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Case study: Calibration of the Jungfrau detector
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Benchmarks run on:

* AMD Ryzen Threadripper PRO 7955WX 16-Cores

« 128GB memory 8xDDR5 but limited to 115.2GB/s by the links to CCD (Core
Complex Die)

 Stream benchmarks (https://www.cs.virginia.edu/stream/
» 43GB/s single core
* 104GB/s 4+ cores

NFS share, 40Gbit/s fiber
* 1GB/s single threaded reads

* Multithreaded reads saturate the 40Gbit/s line if cached but normally
limited to around 2GB/s
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Current state

e C++ (98/undefined) + ROOT v5.34 (2012)
* Implementation per calibration step in a single file
* Notooling

* No documentation
* Runtime: 2h36min (XRF)

Goals:
 Make it 50x faster
* Remove ROOT dependency (for portability)

* Move to Python (parsing, interactivity, script workflow)

| l6: https://ei  ch/d JECalibrati
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https://gitea.psi.ch/detectors/JFCalibration

Where to start?

#include "sls_detector_calibration/jungfrauFile.c*
#include “sls_detector_calibration/jungfrauPixelMask.C"
#include “sls_detector_calibration/jungfrauPedestal.c"

#include "sls_detector_calibration/energyCalibration. h"

lude <fmt/format.h=
lude <unistd.h>
lude <limits.h>

int main{int arge,

junofraustyle();
gStyle->SetOptFit(11);

if (arge 1= 7) {
cout << "Correct usage:" << endl;
cout << "arg 1: specify module number® << endl;
cout << “arg 2: specify HGB or 68" << end
cout << "arg 3: specify data location folder” << endl;
cout << “arg 4: specify pede file prefix* << endl;
cout << "arg 5: specify data file prefix" << endl;
cout << "arg 6: specify location of analysis root files" << endl;
cout << " " << endl;

VH

string module_str = argv(1l;
string gain_str = argv[2];
bool isIF1L
if (gain_str == "HGBIF11") {
gain_str i
1sJFY

string data_loc = argv[3];
string pede_file = argv(4);
string data_file = argu(S);
string anadata_loc = argulél;

int createHistoFile = 1;

char h
ar savename[128];
ar histoname [256]; /
char savename [256] ;
int filen = 20;

char buffer (PATH_MAX] ;
getcwd(buffer, PATH_MAX);
tring owd = buffer;
{hn", cwd);

with permissions d

fut::print(“Created directory: {I\n", savename);

sprintf (savenane,"plots/Mss", module_str.c_str(
ret = mkdir(savenane, S_TRWKU | S_TRWXG | S_IROTH | S_TXOTH);

p Moo/ CuF Lu
sprintf (savenane,"plots/Mss/CuFluo", module_str.c_str());
ret = mkdir(savenane, S_TRWKU | S_TRWXG | S_IROTH | S_TXOTH);

11 plotsMoo/C
sprintf (savenane,"plots/Mss/Cuf luo/G8", module_str.c_str()];
ret = mkdir(savenane, S_TRWA | S_TRWYG | 5_IROTH | 5_IXOTH

/ plots/Mxxx/CuF luo/HGe
sprintf (savename,"plots/Mss/CuFluo/HGB", module_str. c_str
ret = mkdir(savenane, S_IRWQU | S_TRWXG | S_IROTH | S_IXOTH);

sprintf (savenane,"ss", anadata_loc.c_str());
ret = mkdir(savenane, S_IRWU | S_TRWXG | S_IROTH |

jungfrauPixelMask +pixelMaskDbject = new jungfrauPixelMaski
bool pixel_mask [NCH];

Tcanvas +mapcanvas = new TCanvas“mapcanvas”,",150, 13, 808, 480) ;
mapcanvas->SetLeftMargin(e.1);

mapcanvas->SetRightMargin(8.13);

mapcanvas->SetTopHargin(@.08) ;

mapcanvas->SetBottonMargin(0.15) ;

TCanvas+ €1 = new TCanvas("c1","*);
it (createfistoFile) {
jungfrauFile +thisfile = new jungfrauFile();
jungfrauPedestal +pedestalObject = new jungfrauPedestal(;
pedestalObject->pedestalSetFranes(108) ;
16_t pedestals16_68_start [NCH);
& pedeRMS16_GA(NCH] ;

