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Frequency Scanning Interferometry System

e Frequency scanning interferometry measurement system for
Full Remote Alignment System (FRAS), which can determine
distance from measuring head to target upto micrometer precision
in real time

e Monitoring the position of magnet and crab cavity cold masses
inside their cryostats

e Based on Michelson Interferometry Principle and uses sweeping
laser to identify distance of target system

I High level control I

FSI SAMbucCa
System System

Detect position Correct position

—



https://home.cern/news/news/accelerators/aligning-hl-lhc-magnets-interferometry

Frequency Scanning Interferometry System
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Frequency Scanning Interferometry System
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Frequency Scanning Interferometry System

e Based on Michelson Interferometry Principle 3) e 9
and uses sweeping laser to identify distance of LASER REFLECTED
SOURCE OPTICAL FREQ,
target system A
Ke) S
e Reference beam and the beam reflected from N &9@
the target are recombined, creating an v N s &
. . O < _ R DETECTION AND : &
interference signal - 0 ¥ [ﬂ MEASUREMENT 3
I(t,T) = A-cos[2mr(a Tt + f O T)] ._.
A - magnitude of the signal b) ] _ >
T - time delay between signals s
a - sweep rate of the laser FIBRE TERRULE TIP/
REFERENCE MIRROR CISELTJ'LTTLOR
. . N RETROREFLECTOR | - Py
e Distance Dis calculated - D = ¢ O3 z TG LaseR
2Avn ) ~4% LIGHT REFLECTED U HIREE
Av - change of the laser frequency during sweep Uv
n -refractive index N
. DETECTION AND
¢ -speed of light 5 @ MEASUREMENT

N -number of cycles of the signal measured during the laser
sweep (above equation)

Introduction to Frequency Scanning Interferometry (FSI) systems - .
M. Sosin, J. Rutkowski



https://indico.cern.ch/event/831552/contributions/3484597/attachments/1896834/3130203/1_FSI_Introduction_MS.pdf
https://indico.cern.ch/event/831552/contributions/3484597/attachments/1896834/3130203/1_FSI_Introduction_MS.pdf

Frequency Scanning Interferometry System

OPTICAL

CIRCULATOR — e Multi-Target Frequency Scanning
@ LASER Interferometry system

SOURCE

MEASUREMENT
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Frequency Scanning Interferometry System

MIRROR/SPLITTER

RT1 (FIBRE TERRULE TIP) i .
O | e Multi-Target Frequency Scanning
RT2 SWEEPING
O d TG feEn Interferometry system _
6 G b —— \__J+— | source e Fourier Transform based analysis
; H to obtain final distance
s | f
. N beat m
s ‘ ~ DETECTION AND) Dn = [ )
; MEASUREMENT| - dl—'
D1 - dt
-7 : ] o — is a sweep rate of the laser ( a = dv/dr)
, .- - ] n — refractive index of light transmission medium
=TT ] ¢ — speed of light

Distance [mm]




Frequency Scanning Interferometry System

|
Sweep laser bl : @ |
NewFocus v \ | S ui
OEM 8700 k SR | i ::H
a) [ A
| q
I

GAS CELL FREQ. REFERENCE

1..8 measurement channels

Retroreflector

<L >

Glass ball
reflector

O

SPLITTER

EDFA

b)

L@

O
a5 )

e FSlinterferometer schematic - a) laser delivery and S|gnal analysis b) measurement channels

e Reference Interferometer to identify laser sweep (a)
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Frequency Scanning Interferometry System

Sweep laser
NewFocus
OEM 8700

@),

a)

b)

EDFA

A\

SPLITTER

GAS CELL FREQ. REFERENCE

1..8 measurement channels

—

Retroreflector

L@

@

[« ]

<L >

Glass ball
reflector

O

For known length L -

Av - change of the laser frequency during
sweep

n -refractive index

c -speed of light

m -number of cycles of the signal measured
during the laser sweep for length L

N
becomes, D = L —
2Avn m

D =:c¢

e FSlinterferometer schematic - a) laser delivery and S|gnal analysis b) measurement channels

e Reference Interferometer to identify laser sweep (av) or (a)
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Frequency Scanning Interferometry System

& .7 . ' "/[." -
tHigh level control y

Low-level FESA
FSI SW

FPGA

e " -
" BN
) .
i AL AR eeas)
& L AL /\ CASEL
0

FMC R M
8-10 Gbps, direct fibe -~ [ b
FSI Test Setup FSI Photodetector Module

GPU: Nvidia RTX 3060
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Signal Processing in Frequency Scanning Interferometry

tHigh level control

Low-level FESA

1
: l
L lllllllllllllllllllllllllllllllllllllllllllllllllllll
: v E. Peak distance I
Y— s ; |
: 7)) computation I
1 % Calculate: |
| I * Sweep speed for ch2 (least square fit) |
| = « FFTfor ch3.64 I
| N o) 3
: c Linearize ch2..64 : |
based on ch1 ’ 1 |
: 2 'Hilbert intergol' GPU & Server S CPU E I
1 Raaansaasd Sy T T TTTT—— I
' 8 '
|
I (@] Acquire 3 .
: E w1.6e| FPGAof CTRL i : time
1 . Y >
- 20ms 250ms <1s
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Signal Processing in Frequency Scanning Interferometry

