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PREFACE
This book ontains extended abstra ts (short ommuni ations) of some of the presented papers during the International Conferen e on "Numeri al Methods for S ienti Computations and Advan ed Appli ations" (NMSCAA'14), May 19-22, 2014,
Bansko, Bulgaria. The onferen e was organized by the Institute of Information and
Communi ation Te hnologies, Bulgarian A ademy of S ien es in ooperation with
So iety for Industrial and Applied Mathemati s (SIAM) and devoted to the 60th
anniversary of Svetozar Margenov.
His main elds of resear h in lude: Large-S ale S ienti Computing and Parallel
Algorithms; Numeri al Methods for Partial Dierential Equations (Finite Dieren e S hemes and Finite Element Method); Computational Linear Algebra (Iterative
Methods and Algorithms, Pre onditioning, Sparse Matri es); Large-S ale Computing
of Environmental Problems; Biomedi al and Engineering Problems; Super omputing appli ations, et . Svetozar Margenov re eive his PhD in 1984 and the degree
of Do tor of S ien e in 2002. From 2003 he was promoted to Full Professor in 2003.
Currently, prof. Margenov is Dire tor of the Institute of Information and Communi ation Te hnologies of the Bulgarian a ademy of s ien es and Head of the Department
of S ienti omputing in the the same institute. He is an eminent s ientists and
university le turer. Svetozar Margenov is an author of two monographs and more
than 140 papers published in high ranked international journals and pro eedings of
onferen es. He is a member of the Editorial Boards of



Numeri al Linear Algebra with Appli ations



S alable Computing: Pra ti e and Experien e



International Journal of Numeri al Analysis and Modelling,

(NLAA),
(SCPE),

During his very su essful arrier he was a s ienti
Ph.D. and MS students.

advisor and mentor of many

The Conferen e Spe i topi s of interest are as follows:

 Multis ale and multiphysi s problems;
 Robust pre onditioning;
 Monte Carlo methods;
 Optimization and ontrol systems;
 S alable parallel algorithms;
 Advan ed omputing for innovations.

Series B.

The list of plenary invited speakers in ludes: Peter Arbenz (ETH Zuri h, CH); Owe
Axelsson (Institute of Geoni s, ASCR, CR); Radim Blaheta (Institute of Geoni s,
ASCR, CR); Oleg Iliev (ITWM, Kaiserslautern, Germany); Johannes Kraus (RICAM,
Linz, AT); Rayt ho Lazarov (TA&MU, College Station, USA); Peter Minev (University of Alberta, CA); Panayot Vassilevski (LLNL, Livermore, USA); Vladimir Veliov
(TU-Vienna, AT and IMI BAS, BG) and Lyudmil Zikatanov (The Pennsylvania State
University, USA).

Krassimir Georgiev
May 2014
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Part A

1

Extended abstra ts
(Short

1 Arranged

ommuni ations)

alphabeti ally a ording to the family name of the rst author.

A Periodi Optimal Control Problem in Biology
Laura-Iulia Aniµa, Sebastian Aniµa, Costi

Moro³anu

The model to be investigated here des ribes the dynami s of a population spe ies:






h(t)
h′ (t) = rh(t) 1 −
+ f (t),
K

h(0) = h0 ,

t>0

where h(t) is the number of individuals at the moment t, r > 0 is the natural growth
rate of this spe ies, K is the arying apa ity of the region, and h0 > 0 is the
initial number of individuals; f (t) represents a ertain infusion of population, whi h
is time periodi (the period is T > 0). A tually, this model des ribes for example the
dynami s of the horse hestnut leafminer moth and f (t) represents the individuals
brought in the domain by wind, ar wheels, et . and T is one year. Sin e we wish
to diminish this population a ting in the region (we are not able to a t everywhere),
then a natural problem would be to introdu e a ertain periodi ontrol with period
T (represented in this ase by traps) su h that the ost of this ontrol to be small
and to get a long-term diminishment of the population. The parti ularity of the trap
is that it a ts on a ertain time interval and that its a tion diminish exponentially.
A tually, onsidering the traps, the problem be omes











h′ (t) = rh(t) 1 −

h(t)
K



h(0) = h0 ,



+ f (t) − 

Zt
0



wu (a, t)da h(t),

t>0

(1)

where wu is the solution to


 wt (a, t) + wa (a, t) = −αw(a, t),
w(0, t) = u(t),

w(a, 0) = 0,

a ∈ (0, T ), t > 0
t>0
a ∈ (0, T ).

(2)

Here α > 0 and

u ∈ U = {v ∈ L∞ (0, ∞); 0 ≤ u(t) ≤ L a.e. , v(t + T ) = v(t) a.e. } .
Hen e, wu satises an age stru tured problem.
Assume that

f ∈ L∞ (0, +∞), f (t + T ) = f (t) a.e. t > 0, f (t) > 0 a.e. t > 0.
We denote h̃u the solution to (1) orresponding to u ∈ U . The rst thing we shall
prove is that

lim (h̃u (t) − hu (t)) = 0,

t→+∞
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(for any h0 > 0) where hu is the unique positive solution to











h′ (t) = rh(t) 1 −

h(t)
K

h(t + T ) = h(t),





+ f (t) − 

Zt
0



wu (a, t)da h(t),

t>0

(3)

t ≥ 0.

It means that for any γ > 0:

Z

(n+1)T

nT

h

Z
i
h̃u (t) + γu(t) dt →

T

[hu (t) + γu(t)] dt,

0

as n → +∞, for any u ∈ U .

The optimal ontrol problem to be investigated is the following one

(P)

M inimize

Z

T

[hu (t) + γu(t)] dt,

0

where γ > 0 is a positive onstant. It means we are interested to minimize the pest
population over one year on long term at a small ontrol ost. We shall prove that
problem (P) has at least one optimal ontrol u∗ .
The following Pontryagin prin iple an be derived:

Theorem.




then





If

u∗

is an optimal

ontrol for problem (P) and if

p

is the solution to

 t

Z
u∗
∗
2rh
p(t) +  wu (a, t)da p(t) − 1,
p′ (t) = −rp(t) +
K
0

p(t + T ) = p(t),

u∗ (t) =




 0,



 L,

γ − eαt
γ−e

αt

RT

(4)

t ≥ 0,

∗

p(θ)hu (θ)e−αθ dθ > 0

t

RT

t>0

(5)
∗

p(θ)hu (θ)e−αθ dθ < 0.

t

Using (3), (4) and (5) we shall derive and a numeri al algorithm to approximate the
optimal ontrol u∗ . Numeri al results will be obtained.
We shall extend the investigation to a model ontaining diusion and migration terms.
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Referen es
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Energy Aware Performan e Study for a Class of MC
Algorithms
Emanouil Atanassov, Todor Gurov, and Aneta Karaivanova

Performan e per watt is a measure of the energy e ien y of a parti ular omputer
system. It measures the rate of omputation that an be delivered by a omputer for
every watt of power onsumed. In this sense, there is an improvement by over a trillion
times in last 50 years. Development of energy e ient algorithms be omes more and
more important with the growing size of the applied problems that need solution
and the power of modern omputer systems. The development of exas ale systems
made it lear that urrent te hnologies, algorithmi pra ti es and performan e metri s
need signi ant improvement. The FLOPS/WATT (F/W) metri was introdu ed
and su essfully used as the de fa to standard in measuring the energy e ien y of
a omputing system, see www.green500.org. The s ienti ommunity ontinues to
investigate metri s and approa hes that address the ee tive use of omputer systems
in terms of energy e ien y. The importan e of fault toleran e in algorithmi design
has also been raised due to in reased probability of hardware failure. Considering
the signi ant probability of error during a run, some authors [1, 2℄ proposed the
time to solution metri for algorithm performan e. Small time to solution means
redu ed han es of a hardware error happening. On the other hand, fast restart
from intermediate results will lead to de reased time to solution. They propose to
use f (timetosolution).energy(FTTSE ) as the performan e metri , where f (.) is an
appli ation-dependent fun tion of time [1℄.
In this work we propose and study a performan e metri that in ludes not only time
to solution and energy, but also pri e of equipment, divided over its e ient lifetime,
with the aim to dene a metri that optimizes the overall output from the omputer
system.
In our work we on entrated on use- ases that we observed during the establishment
of a regional high-performan e omputing infrastru ture for the South-Eastern Europe, taking into a ount the spe i requirements that arise due to the e onomi al
and so ial onditions in the region. Considering the urrent deployments (several
high-performan e lusters and two Blue Gene P super omputers) and extrapolating
the future deployment plans, we on entrate on the study of heterogeneous highperforman e omputing lusters, sin e the other type of resour e is extensively studied by IBM resear h groups (see, e.g., the publi ation [1℄). Here we point out two
important features: (i) the extensive use of omputational a elerators like GPUomputing ards and Intel Xeon Phi pro essors; (ii) the rapid evolution of hardware
in HPC lusters, whi h leads to frequent ne essity to upgrade in order to meet the
hallenges of ontemporary resear h.
These points motivate the in lusion of substantial fa tor to a ount for the pur hasing
pri e of the equipment, so that the individual optimization eorts at the level of algorithms should lead to global optimum in the sense of omputational results a hieved
for a given yearly budget. Our experien e shows that although the hardware an
15

Table 1: Test results using GPU devi es.
be operational for longer period, there is an e ient lifetime for a luster that lasts
between 3 to 4 years. On the other hand the x86-based HPC lusters an be upgraded
in a more gradual way, presenting the possibility to use savings of energy osts for
hardware upgrading. We propose to enhan e the formula in [1℄ in the following way:

F (T ).(E + nCT ),
where C is the pri e of ore-hour, ex luding energy, n is the number of ores used
by the algorithm, T is the time to solution and E is the ost of energy onsumed.
The pri e C should be based mainly on pur hasing pri e of the equipment, divided by
number of ores and number of hours in the e ient lifetime. Based on the substantial
improvements in the omputational power of a elerators over time we an postulate
the e ient lifetime to be equal to 4 years, be ause experien e shows that after 4
years the same omputational results an be a hieved by several times less expensive
equipment that also uses mu h less energy. We point out that loud providers oer
a ess to their equipment based on single pri e-per- ore number. However, a national
omputational infrastru ture provider has more exibility and an stimulate the development of algorithms that minimize the above fun tion instead. Our formula is
not more di ult to ompute be ause the pur hasing pri e is readily available.
The initial experiments in our study were performed on the heterogeneous luster
HPCG in the Grid Computing Centre of the Institute of Information and Communi ation Te hnologues, Bulgarian A ademy of S ien es (IICT-BAS) [5℄.This luster
ombines CPU-based omputing blades with servers with high-end GPU omputing
devi es. Let us remind that GPUs have ontinued to in rease in energy usage, while
CPUs designers have re ently fo used on improving performan e per watt. High
performan e GPUs may now be the largest power onsumer in a system. Peak performan e of any system is essentially limited by the amount of power it an draw and
the amount of heat it an dissipate. Consequently, performan e per watt of a GPU
design translates dire tly into peak performan e of a system that uses that design.
Our study is based on the pur hasing pri e of our equipment, whi h lead us to onsider
the ost of CPU- ore hour to be 1.248 e ents per 1 hour for a CPU ore and 11 e ents
per 1 hour for 1 GPU ard NVIDIA M2090. The pri e of energy is taken as 8 e ents
per 1KW h. The energy onsumption when using n CPU ores or GPU devi es is
denoted by W0 while Wn means the onsumption when using n pro essing elements.
The dieren e △Wn = Wn − △W0 is attributed to the omputational workload being
run.
The Table 1 shows the energy onsumption, ost and equipment osts for a parti ular
16

Figure 1: Cost per GPU devi e (e ents).

