
Istituto di Matematica Applicata e Tecnologie Informatiche «Enrico Magenes»

eScience: new information 
technologies for research

Daniele D’Agostino
dagostino@ge.imati.cnr.it

mailto:dagostino@ge.imati.cnr.it


Istituto di Matematica Applicata e Tecnologie Informatiche «Enrico Magenes»

Basic concepts

Big Science: large-scale scientific research consisting
of projects funded usually by a national government
or group of governments
¢ Big machines/Hardware
¢ Big staffs
¢ Big data
¢ Big budgets
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Big science – Big IT Infrastructure

¢ The Worldwide LHC Computing Grid (WLCG) 
project is a global collaboration of more than
170 computing centres in 42 countries, linking
up national and international grid infrastructures.

¢ The mission of the WLCG project is to provide global computing resources to 
store, distribute and analyse the ~50-70 Petabytes of data expected every year.

¢ Numbers
¢ Over 2 million tasks run every day
¢ 1 million computer cores
¢ 1 exabyte of storage

http://wlcg-public.web.cern.ch
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Other basic concepts

¢ Big Science and Big Data require Big IT Infrastructure

¢ E-Science:

¢ (long) the application of computer technology to the undertaking of 

modern scientific investigation, including the preparation, 

experimentation, data collection, results dissemination, and long-term 

storage and accessibility of all materials generated through the scientific 

process. These may include data modeling and analysis, electronic/digitized 

laboratory notebooks, raw and fitted data sets, manuscript production and 

draft versions, pre-prints, and print and/or electronic publications

¢ (short) eScience promotes innovation in collaborative, computationally- or 

data-intensive research across all disciplines, throughout the research 

lifecycle

¢ e- = enhanced? enabled? ..
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e-Science

¢ Turing award winner Jim Gray imagined "data-intensive science" or "e-science" 
as a "fourth paradigm" of science (empirical, theoretical, computational and 
now data-driven) and asserted that "everything about science is changing
because of the impact of information technology" and the data deluge.

¢ e-Science is a research field
¢ e-Science is done on e-infrastructures

¢ Large, distributed, advanced, shared set of resources
¢ Data - https://nxsa.esac.esa.int/nxsa-web/#home
¢ Computing - https://www.egi.eu
¢ Networks - https://www.geant.org
¢ Visualization - https://vis.tacc.utexas.edu
¢ Software - https://catalog.sciencegateways.org/#/home
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e-infrastructure / cyberinfrastructure

¢ enable researchers in different locations across the world to collaborate in the context 
of their home institutions or in national or multinational scientific initiatives.

¢ Scientists can work together by having shared access to unique or distributed scientific 
facilities (including data, instruments, computing and communications).

¢ e-infrastructures have not only become necessary to deal with increased complexity in 
tackling scientific challenges, but also as a strategic tool for fostering collaborative
innovation globally

¢ How: an example is represented by science gateways 
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e-Science and Astronomy

https://petabytestoscience.github.io

https://petabytestoscience.github.io/
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E-Science categories

¢ Software
¢ Technology and Infrastructures

¢ Computing infrastructures 
¢ Science gateways

¢ Data Management
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Part I: Software
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Software
¢ None wants to pay for the software

BUT
¢ The fundamental purpose of astronomical software is to allow science to be done.

¢ To repeat, the purpose of software is to allow us, the users, to do our jobs, which is to 
discover new and interesting things about the universe. Thus, software is necessary
(but not sufficient) to accomplish this goal. 

¢ We must remember that better software can be equivalent to bigger telescopes and 
new high tech instruments. One gets more out of the data and more of the data can be 
useful.

¢ I believe that if software were easier to use and more robust we would get a lot more 
science out of our present instruments. 

¢ R. Mushotzky, in Astronomical Data Analysis Software and Systems XX. 2011, 
ASP Conf. Proc., Vol. 442, p.235
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Why it is stupid – part 1

The extensive optimization and the complete 
parallelization of the 70,000 lines of SeisSol code 
results in a peak performance of up to 1.42 
petaflops. 