TH2F+ pedestalsGl = new TH2F(“pedestalsGa”,"" ,NC,~8.5,NC-0.5,NR, -0.5,NR-0.5

TH2F# pedestalsGl TH2F ("pedestalsG1”, " NC,~.5,NC-8.5,NR, 0.5, NR-0.5) ;

TH2F pedestalsG2 = new TH2F(“pedestals62","" ,NC,~8.5,NC-0.5,NR, -0.5,NR-8.5
TH2F pedeRMSGR = new TH2F("pedeRHSGB", ™" NC,~8.5,NC-0.5,NR, -8.5,NR-0.5) ;

/ open pede File
sprintf(savenane,"s/%s_%%6.6d.dat", data_loc.c_str(}, pede_file.c_str{)}; /
thisfile->open({char#)savename, );

calculate pixel mask
pixelMaskObject->initialisePixelMask(pixel_mask);

int mevents = 8;
while (thisfile->readNextFrame()
nevents++;

thisfile->rewind();
cout << "read " << nevents << " events" << endl;

if (nevents == 2999 || nevents = 3086
8; i< 1800; ir+) {
thisfile->readNextFrane();

pixelMaskObject->naskTfGairNot (8, thisfile->getFrameDatabandle(), pixel_mask):

for (int i = @; i < 1000; i++) {
thisfile->readNextFrame();

pixeMaskObject->maskIfGainMot (1, thisfile->getFrameDatahandle(), pixel mask); //

H
for (int i = 8; i< 999; i++) {
thisfile->readNextFrane();
pixelMaskObject->naskIfGainNot(3, thisfile->getFrameDataHandle(}, pixel_mask);
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while (thisfile-readNextFrame()) {
pixelMaskObject—>naskIfGainNot (8, thisfile->getFrameDatatiandle (), pixel_mask);

thisfile->rewind();

sprintf(savename, "plots/Mis/CuFluo/%s/pixelmask_%s_Mss.png", module str.c_str()
pixelMask0bject->plotPixelMask (pixel_mask, savenam
cout << "after chip mask, n masked pixels is " << pixelMaskObject->gethMasked p|

999 || nevents == 3888}

;i< 1000; i) {
thisfile->readNextFrane();
pedestalObject->addFraneToPedestalCalculation(thisfile->getFraneataHandle () };

for (int i i< NCH; im) {
if (pixel_maskli]
pedestalsG->Fill(i%C, i/NC,pedestalObject->pedestal0fChannel (i) );
pedeRMSG8->F i LL(i%NC, i/NC, pedestalObject->rmsDfChannel(i) );

}
pedestalObject->pedestalClear();

for (int i = 0; i < 1008; i++) {
thisfile->readNextFrame();
pedestalObject->addFrameToPedestalCalculationithisfile-—>getFrameDataHandle());

for (int i = @; 1 < NCH; i++) {
if (pixel_maskli] )
pedestalsG1->Fill(i%C, i/NC, pedestalObject->pedestal0fChannel (i) );

¥
pedestalObject->pedestalClear();

for (int i =0; i <999; i++) {
thisfile—>readNextFrame();
pedestalObject->addFrameToPedestalCalculation(thisfile—>getFrameDataHandle());

for (int i = @; i < NCH; i++) {
if (pixel_maskli]
pedestalsG2->FilL(i%C, i/NC, pedestalObject->pedestal0fChannel (i) );

¥
pedestalObject-pedestalClear();

/ 6B again f cking
thisfile->rewind();
for (int 1 = @; i < 1000; i++) {
thisfile->readNextFrame( ) ;
pedestalObject->addFraneToPedestalCalculation (thisfile—>getF raneDatatandle());

}

pedestalObject->pedestalDatal (uint16_t#) (Spedestals16_GB_start));
pedestal0bject->pedestalRisData(pedeRMS16_GB) ;
pedestalObject->pedestalResetUpdates();

else

while (thisfile->readNextFrame()) {
pedestalObject->addFrameToPedestalCalculation(thisfile->getFrameDatatandle());

for (int i
it (pixel_maskl[i] u
pedestalsG->Fill{i%C, i/NC,pedestalObject->pedestal0fChannel (i) ) ;
pedeRMSGE->Fi L1 (i%NC, i/NC, pedestalObject—>rmsOfChannel{i} ) ;