Table 2: Test results using CPU ores.
Monte Carlo algorithm that uses Metropolis-Hastings sampling in order to t the
parameters of a Heston pro ess modeling pri e evolution. The total ost is obtained
in e ents.
We an observe from the table and the following graph (Figure 1) how there is an
optimum in energy pri e when using the highest possible number of ards, while
the optimum in total usage a ording to our formula E + nCT is a hieved at lower
number of GPU devi es, suggesting that sharing the omputational fa ilities with
other omputational jobs or nding other strategy for ourse-grain parallelization
should be performed.
Similarly in the ase of CPU-based omputations we see how the shapes of the urves
des ribing energy use and total ost are dierent. They both suggest that optimal
usage will be a hieved when one blade node is used. However, when the problem size
be omes larger this will not be feasible.
In any ase the use of the rough metri s E + nCT favors usage similar to Grid jobs,
where a large number of jobs divide the resour es. When we onsider the full metri s
F (T ).(E + nCT ), the situation is hanged dramati ally, be ause the fun tion F (T )
that penalizes algorithms that are slow to rea h a solution heavily favors jobs that
use the maximum amount of pro essing elements. In our view more work should be
done to establish a fun tion F (T ) that leads to more desirable usage patterns instead
of those proposed so far. For example, a power low with exponent between 0 and 1
may be more useful.
17

Figure 2: Cost per CPU ore (e ents).
The initial results of our study demonstrate the importan e of taking into a ount
not only energy e ien y but also equipment ost. It also shows how the optimal
algorithm from point of view of the s ienti user may be dierent from the behavior
that is desirable from point of view of an infrastru ture operator that attempts to
optimize their OPEX and CAPEX expenses. In the future work more pre ise measurements should be done and the impa t of mixing of dierent omputational tasks
should be studied.

A knowledgments
This work was supported by the National S ien e Fund of Bulgaria under Grant
DCVP 02/1 CoE SuperCA++ and by the European Commission under FP7 proje t
EGI-InSPIRE ( ontra t number RI-261323).

Referen es
[1℄ C. Be as, A. Curioni, A new energy aware performan e metri , Springer, Comput. S i. Res Dev (2010) 25: 187-195, DOI 10.1007/s00450-010-0119-z.
[2℄ Bekas C, Curioni A, Fedulova I (November 2009) Low ost high performan e
un ertainty quanti ation.Workshop on HPC nan e, SC09, Portland, OR, USA.
[3℄ Meswani, M., Carrington, L., Unat, D., Peraza, J., Snavely, A., Baden, S., and
Poole, S., Modeling and Predi ting Appli ation Performan e on Hardware A elerators, International Journal of High Performan e Computing (2012).
[4℄ J. Demmel, A. Gearhart, B. Lipshitz, O. S hwartz, Perfe t Strong S aling Using
No Additional Energy. Pro . of IEEE 27th IPDPS13. IEEE Computer So iety,
2013.
[5℄ E. Atanassov, T. Gurov, A. Karaivanova, Capabilities of the HPC luster at
IICT-BAS, J. Automatika and Informatika, 2/2011, 7-11, ISSN: 0861-7562
18

Pre onditioners for Linear and Nonlinear
Poroelasti ity Problems
R. Blaheta, O. Axelsson, M. Hasal, Z. Mi hale

We shall onsider e ient pre onditioners for a hierar hy of porous media ow models
starting from stationary Dar y ow model and ontinuing through nonstationary
Dar y ow model to Ri hards model with variable saturation. The stationary Dar y
ow is des ribed by the equations

∇ · (ρv) + ρQ = 0
v = − ksat
µ (∇p + ρg∇G)

,

where ρ is the uid density, µ is the uid vis osity, v is the Dar y velo ity, Q stands
for the uid sour e/sink, ksat stands for the permeability, p is the pore pressure, g is
the gravity a eleration and G is the elevation fun tion. Note that v = φvf where φ
is the porosity and vf is the uid velo ity.
∂(ρφ)

∂(ρφ) ∂p
∂p ∂t

If the quantities p, Q depend on time, and 0 6= ∂t =
nonstationary Dar y ow des ribed by the equations

∼ ρCstor ∂p
∂t we get

ρCstor ∂p
∂t + ∇ · (ρv) = ρQ
v = −ksat (∇p + ρg∇G).

above, Cstor is the storativity oe ient.
In the ase of variable saturation, we add the saturation fun tion S ∈ h0, 1i and
onsider orrespondingly modied mass onservation and velo ity equations

ρ(Cscap (S) + SCstor ) ∂p
∂t + ∇ · (ρv) = ρQ
sat
v = − krel (S)k
(∇p + ρg∇G).
µ

These equations des ribe variable saturated ow, if we assume that the pore spa e
is variably saturated by uid and gas and that the gas pressure remain onstant.
Assuming also that saturation is through the water retention urve a fun tion of
pressure, S = R(p), the above equations dene so alled Ri hards ow model.
All the above models an be dis retized by mixed nite element method with lowest
order Thomas-Raviart nite elements. This spa e dis retization an be ombined
with ba kward Euler dis retization in time for the nonsta ionary Dar y and Ri hards
model and Pi ard linearization for the Ri hards model.
For the stationary Dar y ow, it leads to the solution of systems in the form



M
B

BT
0



v
p



=



f1
f2



,

where M is a positive denite velo ity mass matrix, B is a full rank matrix representing the divergen e of velo ity and B T the pressure gradient. The systems an be
19

solved by a suitable Krylov spa e method with a pre onditioner. In [5℄ we investigated
blo k type pre onditioners with a spe ial emphasis on augumented lagrangian type
pre onditioners in the blo k diagonal or blo k triangular form, e.g.



M + r−1 B T W −1 B
rW



,

where r is a parameter, W is a suitable matrix ( an be also identity).
For the nonstationary Dar y ow, we have to solve systems in the form



M
B

BT
1
C
− △t



v
p

k

=



f1
f2 k −

1
k−1
△t Cp



in ea h time step k . Here M and B are the same matri es as before, C is a positive
1
C
denite diagonal mass matrix arising from the time derivative term. The term △t
provides a regularization, whi h strength depends on physi al parameters (storativity)
and an be employed for the blo k pre onditioners of the same type as before.
For the Ri hards equations, we get nonlinear systems in ea h time step



M (p)
BT
1
B
− △t C(p)

k 

v
p

k

=

"

f1
k−1
k
1
f2 − △t C(pk−1 )p

#

.

Using the simplest Pi ard linearization we get the same type of systems as before and
therefore we an use the same type of pre onditioners as above.
Moreover the nonstationary Dar y ow and Ri hards ow models an be oupled with
elasti ity through a sour e term

Q = −αχ(p)

∂(trε)
∂t

and elasti ity model with the ee tive stress, i.e.

∇ · σ + fm = 0

σ = σ ′ − αχ(p)pI
σ ′ = C : ε(u)
where σ is the total stress, σ ′ is the ee tive stress, u is the displa ement, ε(u) is
the small strain tensor, trε is the tra e of ε, C is the elasti ity tensor, α is the BiotWillis onstant, χ(p) is the Bishop fun tion, whi h is identi al to identity for the
nonsationary Dar y problem and equal to saturation or a fun tion of saturation in
the unsaturated ase. The arising oupled poroelasti ity models with the ow part
dis retized as shown above and the me hani al part dis retized by standard linear
nite elements lead to linear systems




A
Bu

M
B



k 
f1
BuT
u
T

 v  = 
f2
B
k
1
1
k−1
− △t
C
Cp
f
−
p
2
△t
20

or, it the ase of Ri hards ow, to nonlinear systems

k 
k 
BuT (p)
u

  v  =
M (p)
BT
1
Bu (p)
B
− △t C(p)
p
f2 k −


A


f1 (p)
,
f2
k−1
1
k−1
C(p
)p
△t

whi h provide systems of the above type if we apply the Pi ard linearization. As
it is des ribed in [3℄, these systems an be again solved by blo k diagonal or blo k
triangular pre onditioners with S hur omplements with respe t to the lower right C
blo k.
Let us mention that the systems of the above type also appear if the ba kward Euler
time dis retization is repla ed by the Radau type higher order dis retization method,
see [2, 4℄.
The poroelasti ity problems with saturated or variably saturated ow have a lot
appli ations in geos ien es and other elds. As an example we an mention modelling
the test of the ro k mass permeability whi h was done in the Tournemire underground
ro k laboratory as a part of SEALEX experiments oriented to assessment of long term
performan e of bentonite plugs within the on ept of underground deposition of the
spent nu lear fuel, see [6℄.
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Redu ed Order POD-DEIM Appli ation of a
Haptotaxis Model Des ribing a Pro ess of Tumor
Invasion
Gabriel Dimitriu, R zvan tef nes u, Ionel M. Navon

Proper Orthogonal De omposition (POD) is probably the mostly used and most su essful nonlinear model redu tion te hnique and relies on the fa t that the desired
simulation is well simulated in the input olle tion. The basis fun tions ontain information from the solutions of the dynami al system at pre-spe ied time-instan es,
so- alled snapshots. Due to a possible linear dependen e of the snapshots a singular
value de omposition is arried out and the leading generalized eigenfun tions are hosen as a basis, referred to as the POD basis. A onsiderable redu tion in omplexity is
obtained by DEIM â a dis rete version of Empiri al Interpolation Method (EIM),
introdu ed by Barrault et al. in [2℄. This method eliminates the POD major disadvantage where the nonlinear redu ed terms still have to be evaluated on the original
state spa e making the simulation of the redu ed-order system too expensive.
In this study we perform an appli ation of DEIM ombined with POD to provide dimension redu tion of a model des ribing a pro ess of tumor invasion into surrounding
healthy tissue. The model proposed in [1℄ is dened by the 2D system of adve tionrea tion-diusion equations:

ut + ∇ · (χ(v)u∇v) = du ∆u − ψ(x, y, w)u + ρ(x, y, w)u,
vt = −α(x, y)hv,
ht = dh ∆h + δ(x, y)u − β(x, y)h,

(1)

wt = dw ∆w + γ(x, y)v − e(x, y)w − η(x, y, u)w.
The dependent variables in (1) have the following signi an e: u(x, y, t) represents the
density of tumor ells, v(x, y, t) is the density of extra ellular matrix ma romole ules,
h(x, y, t) is the on entration of matrix degradative enzyme, and w(x, y, t) denotes the
on entration of oxygen. The parameters χ(v), du , ψ(x, y, w), ρ(x, y, w), α(x, y), dh ,
δ(x, y), β(x, y), dw , γ(x, y), η(x, y, u), and e(x, y), as well as the initial and boundary
onditions asso iated to (1) are spe ied in the numeri al tests. In our numeri al
approa h we only onsider ρ and η variable parameters (depending on w and u,
respe tively), the other ones being onstant parameters.
Using the notations u, v, h, w ∈ Rn with n = nx ny being the number of mesh points,
the system (1) in matrix form after dis retization of the spa e variables be omes

u̇(t) = −N1 (u(t), v(t)) + du Gu(t) + F1 (u(t)) + N2 (u(t), w(t)),
v̇(t) = N3 (v(t), h(t)),
ḣ(t) = dh Gh(t) + F2 (u(t), h(t)),
ẇ(t) = dw Gw(t) + F3 (v(t), w(t)) + N4 (u(t), w(t)).
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(2)

F1 : Rn → Rn and N1 , N2 , N3 , N4 , F2 , F3 : Rn × Rn → Rn are
N1 (u, v) = χ(u. ∗ Gv + Gx u. ∗ Gx v + Gy u. ∗ Gy v),
N2 (u, w) = −ρ(w). ∗ u, N3 (v, h) = −αh. ∗ v, N4 (u, v, w) = −η(u). ∗ w,
F1 (u) = −ψu, F2 (u, h) = δu − β h, F3 (v, w) = γ v − ew.

