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1 Introduzione

The objective of this project is to design and analyse innovative numerical methods for
the approximation of partial differential equations (PDEs) in computational science and
engineering. The increasing complexity of realistic models and the evolution of compu-
tational platforms and architectures are challenging the numerical analysis community
to develop more efficient, effective, and innovative methods. We share a consolidated
expertise on advanced discretisation schemes based on variational approaches, such as
h-type finite elements (FEM), isogeometric analysis (IGA), spectral, and boundary el-
ements (BEM). In several applied fields and scenarios a successive resolution of PDEs
with different values of control or design variables or different physical /geometric quan-
tities is required, thus demanding high computational efficiency. We plan to study suit-
able Reduced Order Methods (ROM), such as reduced basis methods (RBM), proper
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orthogonal decomposition (POD) and hierarchical model (HiMod) reduction, represent-
ing effective strategies to contain the overall computational costs. We expect that our
results will open new scenarios, making possible the solution of more complex problems
with significantly reduced computational effort. Applications will play a leading role
in the project to highlight demonstrative proofs of concept related with methodologi-
cal advances, as well as software developments, in order to enhance efficient scientific
computing on modern platforms/technological devices.

2 Descrizione sintetica del progetto (max 2 pag)

Several phenomena of interest in applied sciences are modelled as coupled systems of
parametrized PDEs. Industrial and clinical researches show nowadays a growing de-
mand of efficient computational tools for multi-query and real-time computations for
parametrized systems, such as sensitivity analysis of the haemodynamics in patient-
specific biomedical devices or shape optimization of structural parts. Relying on classi-
cal high-fidelity discretisation methods for each new query is usually unaffordable due
to high computational costs, especially in iterative procedures used for optimization,
control, uncertainty quantification, general inverse problems. For these reasons, an
increasing amount of research has been devoted in the last decade to reduced order
methods. These allow us to obtain accurate and reliable results at greatly reduced com-
putational costs thanks to the selection of few basis functions, representing the most
relevant features of the phenomena involved, and to an efficient separation of expensive
computations (offline) from the inexpensive (online) reduced-order queries. Reduced
order methods (ROMs) proposed in this context, are for instance reduced basis (RB),
proper orthogonal decomposition (POD) (and their combination: POD in time and RB
in parameters, for instance), hierarchical model reduction (HiIMOD), and proper gener-
alized decomposition (PGD) methods.

ROM methodology: We aim at consolidating the development of computational re-
duction techniques for problems described by parametrized mathematical models, gov-
erned by partial differential equations (PDEs). Parameters might be both physical
(material properties, nondimensional coefficients such as Reynolds number, boundary
conditions, forcing terms) and geometric (i.e., quantities which characterize the shape
of the domain). The focus of this project concerns scientific computing and modelling,
with a special interest in computational mechanics, electromagnetism, optimization, and
control. In all these cases, iterative minimization procedures entailing several numeri-
cal resolutions of PDEs (each time with different values of control or design variables
or different physical/geometric scenarios) are involved, thus requiring high computa-
tional efficiency. For this reason, suitable reduced order model (ROM) techniques, such
as reduced basis methods (RBM) and hierarchical model reduction (HiMod), provide
an effective strategy to contain the overall computational cost. HiMod, for instance,
provides surrogate models for problems characterized by an intrinsic directionality, with
transverse components relevant locally. The idea of HiMod is to discretize the full model
via a combination of a 1D finite element approximation along the leading direction with



a modal expansion for the transverse dynamics. This leads to solving a system of 1D
models. Research activities have led to a significant development of ROM for many
problems, and to real-life applications in several scenarios. However, to make these
techniques more efficient and viable in a more applied and technological context, several
methodological issues are still to be investigated and developed. For instance, in order
to perform efficient numerical simulations in complex and variable geometric configura-
tions, as required for instance in engineering or medical applications, ROMs need to be
coupled with efficient adaptive and/or parameterization techniques. In order to treat
complex geometric properties, the recent developments of the Isogeometric Analysis for
curves and surfaces, based on B-Spline or NURBS (Non-Uniform Rational B-Spline),
can help ROM to become more performing. This guarantees an efficient and highly
integrated treatment and processing of geometries developed within CAD systems, as
well as the generation of high-quality computational grids, without resorting to any ge-
ometric approximation. To make ROM even more efficient, the combination with BEM
(Boundary Element Method) is advisable in linear problems instead of the classical finite
elements. Another possible tool to save on the computational cost is represented by the
employment of anisotropic adaptive meshes, whose elements are automatically tuned in
terms of size, shape, and orientation.

ROM implementation: We plan to develop a versatile and automatic software li-
brary for the optimal management of the problem parameters, especially the geometric
parametrization, and the coupling of this library with the main packages implementing
ROMs. The resulting software will comprise an offline optimized module for the gen-
eration of the basis functions and of high-quality adapted meshes, possibly anisotropic,
and an online module that will be designed to be used also remotely on a variety of
platforms (from laptops to tablets, delocalized), including a graphical interface. The
new supercomputer installed at SISSA/ICTP, Ulysses, will be also used for the offline
part.

