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Cosmological Dataset: Planck CMB

For all the 
experiments 
considered in 
the following 
the biggest 
computational 
effort comes 
from the 
simulations 
(physics 
[temperature 
and 
polarization] + 
foregrounds + 
instruments 
systematics)

Planck ~ O(1M) 
simulations per 
release!
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Cosmological Dataset: CMB Stage 4

Note that even if the fraction of the sky covered is smaller than 
Planck, the resolution is higher  #pixels is > than Planck→ #pixels is > than Planck
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Cosmological Dataset: CMB Time 
Ordered Data

Figure taken from 
Julian Borrill 
presentation 
(Planck 2014, 
Ferrara)
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Cosmological Dataset: Euclid (et al.)

External datasets 
are much larger 
than Euclid alone!

And Euclid is larger 
than Planck!

O(1G) photometric 
redshift 

O(10M) 
spectroscopic 
redshift

Euclid (and suborbital) fsky is large!

LSS requires N-body simulations to 
properly account for non-linearities!
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Cosmological Dataset: computational 
forecast
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Analysis: CMB data

Figure taken from Tegmark
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Analysis: LSS data
Figure taken from Tegmark

Figure taken from J. Mellier (Euclid PI) 
presentation
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An example of LSS N-body simulation 
computational requirements
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Analysis: putting all together

Both figures are taken from: arXiv:1607.01014 Nicola etal
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Status of computing: present
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Status of computing: the problem
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Status of computing: some (rough) 
definitions

● Some definitions will be useful for the following slides, with some rough approximation:

● Core - a single hardware computing unit

● Node - a physical object that contains one or a collection of cores along with the memory that the cores can *directly* 
access.

● Node communication – the cores in a node can access the memory of another code thought a fast(?) physical inter-
nodes connection

● I/O communication – the cores in a node can access the physical disk memory thought *very slow* I/O operations 
(potentially parallel)

● Thread - a single logical computational job, for simplicity we will assume that every core could process only a single 
thread

● Task - a task is composed by a single thread or more parallel threads, for simplicity we will assume that a node can 
process only a single task, tasks can communicate between them

● HPC - High Performance Computing, main characteristics: top computational speed, limited amount of nodes and cores, 
top memory per node, top node communication, very expensive. Very difficult to program efficient parallel algorithm for 
those machines.

● HTC – High Throughput Computing, main characteristics: general commodity hardware computational speed, enormous 
amount of nodes, low memory per node, none or slow node communication, very cheap. Easy algorithmic development.

 → #pixels is > than Planck The key point: optimal performance are obtained by exploiting data locality
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Status of computing: the solution

And memory remain 
nearly constant in 
dimension and speed!

Exascale 
computing
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Status of computing: missed predictions 
for Exascale computing
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The problem of current estimators: harmonic (and/or) 
Fourier analysis and its relation with data locality

● Data analysis is based on signal processing, and the cornerstone of that is Fourier decomposition (or Spherical 
Harmonics decomposition for spherical symmetric fields like in cosmology)

● Fourier decomposition impose a complete space localization in real space and a complete de-localization in 
momentum space  to know the value of one real sample, we need to now *all* the Fourier coefficients→ #pixels is > than Planck

● The implications of that is: if we cannot store all the coefficients in memory at once, we have to rely on 
some sort of communications, namely I/O or Node communications.

● I/O communication is the slowest possible communication, and the most inefficient solution for data analysis

● Fast Node communication is fast (by definition :D), but not as fast as the use of memory in node

● Both solutions require a dedicated (somehow complex) optimization strategy and usually the only viable solution to 
that it is the use of HPC systems (with all the related problematic of: cost of resources and complex optimization)
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Friendly advice: An overlooked goldmine
● Most of data analysis algorithms in physics (Fourier-related) are required to be run in HPC 

systems

● Since HPC systems are able to run efficiently even HTC-like algorithms, the interest in HTC 
farms are reduced in the data analysis physics community.

● We are overlooking the biggest HTC farm ever build for physics: the LHC Grid

● Just to fix some numbers (top500 list):

● CINECA Marconi supercomputer (configuration A2 – Intel Xeon Phi) 
● #14 in the top500 supercomputer
● 3600 nodes,
● 68 x 1.4GHz core per node with about 250 threads
● 16GB or 94GB ram per node, for a grand total of about 250k cores

● To efficiently use the 250 core, highly tuned parallel codes based on hybrid 
threads/tasks parallelization must be developed

● The Worldwide LHC Computing Grid:
● 2M tasks run every day
● 750k computer cores
● ~ Gbyte/second of calculations
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Solution to the exascal computing 
paradigm

● (Optimization) Dedicate your scientific career to 
became a Computer Engineer with the only objective 
of optimizing code(s) for a particular HPC cluster

● (Algorithm development 1) Develop approximated 
solutions targeted to reduce the computational effort

● (Algorithm development 2) find new way to 
analyze your data (e.g. AI revolution or wavelets 
analysis)
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Algorithm development with Needlets
● Needlets are introduced in CMB analysis here: arXiv:0707.0844 (however they can be 

used in LSS as well, see arXiv:1607.05223)

● Needlets are a particular wavelet base with the following properties:

● Quasi-exponential localization in pixel space
● Bounded support on multipoles
● Tight frames: exact reconstruction formula
● Minimal correlation in harmonic and real domain
● Needlets coefficients are uncorrelated at higher needlets frequencies
● (But most importantly, for the purpose of this talk) doubly localized in pixel and 

momentum space



25/
36

Analyzing the CMB and LSS in the Big Data Era
Hot topics in Modern Cosmology 14-19/05/2018 Cargèse (Corse)

Alessandro 
Renzi

Needlets in momentum space
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Needlets in real space
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3D Needlets

See 
arXiv:1408.1095
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Needlets can be used to directly “sample” the 
physics at a particular scale
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Space locality is data locality – Needlets 
as a viable algorithmic solution!

Renzi A. in prep.
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Exploiting Needlets double-localization 
property

With the knowledge of you 
computational hardware 
parameters, you can 
simply tune your code to 
be efficient on that HTC 
system, without complex 
targeted code 
optimization!
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You can always use needlets and gain 
some more (CMB)
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You can always use needlets and gain 
some more (LSS)
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New directions of data analysis using 
needlets
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Conclusion

● In this talk I have tried to convince you that, due to the evolution of 
computational systems, and the increase of dataset dimensions to be analyzed, 
the importance of computation is increasingly critical

● There is the needs of dedicated people working on that, but more importantly 
there is the needs of dedicated people to improve algorithms without relying 
(only) on code optimization (your data analysis problems won’t be solved simply 
by employing *real* programmers)

● Needlets are a different way to analyze your data. You can use them in place of 
Fourier analysis and gain something more from that (scale and patches analysis)

● Needlets, as well as Fourier, could be used to make predictions too. Can we gain 
something from that?

● There are convincing results that needlets analysis could be optimally applicable 
in the new Exascale computational systems (or LHC machines!)
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The End

Thanks for your 
attention!

The future of cosmology 
is bright, we have only 
to look at that with the 
right eyes!
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