In (2),

POD-redu ed system.

We onsider the following snapshot matri es for the onb = [u1 , . . . , uns ], V
b = [v1 , . . . , vns ], H
b =
stru tion of POD-redu ed system: U

c = [w1 , . . . , wns ] ∈ Rn×ns . Here, uj , orresponds to the solution
[h1 , . . . , hns ], and W
j
of the FD dis retized system at time tj and similarly for vj , h and wj . Let ru =
b ), rv = rank(V
b ), rh = rank(H
b ), rw = rank(W
c ). Let k ≤ min{ru , rv , rh , rw }.
rank(U
s
The POD basis of dimension k of the snapshots {uj }n
j=1 is the set of left singular
n
n
ns
j
s
s
, {h }j=1
, {wj }j=1
. Hen e, the POD
values and likewise for the snapshots {vj }j=1
j ns
basis of the snapshots {u }j=1 denoted by A onsists of the leading k orthonormal
b, A = A
b (:, 1 : k) ∈ Rn×k where
olumns of A
b =A
b Σu (Zu )T
U

b with A
b ∈ Rn×n , Σu ∈ Rn×ns and Zu ∈ Rns ×ns . The diagonal entries
is the SVD of U
u
b . Similarly, let B, C, D ∈ Rn×k be matri es whose
of Σ are the singular values of U
ns
olumns orresponding to the POD basis of dimension k of the snapshots {vj }j=1
,
s
s
{hj }nj=1
, and {wj }n
j=1 .

The POD redu ed-order system is onstru ted by applying Galerkin proje tion method
on the equations in (2). In parti ular, repla ing the dis rete state variables by their
trun ated POD expansions

v ← Bṽ,
h ← Ch̃ w ← Dw̃
u ← Aũ,
ed variables ũ, ṽ, h̃, w̃ ∈ IRk , and then for ing the Galerkin orthogonality

with redu
ondition of the residuals by pre-multiplying the four equations in (2) by AT , BT ,
CT , and DT , respe tively, we obtain the following redu ed-order system
T
ũ˙ (t) = −AT Ñ1 (ũ(t), ṽ(t)) + du A
GA} ũ(t)
| {z

G

u

+ A F1 (Aũ(t)) + A
˙ṽ(t) = BT Ñ3 (ṽ(t), h̃(t)),
T

T

Ñ2 (ũ(t), w̃(t)),

T
h̃˙ (t) = dh C
GC} h̃(t) + CT F2 (ũ(t), h̃(t)),
| {z

(3)

G

h

T
w̃˙ (t) = dw D
GD} w̃(t) + DT F3 (Bṽ(t), Dw̃(t)) + DT Ñ4 (ũ(t), w̃(t)),
| {z

G

w

Ñ1 , Ñ2 , Ñ3 , Ñ4 : Rk × Rk → Rn are
Ñ1 (ũ, ṽ) = χ(ũ. ∗ AT GBṽ + AT Gx Aũ. ∗ AT Gx Bṽ + AT Gy Aũ. ∗ AT Gy Bṽ)
Ñ2 (ũ, w̃) = −ρ(w̃). ∗ ũ, Ñ3 (ṽ, h̃) = −αh̃. ∗ ṽ, Ñ4 (ũ, w̃) = −η(ũ). ∗ w̃,

where
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Let f : D 7→ Rn be o nonlinear ve tor-valued fun tion with D ⊂ Rd , for some positive
n
integer d. Let {S}m
ℓ=1 ⊂ R be a linearly independent set, for m = 1, . . . , n. For
τ ∈ D, the DEIM approximation of order m for f(τ ) in the spa e spanned by {S}m
ℓ=1
is given by ([3℄)

bf(τ ) := S(PT S)−1 PT f(τ ),

where S = [S1 , . . . , Sm ] ∈ Rn×m olle ts the rst m POD basis modes of nonlinear
fun tion f and P = [e̺1 , . . . , e̺m ] ∈ Rn×m is the DEIM interpolation sele tion matrix.
The DEIM pro edure employs a greedy te hnique and iteratively onstru ts a set
of indi es {̺1 , . . ., ̺m } using the input basis {Si }m
i=1 , in su h a way that, at ea h
iteration, the urrent sele ted index aptures the maximum variation of the input
basis ve tors (see [2℄, [3℄).
N
N
N
N
POD-DEIM redu ed system. Let S 1 , S 2 , S 3 , S 4 ∈ Rn×m , m ≤ n be the matri es
whose olumns ontaining the POD basis of the nonlinear fun tions Ñ1 , Ñ2 , Ñ3 , and
Ñ4 dened in (3). These POD bases are used to sele t the sets of m interpolation
indi es from DEIM algorithm. Let ve (̺)N1 , ve (̺)N2 , ve (̺)N3 , ve (̺)N4 , be the
DEIM interpolation indi es of the nonlinear fun tions dened in (3). Let PN1 ∈ Rn×m
1
be the matrix whose j -th olumn is the ̺N
j -th olumn of the identity matrix, i.e.,
it is the ve tor [0, . . . , 0, 1, 0, . . . , 0]T ∈ Rn , having all zeros entries ex ept one at the
N
entry ̺j 1 , for j = 1, . . . , m. Dene PN2 , PN3 , PN4 ∈ Rn×m in a similar way as PN1 .
Then the DEIM approximation of the nonlinear fun tions in (3) is of the form:

Ñ1
Ñ3

≈ SN1 (PTN1 SN1 )−1 Ñ1 ,
m
≈ SN3 (PTN3 SN3 )−1 Ñ3 ,

Ñ2 ≈ SN (PTN SN
Ñ4 ≈ SN (PTN SN

m

2

2

4

4

)−1 Ñ2 ,
m
4 −1
) Ñ4 ,
m

2

(4)

and the nonlinear terms for the POD redu ed system an be approximated as

AT Ñ1 (ũ, ṽ) ≈ AT SN (SNve (̺) )−1 Ñ1 , AT Ñ2 (ũ, w̃) ≈ AT SN (SNve (̺) )−1 Ñ2 ,
1

|

m

1

{z

E1

2

}

|

}

|

m

2

{z

E2

}

BT Ñ3 (ṽ, h̃) ≈ BT SN (SNve (̺) )−1 Ñm
DT Ñ4 (ũ, w̃) ≈ DT SN (SNve (̺) )−1 Ñm
3 ,
4 ,
3

|

{z

3

E3

where the nonlinear fun tions

Ñ1 , Ñ2 , Ñ3 , Ñ4
m

m

m

m

4

4

{z

E4

: Rk × Rk → Rm are dened as:

T
Ñm
1 (ũ, ṽ) = PN Ñ1 (ũ, ṽ),

T
Ñm
2 (ũ, w̃) = PN Ñ2 (ũ, w̃),

Ñ (ṽ, h̃) = PTN Ñ3 (ṽ, h̃),

Ñ (ũ, w̃) = PTN Ñ4 (ũ, w̃).

1

m
3

2

m
4

3

The expli it form of

}

(5)

4

Ñ (ũ, ṽ) is given by
m
1

= χ[(PTN1 A ũ). ∗ (PTN1 GB ṽ) + (PTN1 Gx A ũ). ∗ (PTN1 Gx B ṽ)
| {z }
| {z }
| {z }
| {z }
+ (PTN1 Gy A ũ). ∗ (PTN1 Gy B ṽ)]
| {z }
| {z }
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(6)

and similarly for

m
m
Ñm
2 , Ñ3 , Ñ4 .

We remark that the k -by-m matri es

E1 = AT SN (SNve (̺) )−1 ,

E2 = AT SN (SNve (̺) )−1 ,

E3 = BT SN (SNve (̺) )−1 ,

E4 = DT SN (SNve (̺) )−1 ,

1

3

1

2

3

4

2

4

an be pre omputed and reused at ea h time step. Also, ea h of the m-by-k oef ient matri es in (6) grouped by the urly bra kets are pre omputed so that the
omputational omplexity of ea h nonlinear fun tion is independent of the dimension
n of the original full-order system. Using the oe ient matri es in (3) the form of
the POD-DEIM redu ed system is
T
ũ˙ (t) = −E1 Ñ
1 (ũ(t), ṽ(t)) + du Gu ũ(t) + A F1 (Aũ(t)) + E2 Ñ2 (ũ(t), w̃(t)),
m
ṽ˙ (t) = E3 Ñ3 (ṽ(t), h̃(t)),
h̃˙ (t) = dh Gh h̃(t) + CT F2 (ũ(t), h̃(t)),
w̃˙ (t) = dw Gw w̃(t) + DT F3 (Bṽ(t), Dw̃(t)) + E4 Ñm
4 (ũ(t), w̃(t)).
m

m

We show DEIM improves the e ien y of the POD approximation and a hieves a
omplexity redu tion of the nonlinear terms. Numeri al results are presented.
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Methods For Flood Hazard Mapping On The Test
Area Of Svilengrad
Nina Dobrinkova

1 Obje tives
SMART WATER proje t idea has its origin from the territorial needs of the Veneto
Region - Provin e of Padua, in parti ular after the tragi ood event that has ae ted
the area in November 2010. Main problems registered in that o asion have been
the la k of an integrated ommuni ation system between regional and lo al Civil
Prote tion authorities and the la k of oordination between relevant territorial a tors.
Su h events has o ured on the territories of Romania, Gree e and Bulgaria during
this period too. That is why the Provin e of Padua have onta ted ompetent entities
in Europe, in order to develop a on rete, easy to use and low ost solution for
the territorial needs and built up onsortia with Romanian, Bulgarian and Greek
representatives who are having test ases with ood events similar to the one of
Veneto Region. This obje tive has been shared by the entities that de ided to take
part in the proje t alled SMART WATER, due to similar problems experien ed in
their test ase areas.

2 A tions and means involved
The SMART WATER proje t has as main a tivities the following a tions:
1. Analysis of the existing tools developed at European level for real time foreasting of ood events and of the linked hydrauli risk and sele tion of the best
performing one.
2. Relevant territorial data olle tion, data standardization and shared data bases
reation will be performed on the Italian, Romanian, Bulgarian and Greek test
areas.
3. Development of a dedi ated web based appli ation, a ess-free at ea h territorial
level. The appli ation will be linked to the shared data bases and the ood
hazard model will be implemented in its modules.
4. Training sessions dedi ated to end-users from regional to lo al levels will take
pla e at ea h test ase area.
5. Networking with relevant territorial a tors, drafting and signing of Memorandum of Understanding to assure ontinuous and updated data availability for
the tool will give stakeholders and representative authorities sustainable results
and future expansion of the SMART WATER tool.
27

6. Pilot testing within proje t area in order to alibrate and validate the ood
hazard model will be ondu ted within the test area of Svilengrad, Bulgaria.