ROM applications: We will focus on: optimal control and inverse problems in elec-
tromagnetism; integration of high order methods (IGA), lower dimensionality methods
(BEM), and reduced order methods for the efficient management of geometries of indus-
trial and medical interest; computational reduction techniques (reduced basis methods,
proper orthogonal decomposition and hierarchical model reduction) and possible inter-
play. We aim at reducing the online (and possibly the offline) computational time in
computational mechanics, fluid dynamics and electromagnetism, in order to address
more and more complex problems, taking into account also uncertainty scenarios, and
a certain versatility. Other possible applications of interest include naval and mechan-
ical engineering (flows around ships), medicine (fluid-structure interaction problems in
the cardiovascular system, as well as the electroencephalography inverse problem) and
electric engineering (source identification). All these fields reflect a deep know-how of
the senior participants of the project.

ROM Objectives: The research project intends to further improve the capabilities



of the reduced order methods in different fields, in order to face more demanding and
complex applications arising in industrial, medical and applied sciences contexts. This
research will involve human resources from SISSA, University of Trento, Politecnico di
Milano-MOX, University of Pavia. We expect this collaboration to be fruitful in the
framework of computational electromagnetism and anisotropic mesh adaptation. More
in general, we believe that anisotropic mesh adaptation will improve the computational
efficiency in any applicative field exhibiting strong directional features. Developments
of advanced reduced order methods will be carefully crafted and adapted in several
fields where there is a strong need of computational reduction strategies as well as of
parametric studies. In the project the developments of ROM for complex problems in
the framework of computational fluid-dynamics and fluid-structure interactions will take
advantage of the combined and diversified expertise of the participants of the projects:
isogeometric analysis, immersed boundary method, fluid-dynamics and fluid-structure
interactions.

Our research project is largely of fundamental and methodological nature, hence we
expect to contribute to the advance of knowledge in the framework of numerical analysis
for the approximation of PDEs. Nevertheless, we expect that our results will provide new
insights for the design of numerical schemes in several application areas. The novelties
of our research will concern new analysis tools for the adopted methodologies and new
software for scientific computing involving problems ranging from academic examples
to real life applications in the fields of fluid-dynamics, electromagnetism, structural
mechanics, cardiology and in general multiphysics problems in computational science
and engineering.

Models and methods developed within the research program will contribute to open
new scenarios in the numerical approximation of PDEs, making it possible the solu-
tion of more complex problems with significantly reduced computational times (order
of seconds). In addition to industry, the techniques developed within this project have
a great potential impact in biomedical and biological fields, ensuring the possibility to
increase the complexity of the problems to be addressed, for example by including also
uncertainty quantification of some parameters of interest. A remarkable strength of
the proposed methodology is the possibility to offer a clear separation between compu-
tational resources, together with computational stages. Clusters and supercomputers
are useful in the offline stage to generate a basis of solutions, by means of repetitive
and expensive computations. Less powerful devices, such as laptops but even tablets or
smartphones, enable during the online stage to obtain real-time calculations. The devel-
opment of the proposed methods is complementary to important investigations dealing
with high-performance, large scale, parallel computing environments. By easily access-
ing a database of pre-computed solutions, reduced-order methods make it promptly
available both large computing platforms and increasingly complex mathematical mod-
els, such as for example in healthcare or shipyard facilities.



3 Attivita del progetto (max 1 pag)

L’interazione tra i partecipanti al progetto prevede una decina di missioni con una spesa
media di partecipazione pari a 300 Euro (hotel, viaggio, vitto). Si tratta di missioni brevi
di coordinamento ricerca e pianificazione strategica tra Pavia, Milano, Trento e Trieste o
per eventi di interesse congiunto. Priorita sara data ai partecipanti non strutturati nella
fase di impostazione del loro lavoro di ricerca, atto a creare forti sinergie ed a trasferire
conoscenze pregresse e correnti da parte del personale strutturato.

A questa voce si aggiunge poi la proposta di una giornata di studio con seminari e
sessioni tecniche da organizzarsi nell’estate/autunno 2017. Questa proposta si basa sul
fatto che iniziative analoghe sono state molto proficue in passato per creare sinergie tra le
diverse unita e per indirizzare meglio i dottorandi aderenti al progetto. E previsto inoltre
un momento specifico da dedicare alla discussione di esperienze acquisite e strategie di
sviluppo di software e librerie open-source per il calcolo scientifico.