This corresponds to 44.5 percent of Super MUC’s
theoretically available capacity

https://link.springer.com/chapter/10.1007/978-3-319-07518-1_1

https://link.springer.com/chapter/10.1007/978-3-319-07518-1_1
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Why it is stupid – part 2 

¢ It is not only a waste of time, computing power and power 
consumption…

¢ Much of the code is looked after as a pet: it has a given name, 
is unique, not shared with others or documented. 

¢ These shortcomings can have real-world consequences, 
as illustrated by the failed Mars Climate Orbiter mission
¢ software calculations were carried out assuming metric units, but navigation

software was programmed assuming imperial units, leading to a premature and 
fiery end to the mission in the Martian atmosphere.

¢ And what about Mariner 1 in 1962?
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Therefore

¢ Software training as part of science curricula
¢ Interdisciplinary collaborations
¢ Software-related publications
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Some definitions

¢ High Performance Computing (HPC)
¢ speed up programs as much possible so that results are achieved more quickly

¢ High Throughput Computing (HTC) 
¢ The focus is not to speed up individual jobs

¢ But to execute many copies of the same program at the same time
¢ Many copies of the same program to run in parallel or concurrently
¢ Maximize the throughput

¢ HTC infrastructures tend to deliver large amounts of computational power over a long period of time 
¢ In contrast, HPC environments deliver a tremendous amount of compute power over a short period of time

¢ HTC is more interested in how many jobs they can complete over a long period of time instead of how fast 
an individual job can complete. 

¢ HPC is more interested in squeezing all the possible GFLOPS from a machine
GFLOPS: Billions of Floating Point Operations per second, calculated as :

(Clock in GHz)G
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HPC =                                              ?Software development has not evolved as fast as hardware capability and network 

capacity. Nominal and sustained performance of computing systems is further 
diverging, unless they are manually optimised which limits portability to other 

systems. 

Development and maintenance of software for advanced computing systems is 

becoming increasingly effort-intensive requiring dual expertise, both on the application 

side and on the system side.

…

In order to program the next generation of computing systems, everyone must 
become a parallel programmer!

High Performance Computing and the Software
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Von Neumann Architecture

Four main components
• CPU, Memory, I/O devices, BUS

Also the processing cycle has four main steps

Bus
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Inside the CPU
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CPU programming

¢ CPU are designed for sequential code, but… 1 core x 3Ghz = 3GFlops at best

¢ Can we process 1 instruction per clock ?

¢ Intel/AMD claim to produce >100GFlops CPUs

¢ To reach such performances we have to exploit:
¢ Instruction level (e.g. fma = fused multiply add)

¢ Vector processing (e.g. data parallelism)

¢ Hyperthreading (more hardware threads/core)

¢ Multi-Cores per processor

¢ We can even go faster with 
¢ Multi-Processors (or sockets) per node

¢ Processors + accelerators (e.g. CPU+GPU)

¢ Multi-node
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Raw numbers or real performances ? Architecture of test workstation (fp32)

2 Intel Xeon E5645 
(115 Gflops, 9.6 per core)
64 GB main memory

nVidia GTX 580 
(1581 Gflops)
1.5 GB GPU memory
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Architecture of test workstation (fp64)

2 Intel Xeon E5645 (58 Gflops)
64 GB main memory

nVidia GTX 580
(198 Gflops)
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Parallel Computing Performance Metrics

Let T(n,p) be the time to solve a problem of size n using p processors
¢ Speedup: S(n,p) = T(n,1)/T(n,p)
¢ Efficiency: E(n,p) = S(n,p)/p
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Amdahl’s Law

P no. of processors, (1-pctPar) serial portion of code
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Amdahl Was an Optimist

Parallelization usually adds communications/overheads



Istituto di Matematica Applicata e Tecnologie Informatiche «Enrico Magenes»

Amdahl was a Pessimist

Superlinear speedup is very rare. 
Some reasons for speedup > p (efficiency > 1)

¢ Parallel computer has p times as much RAM so higher
fraction of program memory in RAM instead of disk.