3 Flood Hazard Methods short des ription for Svilengrad test area
For Svilengrad test area will be used the free US ood hazard mapping model HECRAS. To set up orre tly our data for the simulation with HEC-RAS model we needed
to dene whi h areas along the river will be in luded. The model requires the input of
geometri data to represent river networks, hannel ross-se tion data, and hydrauli
stru ture data su h as bridges, ulverts, and weirs. The river networks dene the
onne tivity of the river system, whi h is a olle tion of rea hes, all oriented downstream. A rea h is dened in HEC-RAS as starting or ending at jun tions - lo ations
where two or more streams join together or split apart. A river may be omposed of
one or more rea hes with a ordan e to the river spe i ations. Channel ross-se tion
data are used in HEC-RAS to hara terize the ow arrying apa ity of the river and
adja ent oodplain. Cross-se tion data in ludes station-elevation data, main hannel bank stations, downstream rea h lengths, roughness oe ients, and ontra tion
and expansion oe ients. Station-elevation data represent the ground surfa e at
designated lo ations in a river rea h. Cross-se tions are taken perpendi ular at the
dire tion of ow both in the main hannel and in the overbank areas. Bank stations
separate the portion of the ross-se tion that is the main hannel of the river from
the adja ent oodplain areas termed the left and right overbank areas. Rea h lengths
are used to dene the distan e between ross-se tions and are used for energy loss
al ulations in HEC-RAS. Rea h lengths are onsidered for the left overbank, main
hannel, and right overbank areas and indi ate the path of ow between ross se tions.
Roughness oe ients are an indi ation of the relative hannel roughness. Channel
roughness is onsidered for al ulating fri tional energy loss between ross se tions.
Typi ally, hannel roughness is indi ated by Manning's n-values. Contra tion and
expansion oe ients are ow dependent and hara teristi of abrupt hanges in ow
dire tion [1, 2℄. An example of a river ross-se tion is given on Figure 1.

4 WEB-GIS platform in SMART WATER proje t
The proje t Smart Water has te hni al spe i ations whi h are oriented to the ivil
prote tion engineers, who ould apply eld response for the population in risk by
having webGIS tool that ould support their de ision making in ases of large ood
events. The test areas are river se tions dened for ea h proje t partner and the
Bulgarian region is on the territory of muni ipality Svilengrad. The end user needs
for the test ases over the following types of information for the river monitoring:

 Distan e from water level to river bank side
 Flooding areas
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Figure 1: Example of ross-se tion in the test area.

 Speed and dire tion of the water
 Water blades
 A series of maps of predened and variable ood s enarios, with greater frequen y for the sele ted test ase area provided in an information layer (i.e.
raster images) orresponding to the information required by the ivil prote tion
units, where the reliability of fore asts is the main fo us.

 A set of data in the form of graphs, tables, or les for download will be also
available for the identied riti al levels.

 For ea h simulation and for ea h point, the maximum water height independently from the moment, when it is rea hed, will display immediate worst s enario situation possible from the given initial onditions.
The standard WMS interfa e will be applied for displaying the hydrologi al model
outputs on the webGIS platform. The maps in raster format like JPEG or PNG will
give opportunity for pun tual queries for the users. The identi ation of the strategi
lo ations and data supply will have geomorphologi and hydrodynami sets, where
will be in luded DEM (Digital Elevation Model) for the at hment basin, ortophoto
images for better justi ation of land use, meteorologi al data for pre ipitations and
additional limati onditions.On Figure 2 is given the stru ture of the information
ow that the webGIS platform will have.

5 Con lusions
In reased information and awareness of itizenship thanks to widely used, innovative
and low ost ommuni ation methods like (Internet/Intranet Networks, GSM/WAP/
GPRS mobile) give SMART WATER proje t vast options for fast and easy implementation on lo al, regional and national levels.
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Figure 2: Information ow as it will be implemented in the webGIS tool that will be
the result of Smart Water proje t.
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Wind Model in a Wild Fire Spread
Stefka Fidanova and Pen ho Marinov

1 Introdu tion
The wild res are a big problem for a ountries with dry limate. Every year a big
regions of forest are burn. The problem is very serious in South Europe, USA and
Australia. This part of the world be omes dryer, be ause of the limate hange and
the number of wild res and damages in rease. A wild re spread model an have
several appli ations. The prevision of the re front an help remen to optimize their
work. Possible s enarios an be played and train the remen. The model an show
the dangerous pla es for appearan e of wild re. Existing models are not satisfa tory
be ause they are very ompli ate and slow to be used in real situation [4, 5℄. Most of
them are used only for training.
In our work we apply game method for modeling with hexagonal ells to model wild
re spread. We in lude wind inuen e and the hange of the form and spread of the
re front.

2 Game Method
The Game Method for Modeling (GMM) is applied of modeling dierent pro esses
as biologi al pro esses, forest dynami , natural pro esses et . The idea of the GMM
omes from Conway's Game of Life [3℄. First the GMM is proposed by Atanassov [1℄.
It is a kind of ellular automate. In its rst variant the GMM uses two-dimensional
nite grid of squares. Every ell (square) has his own initial state, whi h forms the
initial onguration of the hall area (grid). There is a set of rules whi h des ribes the
hange of the state of the ell a ording their previous state and a ording the state of
the loser ells. The pro ess is iterative, divided on time steps. The nal state of a ell
is a result of modi ations whi h o urred during the ertain number of appli ation
of the rules. The nal onguration is the set of the nal states of hall ells. The
single appli ation of the rules over a given onguration is alled elementary step.
The pro ess stops after some predened onditions, for example obtaining predened
onguration or exe ution of xed number of steps.
In our previous work we use square ells for wild re modeling [2℄. In this work we
apply GMM with hexagonal ells. The wild re spread is ir le when there is not
a wind. The hexagon is lose to the ir le. Other reason is that in hexagonal mesh
there is only one kind of neighbors and all neighbor ells have side onta ts. In a
square variant there are two kind of neighbor ells, with side onta ts and with orner
onta ts.
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3 Wind Modeling
In our wild re model, onsidered area is represented by hexagonal ells. The problem
is very di ult, therefore we ompli ate the model step by step. In this work we
in lude modeling of the wind wile the area is at. The parameters of our wild re
model are: burning time of the ell, time to start to burn, for e of the wind, dire tion
of the wind. The model is prepared for xed humidity and air temperature. We
suppose existing of pre-pro essing and re al ulation of the parameters, before the
start of the modeling. The burning time (burning duration) shows how many time
steps are needed, the material inside the ell to be totally burned. The time to start
to burn is related with ignition speed if one neighbor ell burns. If the material in the
ell is unburned, than the burning duration and the speed for ignition are equal to 0.
The rules of our re model are: The modeling starts from the initial state of the
area where one ore more ells are burning; Every time step the burning duration of
burning ells de rease with 1 till it be omes 0 (totally burned); If a ell is burning,
the speed of ignition of loser ells are hanged, depending of the for e and dire tion
of the wind; When the speed of ignition be omes 0 the ell start to burn; The pro ess
ontinues until no other hange of the parameters is possible or the number of the
applied time steps is equal to the predened time steps.
Advantage of our model is that it an start from any stage of the area, whi h is a
realisti ase, be ause the forest res are dis ern after some a eleration. We suppose
that the initial model parameters are xed. We use average wind. The wind is
represented by ve tor. Every ell an have its own wind ve tor. If some ell is
burning the spread of the heat depends of the proje tion of the wind ve tor on the
dire tions of other ells and inversely of the square of the distan e of a ell to the
burning ell. If the for e of the wind is 0, there is not a wind, the burning ell has
inuen e only on dire t neighbors. In this ase the ignition time of neighbor ells
de rease with 1 every time step till it be omes 0. In the ase with wind the ignition
time of the ae ted ells de rease with number from the interval [0, 1]. We an have
several s enarios. When the for e of the wind is big and the ignition time is small,
than the re front spread on the wind dire tion and there are not or there is very
small re spread in the opposite dire tion. When for e of the wind is small and the
ignition time is big, than the re front spread on the dire tion opposite to the wind
dire tion, but with mu h less speed.
On Figure 1 is shown wind ee t on the wild re spread when the burning material is
the same in all ells. The for e of the wind shown on Figure 1b and Figure 1d is two
times higher than this on the Figure 1a and Figure 1 . On the all gures is shown
the re front after 17 time steps. The re is started from the bla k ell. We observe
that on the Figure 1b and Figure 1d the distan e between the re start and the front
to the wind dire tion is longer than on Figure 1a and Figure 1 . Other observation
is that the distan e from the re start and the front on the dire tion opposed to the
wind dire tion is shorter.
We tested wind with various dire tions and for es. We verify if the form of the re
front is the same with same wind for e and dierent dire tions, when the all ells have
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Area 100x100 hex

wind (1.5; 45.) Step 017/100

Area 100x100 hex

(a)
Area 100x100 hex

wind (3.0; 45.) Step 017/100

(b)

wind (1.5; 90.) Step 017/100

Area 100x100 hex

( )

wind (3.0; 90.) Step 017/100

(d)

Figure 1: Wind ee t with: (a) light wind with dire tion 45 degrees; (b) hight wind
with dire tion 45 degrees; ( ) light wind with dire tion 90 degrees; (d) hight wind
with dire tion 90 degrees
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same burning time and ignition time. On Figure 1 the wind for e is the same as on
Figure 1a only the dire tion is dierent. The same is on Figure 1b and Figure 1d. We
observe that the a hieved by our model front of the re is almost similar when the
for e of the wind is the same.

4 Con lusion
On this paper we apply GMM on wild re modeling. In our model we take in to
a ount the presen e of the wind and it inuen e on loser ells. We run various tests
and verify that the re spread looks realisti .
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Computer Simulations of the Atmospheri
Composition Climate of Bulgaria - Some Basi
Results
Georgi Gadzhev, Kostadin Ganev, Maria Prodanova,
Dimiter Syrakov, Nikolai Miloshev

1 Introdu tion
Re ently extensive studies for long enough simulation periods and good resolution of
the atmospheri omposition status in Bulgaria have been arried out using up-to-date
modeling tools and detailed and reliable input data [1, 2, 3, 4℄.
The simulations aimed at onstru ting of ensemble, omprehensive enough as to provide statisti ally reliable assessment of the atmospheri omposition limate of Bulgaria - typi al and extreme features of the spe ial/temporal behavior, annual means
and seasonal variations, et .
The present paper, in whi h a brief review of the studies, will fo us on some important
hara teristi s of the atmospheri omposition limate of Bulgaria

2 Modeling tools and input data
All the simulations are based on the US EPA Model-3 system [5℄The large s ale
(ba kground) meteorologi al data used by the study is the NCEP Global Analysis
Data with 1x1 degree resolution. The MM5 and CMAQ nesting apabilities are used
to downs ale the problem to a 3 km horizontal resolution for the innermost domain
(Bulgaria).
The TNO high resolution emission inventory [6℄ is exploited. A detailed des ription
of the emission modeling is given in [4℄

3 Some illustrations
As already explained, the 8-year simulated elds ensemble is large enough to allow
statisti al treatment. In parti ular the probability density fun tions for ea h of the
atmospheri ompounds an be al ulated, with the respe tive seasonal and diurnal
variations, for ea h of the points of the simulation grid or averaged over the territory of
the ountry. Knowing the probability fun tion we know everything about the limate
of the dierent ompound on entrations (see Figure 1).
Another important hara teristi of the atmospheri omposition limate of the ountry is the ontribution of the emission of dierent ategories to the overall atmospheri
omposition pattern (see Figure 2).
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Figure 1: Annually mean diurnal variations of the averaged for the ountry NO2,
SO2, O3 and ne PM surfa e on entrations [ug/m3℄: urves of mean, maximal and
minimal values as well as urves show the imaginary on entrations for whi h the
probability of the simulated ones to be smaller is respe tively 0.25, 0.75, 0.1 and 0.9.