¥

pedestalObject->pedestalDatal (uint16_t#) (Spedestals16_GE_start));
pedestalObject->pedestalRHSData(pedeRMS16_GB) ;
pedestalObject-»pedestalResetUpdates();

thisfile—>close

mapcanvas->cd() ;

sprintf (savenane, "plots/Mes/CuF luo/%s/pedeGd_s_Wis.png", module_str.c_str(), g
mapcanvas->Saveds(({const char ) (savename) |

pedestalsGl->GetXaxis( |->SetTitle("Calumn" ) ;
pedestalsGl->GetVaxis(|->SetTitle("Row";
pedestalsGl->GetVaxis()->SetTitle0ffset(8.7);

pedestalsGl->Draw("colz" ) ;

sprintf(savename, "plots/Mss/CuFluo/%s/pedeGl_%s_Mxs.png", module str.c_str(), gf
mapcanvas->Saveds({const char *)(savename) };

pedestalsG2->GetXaxis( )->SetTitle(*Column
pedestalsG2->GetYaxis()->SetTitle("Row") ;

pedestalsG2->GetYaxis( |-»SetTitle0ffset(8.7);

pedestalsG2->Draw("colz" ) ;

sprintf (savenane, "plots/Mes/CuF Luo/%s/pedeG2_ks_Mis.png", module_str.c_str(), g
mapcanvas->SaveAs((const char *)(savename) );

pedeRMSGR->GetXaxis()->SetTitle("Column");
pedeRMSGa->GetYaxis () —>SetTitle("Row");

pedeRMSGB->GetYaxis () ->SetTitle0ffset (8.7);

pedeRMSGE-»GetZaxis () ->SetRangelser (8,38);

pedeRHSGE->Draw ("'colz" ) ;

sprintf (savenane, "plots/Mes/CuF Lluo/%s/pedeRMSG_s_Mss.png", module_str.c_str()
mapcanvas->Saves((const char #)(savename) );

int ade2d_nbin= 1208;
if (isJF11) adc2d_nbin= 1608;

TH2I+ adc2d_1 TH2I("adc2d_1","", adc2d_nbin,-208-8.5, adc2d_nbin-208-4.
TH2I+ adc2d_2 = ne _2","",adc2d_nbin,~200-8.5,adc2d_nbin-208-9.
TH2I+ adc2d_3 ( ,"*,adc2d_nbin, ~208-8.5,adc2d_nbin-208-8.
TH2I+ adc2d_4 ( ,", adc2d_nbin, ~208-8.5,adc2d_nbin-206-8.
TH2I+ adc2d_5 ,2dc2d_nbin,~208-.5,adc2d_nbin-200-0.
TH2I+ adc2d_6 TH21("adc2d_6","", adc2d_nbin,~208-8.5,adc2d_nbin-200-8.
TH2I+ adc2d_7 TH2I(“adc2d_7*,"", adc2d_nbin,-208-8.5, adc2d_nbin-200-4.
TH2I+ adc2d_B TH2T("adc2d_8","", adc2d_nbin,-208-8.5, adc2d_nbin-200-8.

THID+ adcpe_spec THID (“adcpe_spec*,“*,388,0,3000) ;

THZF+ pede_updates = new TH2F("pede_updates","" ,NC,~8.5,NC-8.5,NR, -5, NR-8.
TH2F+ pede diff = new TH2F("pede diff","",NC,-8.5,NC-8.5 NR,~0.5,NR-8.5) ;

files in data

filei < filen; fileis+
data fi
sprintf(savenane, "s/4s_%46.6d.dat", data_loc.c_str(), data_file.c_str
thisfile->open((char#) savename, filei);
while (thisfile->readNextFrame()) {
uintls_t+ imagedptr = thisfile->getFrameDatahiandle(
pedestalObject->addGeF raneToPedestalCalculationWThreshold( inagedptr, pedestalObjel
or (int i=0; i< NCH; i++) {
uintl6_t gain = (imagedptr(ils@xcoos) >> 14;
if (gain = 8

int adcpe = (inagedptr(i)&@x37ff) - pedestalObject->pedestalOfChannel{i);
adcpe_spec->Fill{adcpc);

if (i< (6553641)) {
adc2d_1->Fill(adepe,i);