I

| Each channel: 1
| IN = 2M x 12bit samples (3 MBytes) Each channel: FSI raCk :
: : 1

i Reference Processing n = 2M x 12bit samples (3 MBytes) :
Low-level FESA : O(N) O(NlogN) O(N) :
FSI SW :Ch 1: Ref. :
: Each channel output: :
1 Negligible amount of data 1
| (2x FFT) L i
: [ Gas Cell Processing !
1 | 1
1

i I oN*m) ' O(N*m) O(N) O(N)  OIN) :
| : m=4 m=100 I
kh 2: Gas Cell > Savitzky- Least ]
g2 | interp. I 1

| | |(@spine) e oy H ;‘;%: I E
: | GAS_CELL_out n=4 1
1 1 1
1 Meas_coef ]
1 1] 1
: : Measurement Processing :
: I O(N*m? O(N log N) O(N)% O(N?) :
1 ' m=4 :
ECh 3..64: Meas | interp. FFT | rmosscoor m Lorenze || Dst(S):
1 (B-spline) MEAS_out MW Fit :
: B X621
1 T 1
e ;



Signal Processing in Frequency Scanning Interferometry

x4
S T :
1 Each channel:

E Rl 1
i N = 2M x 12bit samples (3 MBytes) Each.chanrl: FSI rack :
: Reference Processing n = 2M x 12bit samples (3 MBytes) :
: O(N) O(NlogN) O(N) O(N) O(N) |

; ° 1
{1 4:Ret Butterworth| o | Hilbert Arc Un e I
: highpass Transform tan wrap Sortall Each channel output: :
samples
1 : Negligible amount of data 1
' (2x FFT) g :
: | Gas Cell Processing :
1 ] 1
1
i I O(N*m?) ' O(N*m) O(N) O(N) O(N) |
: : m=4 m=100 i
Ich 2: Gas Cell »f Savitzky-r F Least 1
" interp. Find I
i =P - B Gola square M ———— 1
: § | (Bspine) (FIR)V peaksf| ot ] |
1 ] GAS_CELL out n=48 a i
1 ] 1
1 Meas_coef 1
1 1] 1
: : Measurement Processing :
' I O(N*m?) O(N log N) O(N) O(N?) ]
1 | m=4 \ 4 1

h 3..64: M ; ]
IF eas 't interp. - FFT -m f*meas_coeff m Lorenze | Dst(s) :
1 (B-spline) MEAS_out (3*3MB) M Fit 1
1 = _magnitude 1
1 X621
i )
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Signal Processing in Frequency Scanning Interferometry

x4
Raw Reference Channel I-E-;-h--- I e = e = i m—— = :
1Each channel: 7atli( c 5
3000 :N =2M x 12bit samples (3 MBytes) Eachichannel: FSI rack E
: Reference Processing n = 2M x 12bit samples (3 MBytes) :
2000 1
; O(N) O(NlogN) O(N) OIN) i
1 . 1
e i LRef | outeworth Un [
0.0 0.5 10 15 2.0 2.5 : highpass wrap Each channel output: :
20 1 . Negligible amount of data !
Raw Gas Cell : (ZX FFT) ! il -
: | Gas Cell Processing 1
2500 - 1 ' :
il i | oN*m) ' ON*m) ON) ON)  ON) :
24900 H : m=4 m=100 i
23501 kch 2: Gas cell L < Savitzky- Least ;
: 22| interp. Find !
2300 - : i P! 5-spine) > Gg‘,?y peaks|P] S9uare N :
22504 ! . i i 3 H |
0.0 0.5 1.0 15 2.0 2.5 1 ] GAS_CELL out n=4 1
1le6 : ] Meas_coef :
1 ) . 1
1 ; Measurement Processing :
Raw Measurement Channel E I ON*m) O(N log N) o(N) 0(N?) :
2045 H | m=t y :
1 h 3..64: Meas | ] Dst(s)
IF .g interp. »| FFT Fmer IEI”T_ P> | Lorenze LI
20407] 1 (B-spline) 1 ens o | (3*3MB) Fit [
1 3 _magnitude 1
1 X621
1 T [
2035 A 1 1
o - - —— - - —— - —— - - - ——
0.0 05 10 15 20 25
Samples 1e6
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e |tis an open-source matrix library accelerated with NVIDIA CUDA.

L
e |t uses CUDA-related libraries including cuBLAS, cuDNN, cuRand, QQ‘% s
cuSolver, cuSPARSE, cuFFT, and NCCL to make full use of the GPU L #%Q"'I"
architecture LT
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e |tis an open-source matrix library accelerated with NVIDIA CUDA. S\
et
e |t uses CUDA-related libraries including cuBLAS, cuDNN, cuRand, QQ’Q&}}}
cuSolver, cuSPARSE, cuFFT, and NCCL to make full use of the GPU ¢ Q’Q.Q"I"
architecture LT
__________ CuPy
DNN Linear algebra Random 2 Sort, Scan Multi- GPU
" Utility % 1 numbers , Reductions :  data
sar- 2 - . g ¢ transfer
defined ., . . : :
CUDA . :

kernel

cuTENSOR
cuSOLVER

e——

NVIDIA GPU

https://cupy.dev/
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https://cupy.dev/

e |tis an open-source matrix library accelerated with NVIDIA CUDA.

