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e The BeyondPlanck results were generated using the
Commander3 codebase % o® Commander

e Based on the legacy Commander ®
code that was used for component separation for Planck

e Written in object oriented Fortran90 (Approved by Grey-Beards
everywhere!)

e Implements the iterative Gibbs-sampling of specific data
models, for LFI this was:

djs = 8j:Prpj [BY)" Z Mcj(Byr» A s, +BEY™ (s + 57 ) [+ nSe™ + Y,

e ~45000 lines of code, ~6000 for TOD processing, ~14000 in

component separation, ~25000 in auxiliary modules
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The Code is available under the GPL3 license here:
https://qgithub.com/Cosmoglobe/Commander

Contains all the analysis code as well as data file generation

scripts, examples of adding new data sets, etc.

A data download tool is also available to make it easier to get

started, the code installs with cmake

Documentation and support can be found on our webpage:
https://beyondplanck.science/

The code is still under active development, and will be used in

the future for datasets such as HFIl, WMAP, LiteBIRD, Spider,

DIRBE, FIRAS...

Hands on code and data tutorial will he held next week Monday

+ Tuesday (Nov 23 + 24). Please join!
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Commander3 pseudo-code:

g — P 4, &ns Avp, @B, Co) 1) Read parameter file
Meorr < Plhcorr|d, g, &u.Bvp.a.B, Co) i) Initialize data sets; store in global array called data

$n < P& 1d. g neow,  Avp,a.f, Co) i) Initialize model components; store in global linked list
Abp o P(Abp |d, g, neorr, &ns a,p, Ce) called CompLi st

B <« PB |d, g, ncor, &, Avp, Co) iv) Initialize stochastic parameters

a <« P(a lds g’ ncorr,é:n,Abp, ﬁ, Cf)
Cf = P(Cf Ids g, nCOI’rs gnsAbp,a’ﬁ )’ for i = 19 NGlbbS do

1) Sample TOD parameters; make frequency maps
a) Sample gain

e Gibbs Sampling: b) Sample correlated noise
Iteratively sample each c) Clean and calibrate TOD
: : d) Sample bandpass corrections
parameter \{vhlle holding e) Bin TOD into maps
the others fixed 2) Sample astrophysical amplitude parameters

® Easily suggests Object 3) Sample angular power spectra

: - 4) Output current parameter state to disk
Oriented programming 5) Sample astrophysical spectral parameters

solutions, each sampling 6) Sample global instrument parameters for non-TOD
Step can be one or more data sets, e.g., calibration, bandpass corrections
classes
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f comm_cr_mod comm_cr_utils
comm_tod_gain_mod comm_tod_bandpass_mod > P> G utilties
77777777777777777777777777 || Gainsampler Bandpass sampler ‘ Amplitude solver
PSS | comm_signal_mod
LGRS R 1 | comm_tod noise_mod comm tod pointng mod . .
| o i Signal sampler interface comm_nonlin_mod comm_chisq_mod
g | Correlated noi mpler Pointin ration — ) )
LFI-type TOD : orrelated noise sample ointing operations - . . > Chisqiarrouhhes
1 Nonlinear/spectral index sampler
comm_tod WMAP_mod ‘ comm_tod_mapmaking_mod comm_tod_orbdipole_mod
! Binned mapmaker Orbital dipole generator .
WMAP-type TOD ! i ARS mod | comm_gain_mod
| § invSamp_mod comm_status_mod | |, o
A comm 25 map_mod comm_system_mod | P> Map-based calibration
comm_convigt_mod comm_task_mod | sampler
comm_defs comm_utils ]
‘ comm_fft_mod hashtbl ;
comm_hdf_mod locate_mod t
comm_huffman_mod math_tools |
comm_tod mod comm_mpi_mod powell_mod :
, comm_output_mod sort_utils !
Time-ordered data comm_param_mod spline_1D_mod
comm_shared_array_mod  SPline_2D_mod