4 Some basi fa ts about the atmospheri
tion limate of Bulgaria
Some of the major ndings about the atmospheri
are as follows:

omposi-

omposition limate of Bulgaria

 the behavior of the surfa e on entrations, averaged over the ensemble annually,
or for the four seasons and over the territory of the ountry is reasonable and
demonstrates ee ts whi h for most of the ompounds an be explained from
a point of view of the generally a epted s hemes of dynami inuen es (in
parti ular the role of turbulent transport and its dependen e on atmospheri
stability) and/or hemi al transformations;

 the SNAP 1 ontribution to the surfa e SO2 on entrations is smaller than one
should expe t, having in mind that the 'Maritza' power plants are among the
biggest sulfur sour es in Europe. Probably, a signi ant amount of SO2 from
these sour es be omes a subje t of larger s ale transport and so is moved outside
the ountry;
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Figure 2: Annually mean diurnal variations of the averaged for the ountry ontribution [%℄ of dierent emission ategories on NO2, SO2, O3 and ne PM surfa e
on entrations.

 the ontribution of biogeni emissions to surfa e ozone in the ountry is relatively small. This indi ates that lo al O3 produ tion rate is limited by the
availability of NOx on entration, a regime whi h is alled NOx-limited. Obviously from a point of view of atmospheri omposition limate the Balkan
Peninsula and Bulgaria are predominantly 'rural' environment whi h explains
the ozone photo hemistry spe i s in the region.;

 the ontribution of the emission from ategories 1 and 7, whi h are the major
sour es of the other ozone pre ursor - nitrogen oxides, is also small. This, on e
again is an indire t indi ator, that the surfa e ozone in Bulgaria is to a small
extend due to domesti sour es, but is mostly imported;

 the results produ ed by the CMAQ - Integrated Pro ess Rate Analysi s- demonstrate the very omplex behavior and intera tion of the dierent pro esses. The
analysis of the behavior of dierent pro esses does not give simple answer of the
question how the air pollution in a given point or region is formed.
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Air Quality Index Evaluations for Bulgaria
Ivelina Georgieva

1 Introdu tion
In ommuni ation with the general publi providing information on the a tual air
quality is not meaningful to present on entration values unless the on entrations are
related to the ee t levels. Frequently this is done by onverting the on entration into
a dimensionless s ale whi h is also asso iated with an intuitive olor ode (from green
to red) and a linguisti des ription (e.g. from very good to very poor). Commonly the
referen e levels used in the onversion are based on health-prote tion related limit,
target or guideline values set by the EU, at national or lo al level or by the WHO.
For des ribing the ambient pollutant mix, an overall air quality index (AQI) is onstru ted. In al ulating su h an overall AQI, rstly for ea h individual pollutant a
sub-index is al ulated. The overall index is set to the highest value of ea h of the
pollutant onsidered.
The AQI has be ome part of the information routinely provided to the publi . The
AQI makes it possible to des ribe the air quality in a simple, understandable way.

2 Computer simulated atmospheri

omposition

Re ently extensive studies for long enough simulation periods and good resolution of
the atmospheri omposition status in Bulgaria have been arried out using up-to-date
modeling tools and detailed and reliable input data [1, 2, 3, 4, 5, 6, 7, 8, 9℄.
The simulations aimed at onstru ting of ensemble, omprehensive enough as to provide statisti ally reliable assessment of the atmospheri omposition limate of Bulgaria - typi al and extreme features of the spe ial/temporal behavior, annual means
and seasonal variations, et .

3 Some AQI examples
Utilization of the ensemble for studying the AQI limate in Bulgaria is the goal of the
present work.
The AQI, al ulated in the frame of Bulgarian Chemi al Weather Fore ast System
[10, 11℄, ver.3, whi h follows the UK Air Quality Index [12℄ is used in the present
work as well. Due to the limited volume of the present abstra t only few examples,
illustrating the AQI limate in Bulgaria will be demonstrated.
Figure 1, for example, demonstrates the seasonal and diurnal variation of the re urren e of dierent AQI ategories, averaged for the territory of Bulgaria. As it an
be seen AQI2 and 3 are with highest re urren e, while all other AQI are mu h less
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Figure 1: Diurnal and seasonal variations of the averaged over Bulgaria re urren e
[%℄ of the dierent AQI.

Figure 2: Diurnal variations of the annually averaged re urren e [%℄ of the dierent
AQI for dierent points
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probable. Ex eptions an be seen at noon for spring and summer, when probability
of AQI4 be omes higher than the one for AQI2.
The AQI probabilities have not only seasonal and diurnal, but also spatial variability.
Figure 2 demonstrates the annual AQI re urren e for dierent points. As an be seen
AQI2 and 3 have highest impa t, while all others AQI are with negligible impa t.
AQI4 probability has lo al maximum at midday for Soa, Rojen and Stara Zagora.
The general on lusion that an be made is that the air quality status of Bulgaria is
rather good (evaluated with a spatial resolution of 3km) - the re urren e of high AQI
values is lose to zero. It should be also noted that the dominant pollutant - the one
that determines the AQI value is mostly the surfa e ozone.
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Statisti al Estimation of Brown Bears Population in
Rhodope Mountains
Todor Gurov, Emanouil Atanassov, Aneta Karaivanova,
Ruslan Serbezov, and Nikolai Spassov

The brown bear (Ursus ar tos) is the most widespread bear in the world. It an
be found a ross Europe, Asia and North Ameri a in habitats ranging from forests
to dry deserts and tundra. One of the best bear habitats in Europe are lo ated in
Bulgaria. They are situated in the mountains of Rhodopa, Stara planina, Rila, Pirin,
Vitosha. Until 1992 the bear had been a game target. By Order 1023 dated 31.12.1992
of the Ministry of Environment and Water (MoEW)the spe ies has been de lared
prote ted, in omplian e with the Nature prote tion a t. This status has been kept
also after the Biodiversity a t was passed in 2002. The Habitat dire tive requires stri t
prote tion of the spe ies and de laration of spe ial prote ted areas for onservation of
its habitats [5℄. The main habitats of the bear in Bulgaria are in luded in the e ologi al
network NATURA 2000 [6℄. For the purposes of prote tion of the habitats and the
management of the network NATURA 2000 a mapping and determination of their
environmental status was arried out in the frame of proje t under the EU operational
programmes environment. The a quired information are used for elaboration of plans
for management of the prote ted areas and the populations of the spe ies as well as for
regulation of the investment proje ts therein. That is why it is important to estimate
habitat use and population dynami s of brown bears in the ountry. In this work we
study the population of brown bears in Rhodopa Mountains, using data re eived from
the monitoring that was arried out in Autumn 2011. Re ommendations regarding
the obtained estimators and the ne essary sample sizes are presented, as well as some
ways to improve data olle tion during future monitoring.

1 Evaluation of the population size of the brown bear
In this study, we use the transe t method and statisti al appro hes [1, 3, 4℄ to estimate
population size of the brown bear. The transe t method is based of olle tion of tra es
of brown bear on predened set of routes (transe ts) and analysis to determine the
unique tra es. It is a popular and heap method for monitoring the bear population.
The numeri al analysis of brown bear population is made using statisti al methods,
by using the data olle ted on size of front/rear paw of bears obtained during the
National Monitoring (26-27 O tober 2011 ) in the Western Rhodopes, the territory of
Pazardzhik region and parts of the Plovdiv region. These data, together with data for
nutritional importan e of forest types, enable us to evaluate the numeri al population
throughout Western area of Rhodope mountains where there are large areas with a
permanent presen e of the spe ies.
The number of transe ts used during the National Monitoring was 48 overing 14
forest administrative units, see Table 1. For determining the unique tra es of brown
43

Table 3: Distribution of the bear's tra es on the forestry areas and on the transe ts.

Table 4: Number of unique tra es by using dierent onden e interval.
bears the main quantitative indi ator was the width of the front paw of the bear,
while the width of the rear paw of the bear was used as a se ondary indi ator.
The Table 4 shows results for mean value and standard diviation of the non-groupped
data, presented in Table 3
The GPS data was used to perform lassi ation based on a statisti al method (Mahalanobis distan e - D2) [2℄.
For this purpose, 412 GPS lo ations of brown bears are used (tra es marked trees,
burrows, observations, geneti samples olle ted from sites in the hair bear habitat,
ex rement, et .).
Based on this data, we performed statisti al extrapolation, taking into a ount the
suitability of dierent types of woodland, namely 4 groups of woodland were onsidered:

Table 5: 4 t areas bear habitats in square kilometres (km2), grouped by regions of
the Rhodope mountain.
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Table 6: Results for population size of the brown bear in Rhodope mounting.

 other land over (like bla kberries, shrubs, forest herbs - mean value of D2 11.4;

 oniferous forest - mean value of D2 - 6.8;
 mixed forests - mean value of D2 - 3.6;
 de iduous forest - mean value of D2 - 5.56.
The distribution of forest area per woodland type is shown in Table 5. The nal results, whi h oer an estimate of the brown population in the whole Rhodopi mountain,
are shown in Table 6.
Based on the estimated statisti al error of about 8%, the population size should be
between 137 and 143.

2 Con lusion
Data from national monitoring the size of bear paws an be used to determine height,
age and sex of bears. It is a task, the results of whi h will be presented in a later
publi ation. When olle ting data during national monitoring, several sour es of
subje tive errors were observed, namely: (i) availability of feeders on some of the
routes leading to orrelation of the results and in rease the error in the al ulations.
(ii) uneven number of routes in the forestry areas (administrative unit or forest farm).
In some forest farms there were large number of routes, while others need to be
supplemented with new routes. It is re ommended that the average number of routes
per farm depend on the size of the areas that are t for habitat. (iii) a ura y of tra e
determination - wrong determination of front/rear paws.
To improve the mathemati al model to assess the brown bear population need for a
National Monitoring ea h fall , usually in the middle or end of O tober. Provision
is also generating simulation data using high performan e omputing systems with
the main obje tive to improve the model. The introdu tion of the prin iple of repeatability for the transe ts will allow to ompare the data with those from previous
monitoring and observe the tenden ies. It is important to olle t information about
the type of forest where ea h tra e was found. The a umulation of data from several
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national monitorings will allow to assess the development trend of the population - if
we have a sustained in rease or de rease.