L
e |t uses CUDA-related libraries including cuBLAS, cuDNN, cuRand, QQ‘% s
cuSolver, cuSPARSE, cuFFT, and NCCL to make full use of the GPU L #%Q"'I"
architecture LT
CuPyvy

e Provides High performance N-dimensional array computation

e Drop in replacement for Numpy -
https.//docs.cupy.dev/en/stable/reference/comparison.html
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It is an open-source matrix library accelerated with NVIDIA CUDA.

L
It uses CUDA-related libraries including cuBLAS, cuDNN, cuRand, QQ‘% >
cuSolver, cuSPARSE, cuFFT, and NCCL to make full use of the GPU L #%Q"'I"
architecture LT
CuPyvy

Provides High performance N-dimensional array computation

Drop in replacement for Numpy -
https.//docs.cupy.dev/en/stable/reference/comparison.html

Open Source and distributed under MIT License
Easy to start with and scale and test

Develop custom Kernels using JIT - NUMBA

22


https://docs.cupy.dev/en/stable/reference/comparison.html

CuPy and Signal Processing Algorithms

Support for some of the Scipy routines is available:

e Discrete Fourier Transform
fft, rfft, ifft, fft2, irfft, fitshift

e Linear Algebra
lu, eigsh, Isqr

e Multidimensional Image processing
gaussian_filter, laplace, convolve, grey_dilation, grey_erosion

e Signal Processing
fftconvolve, correlate, medfit

e Sparse Matrices
...... and many more

https.//docs.cupy.dev/en/stable/reference/scipy.htmi#
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CuPy and Signal Processing Algorithms

Support for some of the Scipy routines is available:

e Discrete Fourier Transform _
Cusignal - RAPIDS
fft, rfft, ifft, fft2, irfft, fftshift ¢ usig

https.//docs.rapids.ai/api/cusignal/stable/api.html

e Linear Algebra
lu, eigsh, Isqr

e Multidimensional Image processing
gaussian_filter, laplace, convolve, grey_dilation,
grey_erosion

e Signal Processing
fftconvolve, correlate, medfit

e Sparse Matrices ... and many more

https.//docs.cupy.dev/en/stable/reference/scipy.html#
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CuPy and Signal Processing Algorithms

Considerations while porting to GPU:

1] Check the data format

2] Check number of Device to Host and Host to Device Memory Transactions
3] No recursion functions are present

4] GPU is good if you have large data set to process and have possibility of either
Data parallelism or Task parallelism

25
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Butterworth Filter

Lowpass Filter Frequency Response

e To reduce the background noise and suppress 1.00
the interfering signals by removing some 575 A

frequencies - filters are used 0.50 -
0.25

e The frequency range which is allowed : 0.00 |

passband and the range which is suppressed is 0 2 a 6 8 10 12 14

stopband Frequency [Hz]
e Butterworth filter provides maximum flat l

response in passband i.e least ripple

4 —— data
e Transfer Function of Butterworth Filter: ’ L1l (T —— filtered data
‘Hb (]W)‘ _ | , |
\/1+(w/w )2N 1
¢ ) 2 a 6 8 10

Time [sec]

w, = cut-off frequency
N = Order of Filter

27



Butterworth High Pass Filter

1

1

T 1
: N = 2M x 12bit samples (3 MBytes) Eath chanrel: FSI raCk :
: Reference Processing n = 2M x 12bit samples (3 MBytes) :
: O(N)_ O(Nlog N) O(N) O(N) :
:Ch 1:Ret Butterworth Un :
I highpass wrap Each channel output: !
1 D 1
1 I‘.:.] — Negligible amount of data I
' (2x FFT) g = -
' ' Gas Cell Processing :
1 [ 1
1

: I O(N*m?) ' O(N*m) O(N) O(N) O(N) i
: : m=4 m=100 i
Ich 2: Gas Cell <l Savitzky-P } Least ]
" interp. Find 1

I 4= M Gola square Epl————— 1
: 0 (B-spline) (FIR)y peaks | "oy it [ :
1 ] GAS_CELL_out n=48 a H
1 (] 1
1 Meas_coef 1
1 1 1
: : Measurement Processing :
: I O(N*m?) O(N log N) O(Nw O(N?) :
1 I m=4 I
h 3..64: Meas . Dst(s) |
EC 't interp. b FFT FFUrequ} f*meas_coeff ”T_ > Lore.nze | s (s):
1 (B-spline) | yeas e | (3*3MB) Fit 1
1 7 _magnitude 1
1 X 621
1 1
1 1
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Butterworth High Pass Filter in CuPy

1] Calculate z,p,k for Lowpass analog prototype

Highpass Filter Frequency Response

1.0

= cp.array([]) o
= cp.arange (-N+1, N, 2) 081
-cp.exp(lj * pi *m / (2 * N))

=1

~ 0 8 N
Il

0.6

0.4

2] Pre-warp frequencies for Digital Filter

0.2

warped = 2 * fs * cp.tan(pi * Wn / fs)

3] Convert Lowpass analog prototype to Highpass, wo= cutoff frequency *% o000 200000 0 _ 200000 400000 500000 500000

