to the BPM under test

P = 1000 is the number of pulses
M =19 is the number of stripline BPMs used
L = 10000 is the number of simulations

d,=DK-v
INFLUENCE OF CORRELATION d do d d 4
COEFFICIENTS ERROR: i 00~ 0 i#k0 Mol (v
cBPM measured values —» df‘l = df” d_“ di?fk’l dff“ A —
d,;P d;)P d;P di;;k,P . dyp V;u correlation coefficients

T

stripline BPM measured values

To find the correlation coefficients: v = Dk’_ldk — done for all bunches

For a given bunch i and a simulation I: We simulate the uncertainty on the correlation coefficients ¢, in E;; which is added to v;
The simulated estimation position is: DK;- v, ,; where Voimsi = Vit Ep;
The simulated residuals between measured position and estimated position are calculated as: Rks,-m,l,,- 5 dki - DK; - Vsim,Li

We observe the standard deviation of the estimated position and the residuals for a given bunch i across all L simulations:

Oostim.i(DKi * Vi 1) Oresiduals iRy, ) = Performing simulations over several bunches: Bostim G

residuals
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|I. Estimation of the resolution error k: refers to the BPM under test

P = 1000 is the number of pulses
M = 19 is the number of stripline BPMs used
L = 10000 is the number of simulations

INFLUENCE OF CORRELATION COEFFICIENTS ERROR:

Considering o, ; obtained with Bootstraping for only the last bunch

Simulated estimated position for 10000 simulations Simulated residuals for 10000 simulations
:— [ sigma_e=4.35e-01 um I sigma_r=4.35e-01 um
1400 A | == mean_e=5.27e+00 um 1400 A == mean_r=-6.73e+00 um
L
1
1200 1 1200 -
— 1
1 I
1000 - : 1000 -
> 1 >
g — | | 5
g 800 A I g 800 -
g o g
i 1 s
600 A 1 600 -
1
ERANHEEER
400 : 400 -
I L\
1
200 - r“ 1 200 A
1
1
0+—== ; ; L1 ] —_— 0-
4.0 4.5 5.0 55 6.0 6.5 7.0 -8.5 -8.0 -7.5 -7.0 -6.5 -6.0 -5.5

Estimated position (um) at IFIC with added noise Residuals (um) at IFIC with added noise
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|I. Estimation of the resolution error

INFLUENCE OF CORRELATION COEFFICIENTS ERROR:
Considering o, ; obtained with Bootstraping for ALL BUNCHES

ilated standard deviation of estimated position for 10000 simulations over 9¢
1

175 — == mean_sigma_e=8.31e-01 um

150 A —

125 A

100 A

Frequency
~
wv

—

N
w
!

0 ’7 T T
0.5 1.0 1.5 2.0 2.5

Standard deviation of estimated position (um) at IFIC with added noise
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k : refers to the BPM under test

P = 1000 is the number of pulses

M = 19 is the number of stripline BPMs used
L = 10000 is the number of simulations

Simulated standard deviation of residuals for 10000 simulations over 993 bt
1

175 == mean_sigma_r=8.31e-01 um

1
|
1
150 A I
|
|
1

125 A

100 A

Frequency

~
w
!

w
o
!

=

0.5 1.0 1.5 2.0 2.5
Standard deviation of the residuals with added noise
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|I. Estimation of the resolution error k: refers to the BPM under test

P = 1000 is the number of pulses
M =19 is the number of stripline BPMs used
L = 10000 is the number of simulations

dk = D]( -V
INFLUENCE OF BPMs RESOLUTION AND
CORRELATION COEFFICIENTS ERROR: dio dyy dy dizko -+ duo| (v,
—_— 4—
d, dy, dyy ... d; . d 14
cBPM measured values o IS B il L N
dp dop dip ... digp ... dyp] \"M correlation coefficients

stripline BPM mgasured values

To find the correlation coefficients: V= D;EI -d;, - done for all bunches

For a given bunch i and a simulation I: We simulate the noise with o,,,,,; and ¢,. in E;; which is added to D, and v;.

The simulated estimation position is: *Vim.Li where Dy =Dy +Ep,;; and Vimpi = Vit E,

D
Ksim,l,i

The simulated residuals between measured position and estimated position are calculated as: Rksim,l,i =dy; - lesim,z,i " Vim,Li

We observe the standard deviation of the estimated position and the residuals for a given bunch i across all L simulations:

Oostim.i DKsim.1i * Vsim.1.0) Oresiduals.i (R, 1 ;) = Performing simulations over several bunches: Gy 6

residuals
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|I. Estimation of the resolution error k: refers to the BPM under test

P = 1000 is the number of pulses
M = 19 is the number of stripline BPMs used
L = 10000 is the number of simulations

INFLUENCE OF BPMs RESOLUTION AND CORRELATION COEFFICIENTS ERROR:

Pseudo-experiment considering o,,,;,; and ¢ (v;) only the last bunch
Simulated estimated position for 10000 simulations Simulated residuals for 10000 simulations
[ sigma_e=1.77e+00 um _I_f, j B sigma_r=1.77e+00 um
1400 9/ = = mean_e=5.29e+00 um I 1400 - == mean r=-6.75e+00 um
i _|
- I
1200 - : [ 1200 +
R nitis
_ 1
1000 I 1000
> |
& 800 — 1 - g 800
o 1 >
o] o
: | °~’ T
600 - : “ 600
l —
] : ] AL
400 “ | }_‘ 400 -
1
1
I ‘
1 l_
0 -+ _'14._l_‘ T ‘ T 1 T T :I_'_' 0 -
-2 0 2 4 6 8 10 12 12 _10 _8 _6 _a 2 0
Estimated position (um) at IFIC with added noise Residuals (um) at IFIC with added noise

INSTITUT DE

pyp=pp=
1 s C5hscuiar L. K. Pedraza - PhD33: Resolution analysis ATF May26 20/07/2026 135



|I. Estimation of the resolution error

INFLUENCE OF BPMs RESOLUTION AND CORRELATION COEFFICIENTS ERROR:

Pseudo-experiment considering o,

ilated standard deviation of estimated position for 10000 simulations over 9¢

and o (v;) observing the stdv results over all bunches

k : refers to the BPM under test
P = 1000 is the number of pulses

M = 19 is the number of stripline BPMs used

L = 10000 is the number of simulations

Analytically:

[ 2 2 _
Ores.pms + 0y, = 1.86 UM

Simulated standard deviation of residuals for 10000 simulations over 993 bt

300 A 1 - i =
| mean_sigma_e=1.94e+00 um 300 1 1 == mean_sigma_r=1.94e+00 um
1
i 1
250 i 250 |
| ‘I
I 1
1 I |
200 I 200 :
> I
] I > I I
c (@] 1
g T _|I qC) J 1
5 150 I 3 150 A I
= o
(] w
I I
100 A : 100 -
1
1
50 1
I 50 A
' ‘ WTW
I
0 - . ! o .
0 - T T
1.8 2.0 2.2 2.4 2.6 2.8 3.0 1.8 2.0 2 2.4 2.6 28 3.0

Standard deviation of estimated position (um) at IFIC with added noise Standard deviation of the residuals with added noise
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