3 Future work
Based on the developed methodology, an estimate for population size in the whole
ountry an be obtained when more data is available. In addition to that an estimate
the trend of growth for the brown bear population in the ountry shall be obtained,
when data from onse utive and onsistent monitorings an be used. Our ambition
is to reate a program produ t for solving the above problems.
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Stru ture Analysis of HLA Complexes in the
Presen e of Co-Re eptors
Nevena Ilieva, Damyan Gran harov, Pei ho Petkov,
Mi hael Kenn, Reiner Ribari s, and Wolfgang S hreiner

The major histo ompatibility omplex (MHC) mole ule and the T ell antigen
re eptor (TCR) are the primary omponents of the immunologi al synapse whi h
realises the ell- ell intera tions of the adaptive immune response. MHC mole ules
(in humans also alled human leuko yte antigen  HLA) are highly polymorphi
proteins whi h bind protein fragments (epitops) and present them on the ell surfa e.
TCR is responsible for the antigen re ognition and su eeding signal transmission into
the ell interior. The binding of the antigen within the MHC is not ovalent, also its
intera tion with the TCR is of relatively low anity, so there are many fa tors whi h
an inuen e the stability of the immunologi al synapse.
Mole ular dynami s (MD) is a powerful method for modelling and investigation of the
stru ture and behaviour of biomole ules, whi h provides an insight into dynami s of
the pro esses they undergo and is a valuable ompletion to the experimental studies.
In a previous work, we have riti ally investigated the reliability of the RMSD-based
MD analysis [1℄ and have emphasized the importan e of identifying semi-rigid domains in the biomole ules [2℄ on the example of LC13 TCR/ABCD3/HLA-B*44:05,
whi h has been rystallized by Ma Donald et al [3℄. In the present paper, we extend
the investigated system by in luding also the CD8 o-re eptor, whi h is believed to
intervene in the dynami s of the whole pro ess [4℄. However, the spe i me hanisms
behind this inuen e are still not laried, not least be ause of limited experimental
data (some re ent work is ontained in [5, 6℄).
As there is no stru ture available for this extended omplex, we engineered it from the
PDB entries 3KPS (LC13 TCR in omplex with HLA B*4405 bound to EEYLQAFTY
 a self peptide from the ABCD3 protein, [3℄) and 1AKJ (a omplex between human
CD8αα, HLA-A*0201 and a HIV reverse trans riptase epitope). The alignment was
based on a onta t map between CD8 and MHC mole ules, in luding the lose- onta t
C-α atoms of MHC, with a uto of 1.5nm.
The two omplexes (with and without CD8 o-re eptors) were subje ted to 200ns
GROMACS 4.0.7 simulations at 310K, with the GROMOS96 53a6 for e eld, time
step of 5fs (after removing the hydrogen motions), v-res ale temperature oupling
with a time onstant of 0.1ps and Berendsen pressure oupling with a time onstant
of 0.5ps. Both Van-der-Waals and Coulomb intera tions were omputed with 1.4nm
uto, and for the long-range ele trostati s PME method with standard parameters
was applied.
Based on an extensive analysis, en ompasssing RMSD distributions for fun tionally
riti al parts of the investigated omplexes, su h as the binding groove of the MHC
mole ule, its α3 domain and the TCR, interfa e surfa e area between α3 domain of
47

MHC and the CD8, hydrogen-bond dynami s and relative distan es between MHC
and TCR, on lusions may be drawn about the stabilizing role of the CD8 o-re eptor
on the whole omplex. The inuen e of the CD8 presen e on the semi-rigid domain
formation is to be kept in mind as well. The present analysis may also be envisaged
as a proof-of- on ept for the engineering proto ol, to be used in forth oming sudies of
the allore ognition patterns in omplexes with point mutations of the MHC mole ule.
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Stru tured Low-Rank Approximation by
Fa torization
Mariya Ishteva, Konstantin Usevi h, Ivan Markovsky

We onsider the problem of approximating an anely stru tured matrix, for example
a Hankel matrix, by a low-rank matrix with the same stru ture. This problem o urs
in system identi ation, signal pro essing and omputer algebra, among others. We
onsider a fa torization approa h and enfor e the stru ture on the approximation by
introdu ing a penalty term in the obje tive fun tion. The proposed lo al optimization
algorithm is able to solve the weighted stru tured low-rank approximation problem,
as well as to deal with the ases of missing or xed elements.

1 Introdu tion
Low-rank approximations are widely used in data mining, ma hine learning and signal
pro essing as a tool for dimensionality redu tion and fa tor analysis. In system identi ation, signal pro essing and omputer algebra, the matri es are often stru tured,
e.g., (blo k) Hankel, (blo k) Toeplitz, Sylvester, or banded matri es with xed bandwidth. The goal of stru tured low-rank approximation is to preserve the given stru ture while obtaining a low-rank approximation. Although ea h of the  onstraints
an easily be handled separately, imposing both low-rank and xed stru ture on the
approximation is nontrivial.
To deal with the rank onstraint, we onsider a matrix fa torization approa h, i.e.,
given a stru tured matrix D ∈ Rm×n and a number r su h that r ≪ m, n, nd two
fa tors P ∈ Rm×r and L ∈ Rr×n , su h that

D ≈ PL

and

P L is a stru tured matrix.

The stru ture will be enfor ed by introdu ing a penalty term in the obje tive fun tion.

2 Problem formulation
Ane stru tures an be dened as

S(p) = S0 +

np
X

Sk p k ,

k=1

where S0 , S1 , . . . , Snp ∈ Rm×n , p ∈ Rnp and np ∈ N is the (minimal) number of
parameters. Let ve (X) denote the ve torized matrix X and let


S = ve (S1 ) · · ·



ve (Snp ) ∈ Rmn×np .
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Sin e np is minimal, S has full olumn rank. For simpli ity, we assume that the
elements of S are only 0 and 1, and there is at most one nonzero in ea h row (nonoverlap a ross Sk ), i.e., every element of the stru tured matrix orresponds to only
one element of p.
2.1

Orthogonal proje tion on image(S)

It an be shown that the orthogonal proje tion of a matrix X on image(S) is given
by
PS (X) := S(S† ve (X)), where S† := (S⊤ S)−1 S⊤ .
(1)
The ee t of applying the pseudo-inverse S† on a ve torized matrix X is produ ing a
pX stru ture ve tor by averaging elements orresponding to the same Sk . Note that
applying S† on a (ve torized) stru tured matrix extra ts its stru ture ve tor, sin e
S† S p = p. Finally,
ve (PS (X)) = ve (S0 ) + ΠS ve (X),
(2)
where ΠS = S S† = S(S⊤ S)−1 S⊤ is the orthogonal proje tor on the image of S.
2.2

Optimization problem

We solve a series of related simpler subproblems, the solution of ea h subsequent
problem being for ed loser to the feasible region of the main problem. One of the
requirements (low-rank or stru ture) will always be imposed, while the other one will
be satised only upon onvergen e. We have the following two hoi es (see Figure 1):

→ low-rank onstraint
→ stru ture onstraint

P L in (3):
→ low-rank X
→ penalized stru ture deviation

PS (P L) in (4), (6):
→ penalized low-rank deviation
→ stru ture X

Figure 1: Optimization problems

 Penalize the stru ture deviation

min kD − P Lk2W + λkP L − PS (P L)k2F ,
P, L

(3)

where λ is a penalty parameter, k · kF stands for the Frobenius norm, PS (P L) is
dened in (1), and k·kW is a semi-norm on the spa e of matri es Rm×n , indu ed
by a positive semidenite matrix W ∈ Rmn×mn as kDk2W := (ve (D))⊤ W ve (D).
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 Penalize the low-rank deviation

min kD − PS (P L)k2W + λkP L − PS (P L)k2F .

(4)

P, L

Note that for λ = ∞, the term kP L − PS (P L)k has to be 0 and problems (3) and 4)
are equivalent. The interpretations of (3) and (4) are however dierent. In (4) the
main part is the stru ture and the low rank is `se ondary'. In (3) it is the other way
around, although in both ases both onstraints are satised at the solution.
In the literature [2℄, the weighted stru tured low-rank approximation problem is often
formulated as
min kp − p̂kW , su h that rank(S(p̂)) ≤ r,
(5)
p̂

np ×np

where W ∈ R
is a symmetri positive denite matrix of weights. (If W is the
identity matrix, k · kW = k · k2 .)
Note that (4) an be formulated using W in the following way
2
+ λkP L − PS (P L)k2F .
min kp − S† ve (P L)kW

(6)

P, L

3 The proposed algorithm
3.1

Main idea

We solve the minimization problem (6) by alternatingly improving the approximations
of P and of L,
2
+ λkP L − PS (P L)k2F ,
min kp − S† ve (P L)kW
L

(7)

2
min kp − S† ve (P L)kW
+ λkP L − PS (P L)k2F ,
P

until onvergen e.

⊤

Let In be the n×n identity matrix, '⊗' denote the Krone ker produ t and W = M M .
Then (7) an be reformulated as

# 2
#
"
M S†
Mp
,
(In ⊗ P ) ve (L) − √
min √
L
λΠS⊥
λve (S0 ) 2
"
"
# 2
#
M S†
Mp
min √
(L⊤ ⊗ Im ) ve (P ) − √
,
P
λΠS⊥
λve (S0 ) 2
"

ΠS⊥ = (Imn − ΠS ) being the orthogonal proje tor on the left kernel of S.

These are least squares problems and an easily be solved by standard te hniques.
The matrix P an be initialized by a matrix representing the left dominant subspa e
of A. We de lare that P L is a stru tured matrix if

kP L − PS (P L)k2F < 10−12 .
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3.2

Parameter

λ

In theory, if we x λ = ∞, then we have the exa t stru tured low-rank approximation
problem. In pra ti e, we start from a small value and in rease it with ea h iteration
until it rea hes a large enough value. This way we allow the algorithm to move to a
good region qui kly and then impose more stri tly all onstraints. For onvergen e
properties, we rely on the theory of quadrati penalty method from [3, 17.1℄.

4 Con lusions
The proposed algorithm solves the weighted stru tured low-rank approximation problem and an deal with the ases of missing elements in the data matrix or xed elements in the stru ture. This is interesting not only from optimization point of view,
but also has great impa t on the appli ability of the proposed approa h. Pra ti ally
relevant simulation examples from system identi ation, omputer algebra (nding a
ommon divisor of polynomials with noisy oe ients), and symmetri tensor de omposition are presented in [1℄, demonstrating its onsistently good performan e.
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LS alable implementation of the parallel multigrid
method on massively parallel omputer
Kab Seok Kang