Frequency [Hz]

z hp = wo / z

p hp = wo / p

z_hp cp.append(z_hp, cp.zeros (degree))

k hp = k * cp.real (cp.prod(-z) / cp.prod(-p))

4] Return digital filter parameters using Bilinear Transformation fs = 2.0*fs

7 % (fs + z) / (fs - z)

p_z = (fs + p) / (fs - p)

z z = cp.append(z_z, -cp.ones (degree))

k z = k * cp.real(cp.prod(fs - z) / cp.prod(fs - p))

5] Convert to b/a form from z,p,k 29



Performance Analysis: Butterworth Filter

Highpass Filter Frequency Response

1] Calculate filter Transfer Function /
nyg = 0.5 * fs N

normal cutoff = cutoff / nyq 06
b, a = butter (order, normal cutoff, btype='high', analog=False)

0.4

0.2 1

2] Apply using Ifilter

0.0 T ? U T T T
—400000 —200000 [ 200000 400000 600000 800000

data=Reference cell Frequency [Hz]
ret = 1filter (b, a, data)

Butterworth Filter on GPU and CPU

3] Apply using FFT

0.04 1

delta =
delta[l] = 1;

filter butter = lfilter (b, a, delta)

filter butter = cp.array(filter butter)

filter fft = cupyx.scipy.fft.fft(filter butter)
data fft = cupyx.scipy.fft.fft (data)

res fft =
res fft
res = cupyx.scipy.fft.irfft(res fft)

np.zeros (np.size(t))

cp.multiply(data fft, filter fft)
= cp.array (res_ fft)

Time in seconds

(=4
o
@

(=4
o
R

0.00 -
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Hilbert Transform

It is useful for calculating instantaneous
attributes of a time series, especially the
amplitude and the frequency.

The instantaneous amplitude is the
amplitude of the complex Hilbert transform
and the instantaneous frequency is the time
rate of change of the instantaneous phase
angle.

It returns Analytic Signal X’

X=X * )X,

x is the original data

x; and an imaginary part,which contains the
Hilbert transform. The imaginary part is a
version of the original real sequence with a
90° phase shift

Signal = chirp(t, 20.0, t[-1], 100.0) * (1.0 + 0.5 * np.sin(2.0*cp.pi*3.0*t)
1 -
04
_1 -

O.IO 0:2 0.14 0.6 0.8 1.0
time in seconds

!

Amplitude envelope = np.abs(analytic_signal)

I (W S 1 TT1 1 1 .
o4 — signal ' " |
141 envelope

dO dZ d4 d6 d8 ﬁO

time in seconds

Instantaneous Frequency

100 - M

0 T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

time in seconds
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Hilbert Transform in CuPy

1] Compute Fast Fourier Transform of Real-valued Signal

Xf = cupyx.scipy.fft.fft(x, N, axis=axis)
h = cp.zeros (N)

2] Rotate the Fourier Coefficients to obtain imaginary part

if N & 2 == if x.ndim > 1:
h{0] = h[N // 2] =1 ind = [cp.newaxis] *
h{l:N // 2] = 2 X.ndim

else: ind[axis] = slice (None)
h[0] =1 h = h[tuple (ind) ]
h{l:(N + 1) // 2] = 2

3] Compute Inverse Fourier Transform to get the Analytic Signal

X = cupyx.scipy.fft.ifft(Xf * h, axis=axis)

4] Calculate Instantaneous Frequency and phase

33



Hilbert Transform

1

1

T 1
: N = 2M x 12bit samples (3 MBytes) Eath chanrel: FSI raCk :
: Reference Processing n = 2M x 12bit samples (3 MBytes) :
' O(N) OI(NlogN) O(N) O(N) :
:Ch 1:Bet Butterworth Arc Un :
I - highpass Transform l tan ' wrap Each channel output: !
1 0 1
1 Q — Negligible amount of data 1
: (2x FFT) g =m i
' ' Gas Cell Processing :
1 [ 1
1

i I O(N*m?) ' O(N*m) O(N) O(N) O(N) i
| : m= m=100 I
Ich 2: Gas Cell <l Savitzky- Least ]
> interp. Find 1

: | | (B-spine) P G(E’,La)y F P“"S} Dot P | i
: ] GAS_CELL out n=48 a i
: ] Meas_coef 1
1 1 1
: : Measurement Processing :
: I O(N*m?) O(N log N) O(Nw O(N?) :
1 ' m=4 1
h 3..64: Meas , Dst(s)§
EC 't iNtErD. | ] FFT m_freq:f> i FFT_jst Lore_nze = - :
1 (B-spline) | yeas out % Fit I
1 7 _magnitude 1
1 X 621
1 1
1 1
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Hilbert Transform of Reference Cell Data

def Datalinearize (Tinterval, REF IFM, plot='false')

fs= 1/Tinterval

REF IFM = filterDataButterworthHighpass (REF IFM, 100000, fs)

t = cp.linspace (0.0, len(REF IFM)*Tinterval, num=len (REF IFM))
start=time.time ()

analytic signal = hilbert gpu(REF IFM, axis=0)

Time GPU HT = time.time() - start

REF IFM = cp.asnumpy (REF IFM)

start=time.time ()
analytic signal2 = hilbert (REF IFM, axis=0)