E prevista inoltre la partecipazione dei giovani a scuole o conferenze internazionali per lo
piu in Italia, essendo il 2017 un anno ricco di eventi in Italia legati al calcolo scientifico.
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(Cluster TRIM)

Affiliazione: SISSA, Scuola Internazionale Superiore di Studi Avanzati, Trieste,
Area Matematica, mathLab

e-mail: marco.tezzele@sissa.it

Partecipante: Federico Pichi

Posizione: dottorando primo anno in Analisi Matematica, Modelli e Applicazioni
Affiliazione: SISSA, Scuola Internazionale Superiore di Studi Avanzati, Trieste,
Area Matematica, mathLab

e-mail: federico.pichi@sissa.it

Partecipante: Saddam Hijazi

Posizione: dottorando primo anno in Analisi Matematica, Modelli e Applicazioni
Affiliazione: SISSA, Scuola Internazionale Superiore di Studi Avanzati, Trieste,
Area Matematica, mathLab

e-mail: saddam.hijazi@sissa.it

Partecipante: Zakia Zainib
Posizione: dottoranda secondo anno in Analisi Matematica, Modelli e Appli-
cazioni
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15.

16.

17.

18.

19.

5)

Affiliazione: SISSA, Scuola Internazionale Superiore di Studi Avanzati, Trieste,
Area Matematica, mathLab
e-mail: zakia.zainib@sissa.it

Partecipante: Shafqat Ali

Posizione: dottorando terzo anno in Analisi Matematica, Modelli e Applicazioni
Affiliazione: SISSA, Scuola Internazionale Superiore di Studi Avanzati, Trieste,
Area Matematica, mathLab

e-mail: shafgat.ali@sissa.it

Partecipante: Massimo Carraturo

Posizione: dottorando primo anno in Ingegneria Civile e Architettura
Affiliazione: Universita degli Studi di Pavia, Dipartimento di Ingegneria Civile
e Architettura

e-mail: massimo.carraturo0l@universitadipavia.it

Partecipante: Nicola Ferro

Posizione: dottorando del secondo anno (XXXI° ciclo) in Modelli e Metodi
Matematici per I'Ingegneria

Affiliazione: Politecnico di Milano

e-mail: nicola.ferro@polimi.it

Partecipante: Yves Antonio Brandes Costa Barbosa

Posizione: dottorando del primo anno (XXXII° ciclo) in Modelli e Metodi Matem-
atici per I'Ingegneria

Affiliazione: Politecnico di Milano

e-mail: yvesantonio.brandes@polimi.it

Partecipante: Juan Luis Valerdi Cabrera

Posizione: dottorando terzo anno (XXX° ciclo) in Matematica
Affiliazione: Universita degli Studi di Trento, Dipartimento di Matematica
e-mail: juan.valerdicabrera@unitn.it

Budget di previsione

L’interazione tra i partecipanti al progetto prevede una decina di missioni con una spesa
media di partecipazione prevista pari a 300 Euro (hotel, viaggio, vitto). Si tratta di
missioni brevi di coordinamento ricerca e pianificazione strategica tra Pavia, Milano,
Trento e Trieste o per eventi di interesse congiunto. Priorita sara data ai partecipanti
non strutturati nella fase di impostazione del loro lavoro di ricerca, atto a creare forti
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sinergie ed a trasferire conoscenze pregresse e correnti da parte del personale strutturato.
A questa voce si aggiunge poi la proposta di una giornata di studio con seminari e sessioni
tecniche da organizzarsi nell’estate /autunno 2017. Questa proposta si basa sul fatto che
le giornate precedenti sono state molto proficue per creare sinergie e per I'inquadramento
dei giovani, in particolare dei dottorandi aderenti al progetto.
E prevista inoltre la partecipazione dei giovani a scuole o conferenze estive, per esempio
IACM FEF (Finite Element for Flows) 2017 organizzata il 5-7 Aprile 2017 a Roma,
(http://congress.cimne.com/FEF2017/frontal/default.asp), il workshop ECCO-
MAS a tema: ADMOS (Adaptive Modelling and Simulation) 2017 organizzato il 26-28
giugno 2017 a Verbania (http://congress.cimne.com/admos2017/frontal/default.asp
), il workshop QUIET (Quantification of Uncertainty: Improving Efficiency and Technol-
ogy) 2017 organizzato presso la SISSA il 18-21 Luglio 2017 (https://indico.sissa.it/event/8/),
la conferenza internazionale IGA 2017 Isogeometrical Analysis a Pavia 11-13 settem-
bre 2017 (http://congress.cimne.com/iga2017/frontal/default.asp ) e la con-
ferenza ECCOMAS Young Investigators al Politecnico di Milano il 13-15 settembre
2017 (https://wuw.eko.polimi.it/index.php/YIC2017/conf).

In Tabella 1 riassumiamo il quadro complessivo previsto per il budget.

Voce KEuro | Descrizione

Missioni 3.0 misstoni tra le sedi partner
partecipanti al progetto

e trasferte eventi

Scuole Estive 4.0 partecipazione giovani
Conferenze
Giornata di studio | 2.0 seminari, tavola rotonda,

approfondimenti, discussioni

Totale 9.0

Tabella 1: Quadro riassuntivo delle spese del progetto
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