An important reason for using parallel computers
¢ In developing parallel program a better algorithm was

discovered, older serial algorithm was not best possible.

A useful side-effect of parallelization
¢ In general, the time spent in serial portion of code is a 

decreasing fraction of the total time as problem size
increases.
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The lesson is

¢ Linear speedup is rare, due to communication overhead, load
imbalance, algorithm/architecture mismatch, etc.

¢ Further, essentially nothing scales to arbitrarily many processors.
¢ However, for most users, the important question is:

Have I achieved acceptable performance on 
my software for a suitable range of data 

and the resources I’m using?
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The lesson is

¢ It's easier to optimize a slow correct program than to debug a fast 
incorrect one
¢ Nobody cares how fast you can compute a wrong answer... 

¢ Programs typically spend 80% of their time in 20% of the code 
¢ Programmers typically spend 20% of their effort to get 80% of the total

speedup possible for the application
¢ Know when to stop! 

¢ Don't optimize what does not matter
¢ Make the common case fast! 



Istituto di Matematica Applicata e Tecnologie Informatiche «Enrico Magenes»

The N-Body simulation
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Compilers and Optimizations

¢ Compilers translate one language into another
¢ Optimize the code: transform a computation to an equivalent but

“better” form
Executiontime=Operationcount*Machinecyclesperoperation

¢ Minimize the number of operations
¢ Replace expensive operations with simpler ones
¢ Possibily minimize object code size
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N-Body – sequential algorithm

¢ Maximum theoretical performances: 
9.6 GFLOPs  (single core – SIMD instructions 

– 551$ CPU, 700$ icc)

¢ All-pairs algorithm O(N2 ) x timesteps

¢ We consider timestep=100 and N=1K, 10K

Compiler GFLOPs Efficiency MFLOPs/US$

1K 10K 1K 10K 1K 10K

gcc 1.59 1.67 16.6% 17.4% 3 2

Intel 2.70 5.71 28.1% 59.5% 2 5
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N-Body – OpenMP and MPI
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N-Body – OpenMP and MPI

¢ Maximum theoretical performances:
57.6 GFLOPs  (1 CPU – 6 cores)
115   GFLOPs (2 CPUs – 12 cores)

¢ Intel compiler only (cost disregarded)

¢ OpenMP is easier
¢ Think parallel

Compiler GFLOPs Efficiency MFLOPs/US$

1K 10K 1K 10K 1K 10K

OpenMP - 1 cpu 25.49 33.1 44.3% 57.5% 23 30

OpenMP - 2 cpus 35.50 63.24 30.8% 54.9% 32 57

MPI - 1 cpu 27.21 29.12 47.2% 50.6% 25 26

MPI - 2 cpus 50.27 59.93 43.6% 52.0% 46 54
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N-Body – CUDA and OpenACC
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N-Body – CUDA and OpenACC

¢ Maximum theoretical performances:
1581 GFLOPs (1 GPU – 512 cores – 499 US$)

¢ OpenACC is much much easier
¢ Performances with and w/o fastmath (rsqrtf function), N=10K

Algorithm GFLOPs Efficiency MFLOPs/US$

CUDA 167.71 10.6% 336

OpenACC 147.57 9.3% 185

CUDA - fastmath 434.46 27.5% 871
OpenACC - fastmath 211.80 13.4% 265

CUDA reference 597.11 37.8% 1197
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Performance/Price (10K)

0,1 1 10 100 1000 10000

Sequential - gcc

Sequential - Intel

OpenMP - Intel - 1 cpu

OpenMP - Intel - 2 cpu

MPI - Intel - 1 cpu

MPI - Intel - 2 cpu

CUDA

OpenACC

CUDA - fastmath

OpenACC - fastmath

CUDA reference

MFLOPs/$ - whole system

MFLOPs/$ - comp. units

GFLOPs

Programmers and tools make the difference!
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Conclusions

The efficient exploitation of current heterogeneous HPC 
solutions require good understanding of HW and SW features 
(architectures, instructions sets, sdk, …)

¢ Not only HW
¢ Skilled developers
¢ State-of-the-art software libraries and programming tools.