Time CPU HT = time.time() - start

print ("Time taken by CPU %s" % (time.time ()-start))
phase = cp.angle(analytic signal)

instantaneous phase = cp.unwrap (phase, axis=0)
instantaneous phase = cp.asnumpy (instantaneous phase)
del phase

del analytic signal

f theor = cp.max(instantaneous phase)/ (2*3.14* (Tinterval*len (instantaneous phase)))
t simu = cp.array(instantaneous phase/ (2*3.14*f theor))

t simu[0] = O

t simu=cp.sort (t simu)

return t,t simu, Time GPU_ HT,Time CPU HT




Performance Analysis: Hilbert Transform

def Datalinearize (Tinterval, REF IFM, plot='false')

fs= 1/Tinterval

REF IFM = filterDataButterworthHighpass (REF IFM, 100000, fs)

t = cp.linspace (0.0, len(REF IFM)*Tinterval, num=len (REF IFM))
start=time.time ()

analytic signal = hilbert gpu(REF IFM, axis=0)

Time GPU HT = time.time() - start

REF IFM = cp.asnumpy (REF IFM)

Time in seconds

start=time.time ()
analytic signal2 = hilbert (REF IFM, axis=0)

Time CPU HT = time.time() - start

print ("Time taken by CPU %s" % (time.time ()-start)) £.000
CPU GPU

phase = cp.angle(analytic signal)

instantaneous phase = cp.unwrap (phase, axis=0)

instantaneous phase = cp.asnumpy (instantaneous phase)

del phase

del analytic signal

f theor = cp.max(instantaneous phase)/ (2*3.14* (Tinterval*len (instantaneous phase)))
t simu = cp.array(instantaneous phase/ (2*3.14*f theor))

t simu[0] = O

t simu=cp.sort (t simu)

return t,t simu, Time GPU_ HT,Time CPU HT




Performance Analysis: Hilbert Transform

def DatalLinearize (Tinterval, REF IFM, plot='false') : 0.35 4

0.30

fs= 1/Tinterval
REF IFM = filterDataButterworthHighpass (REF IFM, 100000, fs) 0.25
t = cp.linspace (0.0, len(REF IFM)*Tinterval, num=len (REF IFM))
start=time.time ()

analytic signal = hilbert gpu(REF IFM, axis=0)

Time GPU HT = time.time() - start

REF IFM = cp.asnumpy (REF IFM)

Time in seconds
© o
- N
7] o
1 1

0.10 4

0.05

start=time.time () o 0005
analytic signal2 = hilbert (REF IFM, axis=0) : cPu GPU
Time CPU HT = time.time() - start

print ("Time taken by CPU %s" % (time.time ()-start))

data
filtered data

3000

phase = cp.angle(analytic signal)

instantaneous phase = cp.unwrap (phase, axis=0) 2000
instantaneous phase = cp.asnumpy(instantaneous phase)

del phase - B A A R R
del analytic signal -

f theor = cp.max(instantaneous phase)/(2*3.14* (Tinterval ,
t simu = cp.array(instantaneous phase/ (2*3.14*f theor))

t simu[0] = O

t simu=cp.sort (t simu) e R AL
return t,t simu,Time GPU HT,Time CPU HT MR R R RSO R I

0001250 0001252 0001254 0001256 0.001258 0.001260
Time [sec]
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erformance Analysis:

Project

a is1.qdr

ilbert Transform

L3 hilbert.qdrep Export hilbert X

Timeline View - A\ 3 warnings, 12 messag
3s + s +368 7ms +368.72ms PETERZY - 565.7530ms | +368.78ms +368.8ms +368.84ms +368 860 +368.9ms +368.92ms 1368 94ms
» CPU(12) ‘
- CUDA HW (NVIDIA GeForce R |
~ 11.8% Kemels B regular_fit [
~ 76.2% regular_fft B reguiar_fft i
46.1% void regular_fft< regular_fft regular_fft )

»

»

6.7% cupy_true_divide_cc
5.1% cupy_sin_float64_flo

30.8% void regular_fft<2 )
23.1% void regular_fft<1

Begins: 3.36868s
Ends: 3.36895s (+271 072 us)

grid: <<<400, 1, 1>

block: <<<8, 25, 1>>>

Launch Type: Regular

Static Shared Memory: 0 bytes
Dynamic Shared Memory: 8,000 bytes

i Registers Per Thread: 48
roups hidd — Local Memory Per Thread: 0 bytes
BB 2% Local Memory Total: 24,772,608 bytes
-2% Memory Shared Memory executed: 65,536 bytes
L Shared Memory Bank Size: 4 B
Threads (31) Theoretical occupancy: 72.9167 %

Launched from thread: 16759
- 67501 pythons - I ¢ 3

CUDA API

Correlation ID: 684
Stream: Default stream 7

Profiler overhead

V! [16765] python3.7 ~

V! [16764] python3.7 -

Events View -
~ Name Start Duration Context
regular fft 3.37483s 272.767 ps GPU O Stream 7

Performance of FFT Cupy Kernel in timeline view

Name v
Description:

regular_fft
Begins: 3.36868s

Ends: 3.36895s (+271.072 ps)

grid: <<<400, 1, 1>

block: <<<8, 25, 1>>>

Launch Type: Regular

Static Shared Memory: 0 bytes

Dynamic Shared Memory: 8,000 bytes
Registers Per Thread: 48

Local Memory Per Thread: 0 bytes

Local Memory Total: 24,772,608 bytes
Shared Memory executed: 65,536 bytes
Shared Memory Bank Size: 4 B
Theoretical occupancy: 72.9167 %
Launched from thread: 16759