} else if (i < (B5536%2)) {
ade2d_2->Fill{adepe,i);

} else if (i < (65536+3)) {
ade2d_3->Fill(adepe,i);

} else if (i < (65536+4)) {
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int adc2d_nbin 1600;
TH2I* adc2d_1 = new TH2I("adc2d_1","",adc2d_nbin,-200-0.5,adc2d_nbin-200-8.5,65536, (65536%0-0.5), (65536%1-0.
TH2I# adc2d_2 = new TH2I("adc2d_2 ,adc2d_nbin,-200-0.5,adc2d_nbin-200-0.5,65536, (65536%1-0. (65536%2-0.
TH2I* adc2d_3 ew TH2I("adc2d_3 ',adc2d_nbin,-200-0.5,adc2d_nbin-200-0.5,65536, (65536%2-@.5) , (65536%3-0.
TH2I+ adc2d_4 ew TH2I("adc2d_4 ,adc2d_nbin,-200-0.5,adc2d_nbin-200-0.5,65536, (65536%3-0.5) , (65536%4-0.
TH2I* adc2d_5 ew TH2I("adc2d_5 ',adc2d_nbin,-200-0.5,adc2d_nbin-200-08.5,65536, (65536%4-0. (65536%5-0.
adc2d_6 ew TH2I("adc2d_6 ,adc2d_nbin,-200-0.5,adc2d_nbin-200-0.5,65536, (65536%5-0. (65536%6—0.
* adc2d_7 TH2I("adc2d_7 ',adc2d_nbin,-200-0.5,adc2d_nbin-200-8.5,65536, (65536+6-@.5), (65536%7-0.

« adc2d_8 ew TH2I("adc2d_8" ,adc2d_nbin,-200-0.5,adc2d_nbin-200-8.5,65536, (65536%7-08.5), (65536%x8-08.5) );

PSI

5
5
5)
5)
5
5

Processed 500 frames.
Elapsed time: 18.37 seconds. -->27.23 FPS
Processing time for 220000 frames: 2h14m

auto start_time = open_data_file(thisfile);
e @; i < n_frames & thisfile->readNextFrame(); i++) {
uintl6_t *imagedptr = thisfile-=getFrameDataHandle();
pedestalObject—>addG@FrameToPedestalCalculationWThreshold(imagedptr, pedestalObject, pedeRMS16_G@);

for (int i = B; i < NCH; i++) { Processed 500 frames.

uintl6_t gain = (imagedptr[i] & @xc@e@) >> 14; Elapsed time: 2.18 seconds. --> 229.41 EPS
if {gain == @) { . o ' '
int adcpc = (imagedptr[i]l & @x3fff) - pedestalObject—>pedestalOfChannel(i); Processing time for 220000 frames: Oh15m

if (i < (65536 % 1)) {
2d_1->Fill(ade

i< (es5t ) Why is the histogram filling so slow?

X-axis: 1600 bins (-200, = 1400)
Y-axis: 65535 bins

2Fil
Wi = (6.
._6—>Fill(a
1if (i = (6553L

i, ~3GB of data that we
Index into randomly!

report_duration(start_time, n_frames);
thisfile-=>close();

9 PSI Center for Photon Science 01.09.2026
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Counts

101 3

107

What can we do?

e TH1D *proj_peak = dynamic_cast<TH1D*>(proj->Rebin(4,"proj_peak")); (4X)

* Interesting region 600-1400 (2x)

 Maximum counts ~300 - Int32 to int16 as storage type (2x)

(301, 671)

—— data

T T T T T T T T T
—200 0 200 400 600 800 1000 1200 1400
ADU
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- 16x smaller histogram: ~200MB
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Does it affect runtime?