Good tools and developers are worth the money
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For example use available, optimized libraries
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Part II - Computing Infrastructures 
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At first

¢Before selecting the infrastructure and the computing model chose carefully
the algorithm/software used to solve your research challenge

¢Cloud, Grid, Supercomputers, Artificial Intelligent  will NOT save you if you are 
using the wrong tool/approach/strategy 
¢Study literature

¢ Rule of thumb: if you created it from scratch probably is a non-optimal/costly solution
¢If possible use open source
¢If possible avoid vendor lock-in
¢Use standard or de-facto standard
¢Think in advance to the evolution of the application when complexity of the 

problem increase
¢ Try to find solutions to scalability issues in advance

39
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Computing Infrastructures

Grid – Cloud –
Web services

Parallel computing 
- Message Passing 
Interface (MPI)

General Purpose GPU 
- CUDA, OpenACC
Parallel Computing
- OpenMP
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Clusters and Supercomputers
¢ The best solution for medium-size, limited time projects
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https://www.slideshare.net/AmazonWebServices/introduction-to-amazon-web-services-7708257

Otherwise: Cloud computing

https://www.slideshare.net/AmazonWebServices/introduction-to-amazon-web-services-7708257
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Once upon a time: the GRID

A computational Grid is a hardware and software infrastructure 
that provides dependable, consistent, pervasive and inexpensive 
access to high-end computational capabilities. In particular it:
¢ Coordinates resources that are not subject to centralized control
¢ Uses standard, open, general-purpose protocols and interfaces
¢ Delivers nontrivial qualities of service

I.Foster, C.Kesselman: The Grid: 
Blueprint for a New Computing 
Infrastructure”, 1998

Ian Foster Carl Kesselman
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Executable

Prologue

Input SandBox

Output SandBox

Epilogue

Error Recovery

Requirements

Std Output/Error

JOB Type JobType = “Normal";

Prologue = "prologue.sh";

InputSandbox = {"test.sh", "fileA"};

Requirements = false;

Executable = "test.sh";

StdOutput = "std.out";
StdError = "std.err";

OutputSandbox={"std.out", "std.err"};

Epilogue = "compress.sh";

RetryCount = 1;
ShallowRetryCount = 2;

The single batch Grid Job
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Grid Users

¢ Virtual Organizations: a set of individuals and/or institutions that share 
resources under certain rules
¢ Sharing is highly controlled, resource providers and consumers define clearly and carefully 

what is shared, who is allowed to share, and the conditions under which sharing occurs

¢I submit my jobs to “the GRID” and they get processed: somehow, somewhere, 
after some time if nothing occurs (e.g. failure due to misconfigured nodes).

====================== glite-wms-job-submit Success ======================

The job has been successfully submitted to the WMProxy

Your job identifier is:

https://lb-server-03.cnaf.infn.it:9000/C-Et5jbMMBjjUHkT1X6wVg

==========================================================================
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¢ Cloud computing is a distributed technology more flexible and usable than other distributed systems (e.g. Grid computing)
¢ In every case there is no Cloud,  it’s just someone else’s computer 
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EGI – formerly The European Grid Initiative

49

•27 National Operations Centres

• 9 Federations

• 1 EIRO (CERN)

Availability/Reliability : 94.8%/95.6%

400,000 CPU cores
271,000 from EGI-Inspire partners/Council (+13%)

122 PB disk and 128 PB tape

352 Resource Centres 
323 from EGI-Inspire partners/Council

108 supporting MPI (+12.5%)

56 Countries 
42 EGI-Inspire partners/Council

MW: ARC, gLite, Globus, UNICORE

Canada

Latin America and 
Caribbean region



Istituto di Matematica Applicata e Tecnologie Informatiche «Enrico Magenes»

Science gateways

A  science gateway 

¢ is a community-specific set of tools, applications, and data collections

¢ that are integrated together via a web portal or a desktop application, 

¢ providing access to resources and services from any provider, e.g. EGI or XSEDE. 