Latency: <176.393 ps

Correlation ID: 684

Stream: Default stream 7
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, Frequency Scanning Interferometry System
Q Signal Processing in FSI

Q CuPy and Signal Processing

e Butterworth Filter
e Hilbert Transform
e Savitzky-Golay Filter

@ Outlook
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Savitzky-Golay Filter

1.0

0.8 4

0.6 q

0.4

0.2

0.0 4

It is a digital filter that can be applied to a set of digital data points for smoothing the data without
distorting the original signal tendency or to calculate the derivative of signal.

Find least-square fit for each window and replace each data point with coefficient of that polynomial

But the smoothed output obtained by fitting polynomial to each window is equivalent to convolution
of convolution coefficients(weighting coefficients) with each window/segment

Noisy Signal

40



https://en.wikipedia.org/wiki/Digital_filter
https://en.wikipedia.org/wiki/Digital_data
https://en.wikipedia.org/wiki/Smoothing

Savitzky-Golay Filter

e |tis a digital filter that can be applied to a set of digital data points for smoothing the data without
distorting the original signal tendency or to calculate the derivative of signal.

e Find least-square fit for each window and replace each data point with coefficient of that polynomial

e But the smoothed output obtained by fitting polynomial to each window is equivalent to convolution
of ‘convolution coefficients(weighting coefficients)’ with each window/segment

Noisy Signal Filtered Signal

1.0
1.0

0.8
0.8 4

0.6 q

0.4 0.4

0.2 029

0.0 4
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https://en.wikipedia.org/wiki/Smoothing

Savitzky-Golay Filter in CuPy

1] Precompute the coefficients based on order and window length

b = cp.array([[k**1 for i in range(order+l)] for k in range(-half window, half window+1l)])
m = cp.linalg.pinv (b)
m = cp.multiply(m[deriv] , cp.multiply(cp.power (rate,deriv), factorial (deriv)))

2] Pad the signal at the extremes

extr begin = y[0] - cp.abs( y[l:half window+1][::-1] - y[O] )
extr end y[-1] + cp.abs(y[-half window-1:-1][::-1] - y[-1])
y = cp.concatenate ((extr begin, y, extr end))

3] Convolve signal with calculated coefficients

result = cp.convolve( m[::-1], y, mode='valid')
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Applying Savitzky-Golay Filter to Gas Cell Data

x4
\Eachchannel:. __ Linearization ! Dataanalysis  cot oot |
1 Each channel:

ST, 1
i N = 2M x 12bit samples (3 MBytes) Each chanrel: FSI rack :
: Reference Processing n = 2M x 12bit samples (3 MBytes) :
: O(N) O(NlogN) O(N) O(N) O(N) |

. 7 1
iRt lautterworth| | Hibert Arc Un "Diide, I
: highpass Transform tan wrap Sortall Each channel output: :

samples

1 . Negligible amount of data 1
| (2x FFT) g m i
: | Gas Cell Processing :
1 (] 1
1

: I O(N*m?) ' O(N*m) O(N)  O(N) O(N) :
: : m=4 =400 i
Ich 2: Gas Cell »f Savitzky- Least ]
" interp. Find 1

- f’ (B-spline) Comy P“"SP o 1 | i
: . G n=48 a :
: ] Meas_coef :
1 1) 1
: : Measurement Processing :
: I oN*m) O(N log N) O(N)L o(N?) :
1 ] m=4 I

h 3..64: Meas . : Dst(s) }
EC 't interp. p| FFT e | Fmeeecoet [==P| Lorenze (IL> i
1 (B-spline) MEAS_out % Fit 1
1 T _magnitude 1
1 X621
1
=
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Applying Savitzky-Golay Filter to Gas Cell Data

Spectrum of Hydrogen Cyanide (HCN) SRM2519a absorption gas
cell -used to track the “true” frequency of the sweeping laser
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Applying Savitzky-Golay Filter to Gas Cell Data

mmmmmmmmmmmmmmmmmmmmmmmm

Gas Cell Spectrum Filtered Gas Cell
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Applying Savitzky-Golay Filter to Gas Cell Data

mmmmmmmmmmmm

Gas Cell Spectrum

elength [Lamda]

Wav

105 110 115
mmmmmmmmmmmm le6 46




Performance Analysis: Savitzky-Golay Filter

start=time.time ()
savg_cpu = scipy.signal.savgol filter (FilteredGasCell, 201, 2)
Time CPU SG=time.time ()-start

FilteredGasCell = cp.array(FilteredGasCell)
start=time.time ()
FilteredGasCell = savgol filter gpu(FilteredGasCell, window_ size=201, order=2)
Time GPU SG=time.time ()-start

Savtizky Golay Filter(window=201, order=2) on CPU and GPU

12 A

10 A

Time in milliseconds

CPU GPU 47



Performance Analysis: Savitzky-Golay Filter

CUDA Kernel Statisti

(%) Total Time (ns) Instances Average Minimum Maximum

Some more insights about
CUDA Kernels using profiling
tools - nsys profile, nsys-ui