Fast ellipti solvers are a key ingredient of massively parallel Parti le-in-Cell (PIC)
and Vlasov simulation odes for fusion plasmas. This applies for both, gyrokineti
and fully kineti models. The urrently available most e ient solver for large ellipti
problems is the multigrid method, espe ially the geometri multigrid method whi h
requires detailed information of the geometry for its dis retization.
The multigrid method is a well-known, fast and e ient algorithm to solve many
lasses of problems [1, 5℄. In general, the ratio of the ommuni ation osts to omputation osts in reases on the oarser level, i.e., the ommuni ation osts are high on
the oarser levels in omparison to the omputation osts. Sin e, the multipli ative
multigrid algorithm is applied on ea h level, the bottlene k of the parallel multigrid
lies on the oarser levels, in luding the exa t solver at the oarsest level. The additive
multigrid method ould ombine all the data ommuni ation for the dierent levels
in one single step. Unfortunately, this version an be used only for the pre onditioner
and usually needs almost twi e as many iterations instead. The multipli ative version
an be used both as a solver and as a pre onditioner, so we onsider the multipli ative
version only.
The feasible oarsest level of operation of the parallel multigrid method depends on
the number of ores sin e there must be at least one degree of freedom (DoF) per ore
(the oarsest level limitation). Thus, the total number of DoF of the oarsest level
problem in reases with in reasing number of ores. To improve the performan e of the
parallel multigrid method, we onsider redu ing the number of exe uting ores to one
(the simplest ase) after gathering data from all ores on a ertain level (gathering the
data) [3℄. This algorithm avoids the oarsest level limitation. Numeri al experiments
on large numbers of ores show a very good performan e improvement. However, this
implementation may still be further improved, if we manage to redu e the number of
MPI tasks to yield better s aling properties.
Modern omputer ar hite tures have highly hierar hi al system design, i.e., multiso ket multi- ore shared-memory omputer nodes whi h are onne ted via high-speed
inter onne ts. This trend will ontinue into the foreseeable future, broadening the
available range of hardware designs even when looking at high-end systems. Consequently, it seems natural to employ a hybrid programming model whi h uses OpenMP
for parallelization inside the node and MPI for message passing between nodes.
Expe ted benets with OpenMP/MPI hybridzation are a good usage of shared memory system resour es (memory, a he, laten y, and bandwidth), and a redu ed memory
footprint [2℄. OpenMP oarsens the granularity at the MPI level (larger message sizes)
and allows in reased and/or dynami load balan ing. This is preferential for some
problems whi h have naturally two-level parallelism or only use a restri ted number
of MPI tasks. Consequently, su h a programming model an have better s alability
than both pure MPI and pure OpenMP. The most important benet of applying the
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hybrid OpenMP/MPI programming model to the parallel multigrid method is that
it an redu e the number of MPI tasks and thus de rease the ommuni ation ost of
the oarser level. This simple fa t leads to better s alability on the same number of
ores.
In this paper, we onsider a stru tured triangulation of a hexagonal domain for an
ellipti partial dierential equation as a test problem [4℄. The matrix-ve tor multipli ation is the key omponent of iterative methods su h as CGM, GMRES, and
the multigrid method. Many resear hers have developed parallel solvers for partial
dierential equations on unstru tured triangular meshes. In [4℄, we onsidered a new
approa h to handle a stru tured grid of a regular hexagonal domain with regular triangle elements. In this ontext we showed that the matrix-ve tor multipli ation of this
approa h has an almost perfe t s aling property [4℄. We modify the parallel multigrid
algorithm, whi h was implemented using MPI, by adding OpenMP parallelization at
the node level.
To get performan e results we run the program on the HELIOS ma hine. The HELIOS ma hine is lo ated in the International Fusion Energy Resear h Centre (IFERC)
at Aomori, Japan. IFERC was built in the framework for the EU(F4E)-Japan broader
approa h ollaboration. The ma hine is made by 4410 Bullx B510 Blades nodes of
two 8- ore Intel Sandy-Bridge EP 2.7 GHz pro essors with 64 GB memory and onne ted by Inniband QDR. So it has a total of 70 560 ores total and 1.23 Petaops
Linpa k performan e.
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Figure 1: (Semi-weak s aling) The solution time in se onds of the multigrid method
with a Gauss-Seidel smoother as a pre onditioner for the PCGM with (in bla k) and
without (in red) gathering the data as a fun tion of the number of ores for domains
with 2K DoF (solid line), 8K DoF (•), 32K DoF(+), and 132K DoF(◦) per ore.
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Figure 2: (Semi-weak s aling OpenMP/MPI) The solution time in se onds of the
multigrid method with a Gauss-Seidel smoother as a pre onditioner for the PCGM
as a fun tion of the number of ores for a xed number of DoF per ore. (The best
results of the hybrid model in bla k, pure MPI in red. 2K (solid), 8K (◦), 32K (•),
130K (×) and 500K (⋄) per ore).
The parallel multigrid method with gathering the data avoids the oarsest level limitation and numeri al experiments on large numbers of ores show a very good performan e improvement as an be seen in Fig. 1. There, we depi t the semi-weak s aling
results whi h measure the solution time of a problem with almost the same number
of DoF per ore. For the multigrid method a pure weak s aling seems to be hard to
a hieve as the number of operations per ore has to be xed. However, in reasing
the problem size a ording to the number of ores automati ally leads to introdu ing
additional multigrid levels to keep the size of the oarsest level problem onstant.
Therefore, the number of operations per ore slightly in reases in our semi-weak s aling due to additional multigrid levels. The numeri al results in Fig. 1 show that this
implementation still needs improvements for large number of MPI tasks and small
numbers of DoF per ore.
Next, we depi t in Fig. 2 the semi-weak s aling results for the sele ted test ases:
2k, 32k, 32k, 130k, and 500k DoF per ore. There we ompare the pure MPI ase
o upying all 16 ores on ea h node (in red) with the best performing hybrid ases of 1,
4, or 16 OpenMP threads per MPI task, i.e., 16, 4, or 1 MPI task per node (in bla k).
For the pure MPI ase the performan e signi antly degrades when the number of
ores be omes large for ases with a small number of DoF per ore. This situation
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improves with the hybrid model, i.e., problems with small number of DoF an be
solved with a larger number of threads on a larger number of ores. The threads work
on the shared memory of a node whi h makes this method more e ient by avoiding
part of the internode ommuni ation of the MPI method.
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Finite element based nite dieren e method for
multidimensional
onve tion-diusion-rea tion equations
Adem Kaya, Dr. Ali endur

Abstra t
An e ient nite dieren e method is proposed for multidimensional onve tiondiusion-rea tion equations whi h is obtained from nite element method, parti ularly designed to treat the (most interesting)

ase of small diusion, but is

able to adapt naturally from the diusion-dominated regime to the

onve tion-

dominated and/or to the rea tion-dominated regime.

1 Introdu tion
The multidimensional onve tion-diusion-rea tion equation (CDR) is an a tive resear h area. It is well known that standard methods su h as Galerkin nite element
method and entral dieren ing produ e undesired os illations that pollute whole domain when onve tion or rea tion dominates and sharp layers o ur in the solution
of CDR equation. To ure this situation many methods have been proposed so far,
espe ially in nite element approa h. Streamline-Upwind Petrov Galerkin (SUPG) is
one of the rst approa h to ure this situation. Another approa h is Residual-FreeBubble (RFB) method whi h is based on enri hing the nite element spa e. It is rst
studied to nd a suitable value of stabilizing parameter for SUPG method. The main
problem with this method is that it requires the solution of a lo al PDE whi h is as
di ult as solving the original problem.
Most of nite element methods depend on mesh dependent parameters. Altough,
there exist stabilization parameters that give nodally exa t solutions in 1D , nding
optimal mesh dependent parameters is intra table in 2D and 3D . Furthermore, in
multi-dimensions it is more di ult to design numeri al methods whi h are robust
(that is, monotone) in all regimes.
Link- utting bubble strategy (LCB) [1℄ is a stabilized nite element method whi h
is nodally exa t in 1D. It aims to stabilize the Galerkin method by using a suitable
renement near the layer region. LCB strategy uses the pie ewise linear bubble
fun tions to nd the suitable sub-grid nodes. It works as the plain Galerkin method
on augmented meshes. It is extended to time-dependent onve tion-diusion-rea tion
problem in 1D in [2℄. Implementation of the LCB method in multi-dimension is not
easy.
I will propose a new strategy whi h is robust in all regimes and depends on LCB
method for multidimensional CDR equation. It an be easily implemented even for
4D and 5D CDR equations. Dis retization of domain ontains two steps: rst, we
will do an initial dis retization then, we will pla e subgrid nodes into the initial
57

dis retization using some arguments in [1℄. After solving equation on augmented grid
we ex lude subgrid nodes to simulate the numeri al solution.

2 Link- utting Bubble strategy
Link-Cutting Bubble strategy introdu ed in [1℄ was designed for one-dimensional
onve tion-diusion-rea tion equation (1);



Lu = −ǫu′′ + βu′ + σu = f (x) on I,
u(0) = u(1) = 0.

(1)

It aims to approximate the basis bubble fun tions with pie ewise linear fun tions
in luding subgrid nodes into elements. If we onsider a typi al element K = (x1 , x2 )
and assume β > 0 and σ > 0, then the subgrid nones are obtained by pla ing two
extra nodes, say z1 and z2 , su h that x1 < z1 < z2 < x2 where lo ations of z1 and
z2 depend on problem parameters. After derivation of sub-grid nodes Link- utting
bubble strategy works as plain Galerkin method with pie ewise linear basis fun tions
on augmented mesh.
It is well known that in one spa e dimension standard Galerkin nite element method
with pie ewise linear basis fun tions orresponds to following nite dieren e method
for CDR equation on uniform mesh:

−ǫ

uj+1 − 2uj + uj−1
uj+1 − uj−1
uj+1 + 4uj + uj−1
fj−1 + 4fj + fj+1
+β
+σ
=
h2
2h
6
6

where h is the length of ea h element. On non-uniform meshes it
following dieren e method:

−ǫ

(2)
orresponds to

uj
uj
uj−1
uj+1 − uj−1
h2 uj+1 + 2h2 uj + 2h1 uj + h1 uj−1
uj+1
+ǫ +ǫ −ǫ
+β
+σ
h2
h2
h1
h1
2
6

h2 fj+1 + 2h2 fj + 2h1 fj + h1 fj−1
6
where h2 = xi+1 − xi , h1 = xi − xi−1 .
=

(3)

3 The numeri al approa h
In two spa e dimensions we will onsider the following onstant oe ient linear
ellipti onve tion-diusion-rea tion problem in a polygonal domain Ω:

(



 2

2
∂u
−ǫ ∂∂xu2 + ∂∂yu2 + b. ∂u
,
∂x ∂y + σu = f (x, y) on Ω
u(x, y) = g on ∂Ω
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(4)
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Figure 1: Initial dis retization and modied dis retizations in three dierent regimes
for N = M = 4.
where ǫ > 0, b = (b1 , b2 ) and σ ≥ 0. We an write equation (4) as follows:

 
 2 
 2 


|b2 |
|b1 |
∂u
∂u
∂ u
∂ u

 −ǫ ∂x2 + b1 ∂x + σ |b1 |+|b2 | u − ǫ ∂y2 + b2 ∂y + σ |b1 |+|b2 | u
|b2 |
1|
= |b1|b
|+|b2 | f (x, y) + |b1 |+|b2 | f (x, y) on Ω


u(x, y) = g on ∂Ω.

(5)

where b1 and b2 are not equal zero, simultaneously. We an onsider equation (4) as
a sum of the following equations;

−ǫ
and

−ǫ





∂2u
∂x2

∂2u
∂y 2





+ β1

+ β2



∂u
∂x

∂u
∂y





1|
+ σ |b1|b
|+|b2 | u =

|b1 |
|b1 |+|b2 | f (x, y)

(6)

2|
+ σ |b1|b
|+|b2 | u =

|b2 |
|b1 |+|b2 | f (x, y).