comm_shared_output_mod i

A

: comm_data_mod

i - : comm_template_comp_mod
I Signal component class
v v v * Fixed template class
comm_N_mod comm_B_mod comm_F_mod
S = i comm_bp_mod v comm_ptsrc_comp_mod
Noise cov (abstract Beam (abstract Mixmat class i :
( ) ( ) Bandpass class comm_Cl_mod » comm_diffuse_comp_mod Compact object class
 / ¢ ¢ ‘ Power spectrum sampler Diffuse component class
comm_F_int_ mod comm_bp_utils
comm_N_rms_mod comm_B_bl_mod '
) _ ) Mixmat lookup table Bandpass utilities
White noise covmat Symmetric beam ,
v comm_cmb_comp_mod comm _MBB comp mod comm_spindust_comp mod
s | R e ] CMB SED MBB SED Spdust SED with nu_p
. comm_F_int_0d_mod |
WMAP noise covmat L ] comm_cmb_relquad_comp_mod | comm_powlaw_comp_mod comm_spindust2_comp_mod
comm_F_int_1d_mod CMB relativisitc quadrupole Power-law SED SpdustSED with nu_p, alpha
comm_F_nt_2d_mod comm_freefree_comp_mod | comm_line_comp_mod comm_md_comp_mod
comm_F_int_line_mod Free-free SED Line emission SED Free monopole, dipole
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Process 1 Process N
/ N\ / N

Active Scan Map 1
Header Header Header Header Header
T | Header | Contains Huffman Information
pixel 1 fVal 1 Jibm) 1f faim 2 SDCe:taln L Det 2 pixel a| [vala | Jo.m)a| Jaima SD(e:taln 5 (l)DeItHzeader I
pixel 2| |vai2 | fa.m) 2] |aim2 :
%xe a m o Tod Tod . Dete Ctor 1 Pixel b| |valb | Jt.m)b| [almb Tod Tod .
e 1 il B i Flags | || [Flags | |* oat I AR il Flags | || [Flags || =
: : Sk Foint sont 11" [Top 1]{ToD 2[TOD 3]... [ TOD N | o . : Poigt Poigt .
pixelof |Vain | Jom of [aimn [ Pix1 | Pix2 [Pix3 [..]| Pixn | pixel 2| |vaiz | Jum 2| [amz
Scan 2 [Header] Scan 51 [Header]
Map 2 DTetdl DTGZZ [Psi1[psi2 [Psi3[..] psin | Ma 2 Det 1 Det 2
0 0 y Tod Tod .
Flags Flags ||« IFIag 1|F|ag 2 |Flag 3 | | Flag N | p Flags Flags || =
Header Point Point Header Point Point
Pixel 1] | val 1 (I,m) 1| Jalm1 | | | | | D etecto r 2 Pixel a] | Vala (ILm)a] |alma ] '] ']
pixel 2| var2 | Jom 2| [aim2 |TOD 1|TOD 2|TOD 3| |TOD N I pixel b |vaib | Jo.mb] faimb
Pixel 3] | val 3 (IL,m) 3] |alm3 TO D 2 Pixel ¢ Val ¢ (,m) ¢ almc TO D 2
i o [ Pix1 [Pix2 [Pix3 [..] Pixn | o : :
prein [sin | fumof fame Header [Psi1[poi2 [P ] Poin | e [vre | Jume [am: Header
Scan 1 [Header] Scan 50 [Header ]
Det 1 Det 2 IFIag 1|Flag 2 |Flag 3 | | Flag N | Det 1 Det 2
. Tod Tod . . Tod Tod .
Flags Flags . ] Flags Flags .
Point Point - Point Point
]
Scan 2 [HAeader] Scan 51 [Feader]
" Det 1 Det 2 u Det 1 Det 2
Tod Tod . Tod Tod -
Flags Flags - Flags Flags -
Point Point Point Point
. [
[ ] [ ] [ ] [ [ [ |
[ [ [ [

ond
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All data is stored in RAM during pipeline execution, so the data
discussed here is just inputs and outputs
TODs are stored in HDF5 files, using a custom compression
scheme (coming up)
HDF5 has faster 10 than fits, and supports more data
customization (almost like a directory structure)
Skymaps are stored in standard .fits format
All of the samples are stored in a chains.h5 file, which contains
the complete history of all the parameter values throughout the
entire sampling run
We have written a tool for Commander3 Post Processing
(c3pp) that reads and makes plots from the output chains files,
available here:

https://github.com/Cosmoglobe/c3pp
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S n-Memiory Data Compression