131,649. 131,649 void generate_seed_|
9,045. 336 void cutl, ernel<cutlass op_d884genm_32x32_16» ol
27,424.0 27, void geqr2_smemcdouble, double, 8, 5, 5>(int, int, double*, unsigned long, double*, int)
9,007 9 9,120 void composite_2way_fft_r2c<276u, 9u, 2u, (padding_t)e, (twiddle_t)e, (loadstore modifier_t)2, 16u
4,224. 6! 8 void larfg_kernel fast<double, double, 6>(int, double*, double*, int, double*)
cupy_copy__float64_float64
::Kernel<cutlass_80_tensorop_d884gemm_32x32_16x5_nt_aligni>(cutlass_80_tensorop_d884gen.
ite_2way_fft_c2r<270u, 9u, 2u, (padding_t)e, (twiddle_t)e, (loadstore_modifier_t)2, 16u,
void lacpy_kernel<double, double, 5, 3>(int, int, double const*, unsigned long, double*, unsigned 1
void ger_kernel<double, double, 25 -
void larf_minus_tau<double>(doublejMERICIHEN]
cupy_subtract__float64_float64_flo|
void larft_T_32<double, 256>(int, ~ V. [24478] python3.7 ~
void cuds_gemv_t_kernel<double,

728 cupy_power__floats4_float_float64 CUDA API [euMoa] | CudatostAlloc (Tcudafres
64 cupy_add_floaté4_float64_floatss . " Calto
2 void gebd2_set_D<double, double>(i] E o & Memory copies
5,472 1,760 void gebd2_set AII<double, double>] . . Begins: 9.927455 b
5,312 2 void larft_vtv_32<double, 128>(int $ Ends: 9.92755 (+50.748 )
5,281 void gen_sequenced<curandStateXORH| P — Return value: 0
5,184 void batch_eye kernel<double, 5, 3 Correlation ID: 654
5,1. void larfb_vtc<double, 128>(int, i Name v
4,832 cupy_nultiply__float64_float_float]
4,6 : absoéute_{f;oa;?_f;oag? # * Name Start Duration TD | Description:
3,680 void rot_kernel<double, double, 25
3,616 void gebd2_set ATIP1<double, doubljiled cudaalloc 8814165 498.186ms 20478 ca’:let’:‘aotudamaaltliz:
3,616 id swap_kernel<double, 256>(int,}i} cudaMemGetinfo 9.534295 130069 s 24478 ;egms‘!riyﬁulﬁs
3,584 2_set_E<double, double>(i]
— ’ ¥ Ends: 9.31234s (+498.186
358 bl clRer e dotline rctic 3 cuModuleLoadData 9534445 543798ps | 24478 RZtuvaa\ue:OS( ms)
3,330 void larfg_set_tau_zero<double>(dojies cupy_linspace_float float_float64 953515 64.401 pis 24478 Correlation ID: 107
22 ::;s ‘z;gg‘a:siglfm”ﬂ‘d(‘“"le* 5,15 cuModuleLoadData 053575 M435TBys 24478 —_——
2,816 void transpose_readurite_ali 6 fil 953695  23.648s 24478 ‘[":(u“;»i;‘]j&:;‘gi%mesl
78 ax depth
’ﬁfg 7 cudamalloc 95IMSs 0278y 20478
2,655 8 cuModuleLoadData 9.53875s 531676 s 24478
2,655 cupy_scan_naive
5 VLo etz s kernete doubl=lpaT 6 9 cupy_power_float64 float float64 9539315 24.031 s 24478
2" cupy_nultiply__float_float64_floatjietl cudaMalloc 9.539455 15.558 jis 24478
2 AL = lonod Rt or "I cuModuleloadData 054064 4107795 24478
2 cupy_multiply__complex128_complexi] -
2 cupy_linspace__float_float_floatc4jY cupy_negative_float64 float64 9.541095 234285 24478
2 cupy_reciprocal_float64 floats4 |NEH] cuModuleLoadData 9502365 443.049us 24478
2 cupy_nultiply__float64_float64_flof
2 cupy_copy__int64_float64 u cupy_exp_float64_float64 9542845 24193 s 24478
2 cupy_negative float64_float6d 15 cuGetProcAddress 9543045 L701ps U478
2 copy_info_kernel(int, int*)
2 cupy_copy__complex128_complex128 16 cuGetProcAddress 9.54304s 3213 ps 24478
2 fll 17 cuGetProcAddress 954305  303ns 2478
12 void shift_householder_vector_byRol
1 void geqrf_copy R_kernel<double, SHEESS cuGetProcAddress 9543055 827ns 24478 .
1 void cuds_set_matrix_kernel<double)
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Peak Detection for Gas Cell

Peaks in Gas Cell Spectrum Peak Detection for Gas Cell on GPU and CPU

2500 A
0.08 A

2450 A

0.06 4

wavelength
N
H
o
o

0.04
2350 A

Time in seconds

2300 A 0.02 1

2250 A

T T T T T T
0.0 0.5 1.0 S 2.0 2.5 0.00 -
Sample number le6 CPU GPU

e There is no function like scipy.signal.find_peaks( ) in CuPy yet.