11

int adc2d_nbin= 200;
TH2S# adc2d_1 w TH2S("adc2d_1",""
TH2S5# adc2d_2 TH25("adc2d_
TH2S5+ adc2d_3 TH25("adc2d_3",
TH25+ adc2d_4 TH25("adc2d_.
TH2S+ adc2d_5 TH25("adc2d_5
TH2S#* adc2d_b ew 25("adc2d_|
TH2S5+ adc2d_7 "adc2d_
TH25+ adc2d_8 TH25("adc2d_

,adc2d_nbin,600.5,1400.5
yadc2d_nbin,600.5,1400.5
yadc2d_nbin,600.5,1400.5
,adc2d_nbin,600.5,1400.5
,adc2d_nbin,600.5,1400.5
,adc2d_nbin,600.5,1400.5
yadc2d_nbin,600.5,1400.5
yadc2d_nbin,600.5,1400.5

auto start_time = open_data_file(thisfile);
@; i < n_frames & thisfile—=readNextFrame(
uintl6_t ximagedptr = thisfile->getFrameDataHandle();

pedestalObject->addG@OF rameToPedestalCalculationWThreshold(imagedptr, pedestalObject, pedeRMS16_G0);

for (int i = @; i < NCH; i++) {
uintl6_t gain = (imagedptrl[il]
if (gain == 8) {

& 0xc000) >> 14;

,65536, (65536+0-0.5)
,65536, (65536%1-0.
,65536, (65536%2-0.5)

(65536%1-0.5)

int adcpc = (imagedptr[i] & @x3fff) - pedestalObject->pedestalOfChannel(i);

if (i < (65536 % 1)) {
adc2d_l1->Fill({adcpc,
if (i = (65536 * 2
adc2d_2->Fill({adcpc,
if (i < (65536 * 3
adc2d_3->Fill({adcpc,
if (i = (65536 * 4
adc2d_4->Fill({adcpc,
se if (i <= (65536 * 5
adc2d_5->Fillladcpc,
if (i < (65536 * €&
adc2d_6->Fill(adcpc,
e if (i < (65536 *% 7
adc2d_7->Fillladcpc,
e if (i < (65536 % 8

adc2d_8->Filll{adcpc, 1i);

report_duration(start_time, n_frames)
thisfile->close();

PSI Center for Photon Science

Processed 500 frames.
Elapsed time: 5.93 seconds. --> 84.38 FPS
Processing time for 220000 frames: 0h43m

PSI
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Is there more we can do?

12

PSI

TH2 does not allow you to control axis types or the presence of under/overflow
We know we have equally spaced bins.

Unnecessary (for us) work on fill:

9]
had
Int_t TH1::Fill(Double_t x, Double_t w) ‘(\a
{ P\\_‘\_e
(fBuffer) BufferFill(x,w};
Boost
Int_t bin; -
fEntriesst; i} istogram
bin =fXaxis.FindBin(x);
(bin <@) =il
CIFSumwz . N && w != 1.0 B& !TestBit(THL: :kIsNotW) 3} SumwzZ();
(fSumwz.fN) fSumwz.fArray[bin] += w*w;
AddBinContent(bin, w);
(big =0 || bin > fKaxls.GetNEins(}] {
IGetStatOverflowsBehaviour(}) -1; I .
;. Let's roll our own histogram class!

Double_t z= w;

fTsumw 4= Z;

fTsumwZ += z*z;

FTSUMWX 4= Z*X;

FTSUMWXZ += Z*X*X;
bin;

Templated and axis types
~150 lines of C++

PSI Center for Photon Science 01.09.2026



How does it perform PSI

aare::PixelHistogramImpl<float, uintlée_t= hist(524288, 1, 200, 600.5, 1480.5);
auto start_time = open_data_file(thisfile);
for (size_t i = @; i < n_frames &% thisfile—>readNextFrame(); i++) {

uintle_t ximagedptr = thisfile—=getFrameDataHandle();
pedestalObject->addGOFrameToPedestalCalculationWThreshold(imagedptr, pedestalObject, pedeRMS16_G@);

for (int i = @; i < NCH; 1i++)
uintl6_t gain = (imagedptr([i] & @xc@@0@) >> 14;

if (gain == 08} {
int adcpc = (imagedptr([i] & @x3fff) - pedestalObject->pedestalOfChannel(i};
hist.fill(i, @, adcpc); // Fill the histogram for pixel i with the pedestal-corrected ADC value

report_duration(start_time, n_frames);

Processed 500 frames.