¢ These gateways can support a variety of community-specific capabilities
including workflows, virtualisation of software and hardware, visualization, 
resource discovery, job execution, access to data collections, repositories, 
applications and tools. 

¢ A science gateway enables community members to define and perform custom 
research scenarios. Science gateways can hide the complexities of distributed
infrastructures from researchers, therefore several communities build or would
like to build science gateways for their members.
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Science gateways

¢ Very important in USA
¢ https://www.xsede.org/ecosystem/science-gateways
¢ https://www.xsede.org/web/site/ecosystem/science-gateways/gateways-

listing
¢ https://sciencegateways.org

¢ But considered also in EU
¢ https://www.egi.eu/use-cases/research-infrastructures/

https://www.xsede.org/ecosystem/science-gateways
https://www.xsede.org/web/site/ecosystem/science-gateways/gateways-listing
https://sciencegateways.org/
https://www.egi.eu/use-cases/research-infrastructures/
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The EXTraS Science Gateway
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Nice. And now I 
want to analyse the 
last observation….

Download the EXTraS SW
Find the HW
Install the software and all 
the required libraries
Retrieve the input data
Configure the analysis
Submit and monitor it
Retrieve the results

Select the observation
Configure the analysis
Submit and monitor it
Download the results

The EXTraS Portal

3
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The architecture

FedCloud
(50 vcpu)

Json-GUI Jobs Management UI

Transient 
Analysis GUI

µS
FedCloud

OCCI

AppDB
General-purpose 
Ubuntu 14 VM

API. . .
E-Token 
Server

CVMFS

User
ManagementPersistence API CMS

RepositoryLogging Mailer

Applications 
Definition

Workflows 
Configuration

FedCloud
Submission Handler

XMM-Newton 
Science Archive

It is possible to 
classify it as SaaS
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Science gateways

¢ ‘Citizen science’ (CS) = online collaboration between scientists and members of the public 
who volunteer to take part in research; the ‘crowdsourcing’ of scientific research

¢ www.zooniverse.org : an umbrella site containing over 90 projects in different scientific 
domains

The major challenge of 21st century research is dealing with the flood of information we can 
now collect about the world around us. Computers can help, but in many fields the human 
ability for pattern recognition — and our ability to be surprised — makes us superior. With 
the help of Zooniverse volunteers, researchers can analyze their information more quickly 
and accurately than would otherwise be possible, saving time and resources, advancing the 
ability of computers to do the same tasks, and leading to faster progress and understanding 
of the world, getting to exciting results more quickly.

¢ A science gateway represents also a state-of-the-art accessible online tools to engage 
fellow citizens in the era of petabyte-scale astronomy.

http://www.zooniverse.org/
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Part III - Data Management 
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Data Storage
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The legacy research data portal architecture

Most systems used to exchange research data today are not so different from the first web servers. 
In particular, a single server handles request processing, data access, authentication, and other
functions. It is the simple and monolithic architecture.
They works but performance and management issues…
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Modern research data portals – An example
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The FAIR Guiding Principles for scientific data management and stewardship

Reproducibility
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Conclusions
Most of the presented concepts have been exploited in the EXTraS SG
¢ EXTraS portal

✓ User-friendly interface
✓ Extensible to other Computing Infrastructures
✓ Can include other analysis modules
✓ Supports the results sharing (with an ID for results)
✓ Supports a basic collaboration among the users
✓ Useful as prototype for Citizen Science
✗ Effective remote visualization service
✗ Full Citizen Science support

¢ Data archive 
✓ Allows to share the products
✗ Not FAIR
✗ Extensibility…