e Peak detection for Gas Cell on GPU is developed based on idea that- a peak must be greater
(or smaller) than its immediate neighbors, but the performance need to be improved.

def detect_peaks_gpu(x, mph=None, mpd=1, threshold=0)
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Routines

Interpolation:

Unwrap:

Convolution:

Angle:
Sort:

Absolute:

np.interp -> cp.interp

np.unwrap->cp.unwrap
np.convolve->cp.convolve
np.angle-> cp.angle
np.sort->cp.sort

np.abs->cp.abs

Numpy

0.055173

0.143882
0.326742
0.165760
0.071232

0.005381

Some more Signal Processing Routines

CuPy

0.001341

0.015522
0.014102
0.004315
0.002608

0.004910

A comparison of cupy and numpy implementations on 2.5 million data points sample(time in seconds) :

Speed

41.4x

9.2x
23.1x
38.41x
27.3x

1.09x
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Fast-Fourier Transform in CuPy vs SciPy

CUDA Kernel Statistics:

cupyx.scipy.fft(x[, n, axis, norm, overwrite_x, plan])
° access advanced routines that cuFFT like =
3 4 8 3 i fft<625u, Su, 4u, (padding_t)e, (twiddle_t)o, (loadstore_mod
get_plan_fft() 24, 3 6,5 3,162,159 void regular | rm25u‘75u. 8u, (padd} (t.-s}ddle , (Loadstore

Tine(%) Total Tine (ns) Instances  Average Minimum  Maximum

. 5 1,138,906 38,906. 06 1,138,906 reqular_fft<6du, 8u, 32u, (padding_t)1, (twiddle_t)e, (loadstore_modifie (layout_t)1, un.
[ ] || 1 |pr0Ve perfon nance and behaVIOI’ Of the FFT o 1,122,426 “ 1,122,426 0 sC2C_kernelMem<unsigned int, double, (fftAxii_t)1> (Lonplmdnublpw Complex<double>,
t. 2 1,087,962 9 62 cupy_angle_complex128_float64
routines - 3 979,772 8 8 9 void regular_fft<32u, 8u, 32u, (padding_t)1, (twiddle_t)o, (loadstore_modifier_t)2, (layout_t)1, un.
https.//docs.cupy.dev/en/stable/user_guide/fft.html
- = Timeline View - Qi 3 warmings, 12 messag
ey wazims “azems +aasms a3 ~asams +avims +aems +a3ms +adoms vatams +aams +atms
» cru2)
Y = cp.fft.rfft (Meas Linear, int(len (Meas Linear))) [ iCUD I M0 Geforce g | T——
- - * 47.0% Kemels ED @0 7 | P N5 i e L 0 @
- 60.0% reular fit [I— i ——, 2 p—
46.0% voidregular < I— T —
405% void reguler <t )
7.3 vid reguar s (i)
62% voidreqiar 32
» 5.2% DeviceRadisSortDow
» 3% postrocessC2C ke =
FFT for Measurement Cell on CPU and GPU » 425l
» 33% cupy_absaute_comy @)
» 28%kemel =)
. Pt
sy [ 1 ]
800 - - Threads (31)
I
~ v [11801] python3.7 -
DA kP oy o) | GO G codeloaddata | e | R —)
700 1 : 2
EventsView
Name -
600 .  hame st ouston 0 Context___| Description
1 regular fit 908215 1s3ms | GRUO steam? | regular fit
2 e w093 Laems oo swan | Bgslolans
500 A 3 regular_fft 1909255 489.726ps  GPUO Stream 7 E{“’f“ﬂ?ﬁ‘,‘"”
s reqular it 1009285 15%4ms | GRUO Stream? | Lounch Type: Redular
s reqlr oo dmems  GU0  swem? é'f#;‘@??ﬁ:é‘;ﬁiﬁn& e e
3 regular ft 10925 450046 | GRUO Steam7 | Regites Pr Threa
400 A 7 regular fit WL 3le2ms GRUO sram7 | Lo CSQZZ?E{J"EA%S e
8 regular_fft 191435 3598 ms GPUO Stream 7 5;:23 n:ggz;@:w'fi 1402 400 bytes
I S ¥ Y TR I v sny o 74
300 1 iy e
Corelation D: 1376
Stream: Default stream 7
200 +
100 A
14.7
0- : e | 51
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https://docs.nvidia.com/cuda/cufft/index.html
https://docs.cupy.dev/en/stable/user_guide/fft.html

, Frequency Scanning Interferometry System

Q Signal Processing in FSI

® CuPy and Signal Processing

e Butterworth Filter
e Hilbert Transform
e Savitzky-Golay Filter

Q Outlook
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Outlook: What lies ahead ?

e CuPy - a great library to start and test processing on GPU and expand to Signal
Processing

e More performance tests and analysis to do with multiple channels and ultimately to
improve performance

e Move to more CuPy based custom Kernels

e Upstreaming developments to CuPy repository
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Outlook: What lies ahead ?

e CuPy - a great library to start and test processing on GPU and expand to Signal
Processing

e More performance tests and analysis to do with multiple channels and ultimately to
improve performance

e Move to more CuPy based custom Kernels

e Upstreaming developments to CuPy repository

Now this is not the end. It is not even the beginning of the end. But it is,
perhaps, the end of the beginning - Winston Churchill
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