Elapsed time: 3.28 seconds. --> 152.58 FPS Of Wh ICh 1omin is pedeStal
Processing time for 220000 frames: 0h24m tracki ngl

13 PSI Center for Photon Science 01.09.2026



PSI

New pedestal

* Nottracking number of samples per pixel
 Contiguous arrays etc.

for (int frame_index = @; frame_index < n_frames; ++frame_index) {

fluorescence_file.read_into(&image); Pedestal only
uint16_t* imagedptr = image.data(); Processed 5000 frames.
Elapsed time: 12.9623 seconds. --> 385.734 FPS
for (int i = @; i < NCH; i++) { Processing time for 220000 frames: Oh9m
uintl6_t gain = (imagedptr[i]&@xc000) >> 14;
if (gain == @) { Pedestal and histogramming

const uintl6_t adc = imagedptr[i] & Ox3fff;

if (std::abs(adc - pedestal.mean(i)) < pedestal_rms[i]) { Elapsed time: 21.9307 seconds. --> 227.99 FPS
pedestal.push_fast(i, adc);

3

Processed 5000 frames.

Processing time for 220000 frames: Oh16m

int adecpc = adc - pedestal.mean(i);
hist.fill(i, @, adcpc); // Fill the histogram for pixel i with the pedest

14 PSI Center for Photon Science 01.09.2026



PSI

Next obvious thing: parallel

for (int frame_index = @; frame_index < n_frames; ++frame_index) {
fluorescence_file.read_into(&image);

uintlé_t* imagedptr = image.datal();

*, #pragma omp parallel for
for (int i = @; 1 < NCH; i++) {
uintl6_t gain = (imagedptr[i]&@xc@@d) >> 14;

if (gain == 08) {
const uintlée_t adc = imagedptr([i] & @x3¥ff;
if (std::abs(adc - pedestal.mean(i)) < pedestal_rms[i])
pedestal.push_fast(i, adc);

-|I-
L

int adcpc = adc - pedestal.mean(i);
hist.fill(i, @, adcpc); // Fill the histogram for pixel i with the pedesta

Processed 5000 frames.
Elapsed time: 2.95348 seconds. -->1692.92 FPS
Processing time for 220000 frames: Oh2m

15 PSI Center for Photon Science 01.09.2026



This is clearly useful let’s build it properly

 Use out data analysis library (aare) to read files (multi threaded)
 Use the improved pedestal class

* QOurown histogram class

* Use standalone Minuit2 for fitting (with implementation agnostic API)
* Pipeline where read happens in parallel with histogramming

* Python bindings using pybind11

« CI/CD

* Pypi+ conda pkgs

* Online documentation

16 PSI Center for Photon Science 01.09.2026



17

First attempt

Reding from python

with aare.Timer(verbose = False) as t:
with aare.File(data_fname) as f:
for i in tqdm(range(N)):
frame = f.read frame()
ph.fill_async(frame)

MT reads from C++

with aare.Timer(verbose = False) as t:
ph.fill_from_file(
data_fname,
max_frames = N,
verbose = True,
reader_threads = 4,
reader_chunk_size = 512

PSI Center for Photon Science

Processed 10000 frames
Elapsed time: 2.75 seconds --> 3639 FPS
Processing time for 220000 frames: 1m 0.46s

Processed 20000 frames
Elapsed time: 3.94 seconds --> 5073 FPS
Processing time for 220000 frames: Om 43.37s

PSI
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Swapping processing order

for frame in data:
for row in frame:
for pixel in row:
update pedestal

fill histogram

for batch in data: //tens of frames
for row in range(n_rows):
for col in range(n_cols):
for frame in range(n_frames)
update pedestal

fill histogram

18 PSI Center for Photon Science

Processed 50000 frames
Elapsed time: 7.14 seconds --> 6999 FPS
Processing time for 220000 frames: Om 31.43s

PSI
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Summary

Total work ~2 weeks (leveraging our existing library)
Histogram filling + fitting runs ~200x faster

* ~90xin practice limited by read from NFS share

Removed ROOT dependency (using internal Minuit2)
Python bindings with pybind11
Cl/CD pipeline (from aare)

* Conda/pip
* Docs as github pages

Data analysis library on github: https://github.com/slsdetectorgroup/aare
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https://github.com/slsdetectorgroup/aare

Outlook y PSI

* Processing on cluster not foreseen but would require new way of pedestal
tracking that works on a chunk of frames (fit gaus or double process)

* Python package to drive calibration
 CI/CD + documentation for the specialized package
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Thank you!
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