Item Explanation 30 GHz 44 GHz 70 GHz Total Ratio
Raw  Compressed | Raw Compressed | Raw  Compressed
(MB) (MB) | (MB) (MB) | (MB) _ (MB)
TOD Dt}{pe rgductioq 90.3 45.2 193.9 91.5 656.2 328.1 0.5
Pixel number Hjallipl;f’;; Hﬂ fgggf{igg 180.5 9.8 387.8 17.5 1312.4 69.7 0.05
Psi Discftlifjf?;‘;’n %ngﬁg‘:i“g 90.3 5.2 193.9 9.6 656.2 24.8 0.04
Flag . H[fl if‘fgf;fr?ggﬁing 45.1 94 96.9 5.9 328.1 10.3 0.03
Time Runtime Extrapolation 135.4 0.0003 290.8 0.0003 084.3 0.0003 6.3e-7
Scalars Included from RIMO 0 0.004 0 0.007 0 0.013 00
Huffman Indexes 0 1.37 0 2.1 0 2.6 00
e |n general, we discretize because fixed precision numbers like
ints are much easier to compress than floats
e Pairwise differencing of most datasets like flags and pointing
really reduces complexity. Most differences are + 1,0
e Once we have these differenced timestreams, they are very
easy to further compress with Huffman Coding
Beyond
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Technique for losslessly
compressing datasets into
binary representation
High-frequency numbers
are given short
representations

Can be visualized as a tree

structure
This example shows a tree

with a total array size of
861276, 42% of these are O
after pairwise differencing
Full tree contains 670
unique symbols and their
compressed
representations

Huffman Tree for 30 GHz

Symbol
Frequency

OD 27646
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e Pre-compressing the pointing and digitizing the polarization
angle does lose some information

e We use nside=512 and npsi=4096 for LFI 30 GHz

e Performed a second run with nside=1024 and npsi=8192 at 30
GHz

e Difference maps show that the effects of the compression are
noise of a negligible amplitude

Beyond
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[TEM 30 GHz 44 GHz 70 GHz Sum
Data volume
Uncompressed data VOIUME. . ccwns o wanos s 5 wmsos s 5 761GB 1633GB 5522GB  7915GB
Compressed data volume/RAM requirements . . .. 86 GB 178 GB 597 GB 861 GB
Processing time (cost per run)
TOD initialization/IOtime . ................... 176 sec 288 sec 753 sec 1217 sec
Other MHANZARON., ; ; ween 5 saees & waes 5 ¥ LEs » 3 663 sec
Total miEali2abion . . ..ox s vanss o venss 5 wams s 5 1880 sec
Gibbs sampling steps (cost per sample)
Data decCompression . wun » wasns « oo s & s s o 36 sec 105 sec 252 sec 393 sec
TOD projection (P operation) . ................. 33 sec 49 sec 248 sec 330 sec
Sidelobe evaluation (8iy) o 5 vavies & vasen § s » 3 58 sec 85 sec 337 sec 480 sec
Orbital Aol ($:5) « « wwes s samms o samms » wow = » 45 sec 61 sec 343 sec 449 sec
Gainsampling (g) .......... ... .. 13 sec 10 sec 71 sec 94 sec
Correlated noise sampling (m.orr) . .- .o o oo v oo n .. 355 sec 390 sec 2393 sec 3138 sec
TOD binning (P operaion) . ccsuss « semes 5 wwmws s 5 22 sec 34 sec 442 sec 498 sec
Loss due to poor load-balancing . ............... 62 sec 305 sec 135 sec 502 sec
Siith Of 'Gthér TOD BIEPS s 5 wasies » e » ¥ o & 3 32 sec 135 sec 139 sec 306 sec
TOD processing cost persample . ............. 656 sec 1074 sec 4666 sec 6396 sec
Amplitude sampling, P(a |d,w\a) ............. 527 sec
Spectral index sampling, P(B |d,w \B) ........... 1080 sec
Othersteps .. ... ... ... 149 sec
Totalcostpersample .............cc000vunnn. 8168 sec
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Modularity lets us add new datasets “easily”

Data structures can be mostly reused for new projects, even
WMAP wasn't a huge re-write (see Watts et al. + talk tomorrow)
Main limitation is data volume, as RAM increases we can add
larger projects

Parallelizing over many nodes is slow, Gibbs sampling requires
MANY synchronization steps

Compressing the sky signal would help reduce data volume
significantly (currently ~75%), but would be easier to do to ADC
compressed data

This was avoided for LFI because it wasn't necessary and it
might have more of an effect on precision - needs more testing
Still many existing datasets we can integrate on the current
generation of hardware
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THE FRAMEWORK PROGRAMME FOR RESEARCH AND INNOVATION

e “BeyondPlanck’

o COMPET-4 program
o PI: Hans Kristian Eriksen
o Grantno.: 776282
o Period: Mar 2018 to Nov 2020
Collaborating projects:
e ‘“bits2cosmology” e “Cosmoglobe’

o ERC Consolidator Grant o ERC Consolidator Grant

o Pl Hans Kristian Eriksen o Pl Ingunn Wehus

o Grantno: 772253 o Grantno: 819478

o Period: April 2018 to March 2023 o Period: June 2019 to May 2024
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