(7)

Applying nite dieren e method in (3) to the equations (6-7) and summing up we
get the nite dieren e formulation for equation (4).
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3.1

Dis retization of the domain

We start the dis retization of the domain with an initial dis retization whi h an be
stru tured or unstru tured. For simpli ity, let N denotes the number of uniformly
spa ed grid points in x-dire tion , M in y -dire tion and K in z -dire tion on initial
dis retization. Se ond dis retization (modied dis retization) is derived by pla ing
subgrid nodes whi h are obtained with applying Link- utting bubble strategy in x,
y and z -dire tion, separately. x- oordinates of modied dis retization is obtained
by applying the pro edure in Link- utting bubble strategy to the equation (6) and
y - oordinates to the equation (7) in 2D. The modied dis retization onsists of
(3N − 2) × (3M − 2) points in 2D and (3N − 2) × (3M − 2) × (3K − 2) points in
3D. Figure 1 shows an example of initial dis retization and modied dis retizations
obtained from the initial dis retization in dierent regimes in 2D .
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A Fast Parallel Algorithm for Dire t Simulation of
Parti ulate Flows Using Conforming Grids
Johnwill Keating and Peter D. Minev

This study presents a development of the dire tion splitting algorithm for problems in
omplex geometries proposed in [1℄ to the ase of ows ontaining rigid parti les. The
main novelty of this method is that the grid an be very easily t to the boundaries
of the parti le and therefore the spatial dis retization is very a urate. This is made
possible by the dire tion splitting algorithm of [1℄. It fa torizes the paraboli part
of the operator dire tion wise and this allows to dis retize in spa e ea h of the onedimensional operators by adapting the grid to t the boundary only in the given
dire tion. Here we use a MAC dis retization sten il but the same idea an be applied
to other dis retizations. Then the equations of motion of ea h parti le are dis retized
expli itly and the so- omputed parti le velo ity is imposed as a Diri hlet boundary
ondition for the momentum equations on the adapted grid. The pressure is extended
within the parti les in a  titious domain fashion.
The in ompressible Navier-Stokes equations for the uid o upying a domain Ωf are
given by:

1 2
Du
= −∇p +
∇ u,
Dt
Re

∇u = 0, in Ωf .

(1)

The equations of motion of the ith rigid parti le with a density ρp,i , o
domain Ωp,i , i = 1, . . . , N , are given by

Ui =
ηi

dXi
,
dt

(2)

dUi
1
1
= (ηi − 1) eg + Fi ,
dt
Fr
Vi
ηi Ii

upying the

(3)

dωi
= Ti .
dt

(4)

Here, Xi is the enter of mass of the ith parti le, Ui is its velo ity, ηRi = ρp,i /ρf is
σ · n dS is
its relative density, Vi is its volume, Ii is its inertia tensor, Fi =
∂Ωp,i

the hydrodynami for e a ting on the parti le, n is the unit normal pointing out of
T
the parti
R le, σ = −pδ + 1/Re(∇u + (∇u) ) is the stress tensor of the uid, and
(x − Xi ) × (σ · n) dS is the hydrodynami torque a ting on the parti le.
Ti =
∂Ωp,i

For spheri al parti les, Ii = diag(2/5Vi ri2 ), where ri is the radius of the ith parti le.
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The dis retization of this mixed system of ODEs and PDEs pro eeds by rst disretizing the parti le equations by a se ond order expli it s heme:

Z

σ n · n dA,

(5)

(x − Xni ) × (σ n · n) dA,

(6)

Fni =

∂Ωn
p,i

Tni =

Z

∂Ωn
p,i

ηi Vi




Vi
1
Un+1
− Uni
3
i
= (ηi − 1) eg + Fni − Fin−1 ,
∆t
Fr
2
2

 n+1
3
1
ω i − ωni
= Tni − Tin−1
ηi Ii
∆t
2
2

1
Xn+1
− Xni
i
= (Un+1
+ Uni ),
∆t
2 i
where the stress tensor at time level n in (5) and (6) is approximated by
σn = −


1
1
1  n− 1
p 2 + p∗,n+ 2 δ +
(∇un + (∇un )T ).
2
Re

(7)
(8)
(9)

(10)

Equation (7) may also in lude an additional for e to prevent overlapping of parti les
or to model their ollisions (see for example [2℄). Various approa hes for treatment of
ollisions an be used and easily in orporated in the present s heme. The so- omputed
velo ity of the parti les is then used as boundary onditions for the Navier-Stokes
equations on the parti le boundaries. However, imposing these boundary onditions
in the traditional manner would require to grid the uid domain and apply lassi al
dis retizations like nite elements or nite volumes. Su h an ALE pro edure would
therefore require to re-grid the uid domain very often that is absolutely unfeasible
if the ow involves more than several parti les. The goal of this study is to perform
simulations involving millions or even billions of parti les and therefore we used an
approa h based on the modied Douglas s heme that is essentially a dire tion splitting
s heme. If Ω is an extension of the uid domain Ωf that in ludes all domains o upied
by parti les then the s heme pro eeds as follows:

1 Pressure predi tor
The pressure is predi ted in the entire extended domain Ω by:
1

1

1

p∗,n+ 2 = pn− 2 + φn− 2 .
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(11)

2 Velo ity update
The velo ity is omputed in the velo ity domain Ωn+1
via:
f

3
1
ξ n+1 − un
+ (un · ∇)un − (un−1 · ∇)un−1 =
∆t
2
2
1
n
∗,n+ 21
(∂xx η + ∂yy ζ n + ∂zz un ) ,
+
− ∇p
Re


η n+1 − ξ n+1
1
∂xx η n+1 − η n ,
=
∆t
2Re

ζ n+1 − η n+1
1
∂yy ζ n+1 − ζ n ,
=
∆t
2Re

un+1 − ζ n+1
1
∂zz un+1 − un .
=
∆t
2Re

(12)

The rigid body velo ity un+1 = Un+1 + ω n+1 × (x − Xn+1 ) ( omputed from (7)
n+1
and (8)) is pres ribed at all points of the grid that lie inside Ωn+1
p,i and on ∂Ωp,i .
While dis retizing (12) in spa e, the grid is tted to the boundary of the uid domain
∂Ωn+1
. As mentioned above, if this tting needs to be performed in multi dimensions
f
and many parti les, the problem is not treatable by ontemporary mesh generators.
However, sin e (12) requires only the solution of one dimensional problems in ea h
dire tion, it would be ne essary to adult the grid only on ea h individual grid line in a
given dire tion. In fa t, the urrent pro edure does not require to adjust positions of
grid nodes on a given line but only to adjust the nite dieren e sten il around points
of interse tion of this line with parti le boundaries. More details on this pro edure
an be founds in [1℄ and [5℄.

3 Pressure orre tion
The pressure time-in rement φ is approximated by solving
1

(I − ∂xx )(I − ∂yy )(I − ∂zz )φn+ 2 = −
overthe entire domain
Ω = [0, X] × [0, Y ] × [0, Z].


min 1, min {ηi }
1≤i≤N

ηmin
∇un+1
∆t

(13)

The s aling fa tor ηmin =

is in luded following an idea proposed in [3℄ for modi ation

of the lassi al proje tion s hemes for ows with dis ontinuous density. This s heme
avoids the need to solve a pressure Poisson equation with a dis ontinuous oe ient
resulting from the density dis ontinuity. Indeed, parti ulate ows an be interpreted
as ows of a variable density uid over a simply-shaped domain. The stability and
optimality of su h formulations is analyzed in [4℄. Equation (13) is supplemented
by homogeneous Neumann boundary onditions on ∂Ω, and an be solved as the
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following series of one-dimensional problems:
min
∇un+1 , ∂x θ|x=0,X = 0,
θ − ∂xx θ = − η∆t

ψ − ∂yy ψ = θ,
n+ 12

φ

n+ 21

− ∂zz φ

∂y ψ|y=0,Y = 0,
n+ 12

= ψ,

∂z φ

(14)

|z=0,Z = 0

4 Pressure update
The pressure is orre ted in the entire extended domain Ω by:
1

1

χ

1

pn+ 2 = pn− 2 + φn+ 2 −

2Re

∇(un+1 + un ) in Ω.

(15)

where 0 ≤ χ ≤ 1 is a parameter of the s heme.
Finally, the presentation will demonstrate the a ura y and stability of the method
on various ben hmark problems involving rigid parti les (see [5℄). In addition, some
results of dire t simulations of uidized beds involving thousands and millions of
parti les will be presented. Further details of these simulations an be found in [6℄.
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Robust pre onditioning of Dar y problem for highly
heterogeneous media
J. Kraus, R. Lazarov, M. Lymbery, S. Margenov, L. Zikatanov

1 Dar y problem
Consider the following se ond order ellipti boundary value problem written in mixed
form for the unknown s alar fun tions p(x) and the ve tor fun tion u:

u + K(x)∇p = 0

in Ω,

(1a)

div u = f
p=0

in Ω,

(1b)

on ΓD ,

(1 )

u·n= 0

on ΓN .

(1d)

Here K(x) is uniformly bounded positive fun tion in Ω, f ∈ L2 (Ω), and Ω ⊂ Rd
(d = 2, 3) is a bounded polyhedral domain with its boundary ∂Ω split into two
non-overlapping parts ΓD and ΓN . R For the pure Neumann problem assume that f
satises the ompatibility
ondition Ω f dx = 0. In this ase the solution is determined
R
uniquely by taking Ω p dx = 0. To simplify the presentation, assume that ΓD is a nonempty set with stri tly positive measure, so the above problem has a unique solution.
This equation is a model used for example in heat and mass transfer, ows in porous
media, diusion of passive hemi als, ele tromagneti s, and other applied areas. The
methods presented in this note are targeting appli ations of equations (1a)(1d) to
ows in highly heterogeneous porous media. The goal is to design a pre onditioner
for the mixed nite element approximation of the above problem that will lead to
e ient iterative methods whi h onverge independently of the ontrast in K(x).
The onstru tion is based on the method developed in [4, 5℄.
A fundamental role in the analysis plays the weighted inner produ t

Λα (u, v) = (α u, v) + (div u, div v),

α(x) = K −1 (x),

(2)

in the spa e

H(div) := H(div; Ω) = {v ∈ L2 (Ω)d : div v ∈ L2 (Ω)}.

(3)

Multigrid methods for H(div)-systems have been designed earlier, see, e.g., the
work by Arnold, Falk, and Winther [2℄ who onsidered the weighted bilinear form
Λd (u, v) = α(u, v) + β(div u, div v) with onstants α > 0 and β > 0. A key moment
in their study was robustness with respe t to α and β . The important dieren e
between our form Λα and Λd , however, is that in Λα the parameter α is a highly heterogeneous fun tion with very large ratio between the smallest and the largest values.
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This makes the design of a robust multigrid method and also the proof of a proper
inf-sup ondition mu h more di ult. To present the dual mixed weak form dene
the fun tion spa es

V
W

≡ HN (div; Ω) = {v ∈ L2 (Ω)d : div v ∈ L2 (Ω), and v = 0 on ΓN }
Z
2
q dx = 0 if ΓN = ∂Ω}.
≡ {q ∈ L (Ω) and
Ω

Then the weak form of the problem (1a)(1d) is: Find u ∈ V and p ∈ W su h that

ADM (u, p; v, q) = −(f, q) + (f, div v)

∀(v, q) ∈ V × W,

(4)

where the bilinear form ADM (u, p; v, q) : (V , W ) × (V , W ) → R is dened as

ADM (u, p; v, q) := (αu, v) + (div u, div v) − (p, div v) − (div u, q).

(5)

Obviously the form ADM (u, p; v, q) is symmetri but indenite. Note that this is
a slightly modied mixed method, whi h yields the same solution but oers some
advantages in designing e ient solution methods, see e.g. [2, 8℄. Consider a stable
mixed method, e.g., Raviart-Thomas method, to approximate the solution of (4):
Find (uh , ph ) ∈ V h × Wh su h that

(α uh , vh ) + (∇ · vh , ph ) =

(∇ · uh , qh ) =

0 ∀vh ∈ V h ,

(f, qh ) ∀qh ∈ Wh .

(6a)

(6b)

The saddle point problem (6) is equivalent to the following indenite system of linear
algebrai equations

 



Mh
BhT

Bh
0

u
p

=

0
f

.

(7)

In short one an write (7) in the form

Ah mxh = mf h

(8)

where Ah : Xh → Xh⋆ is a self-adjoint and indenite operator and Xh = V h × Wh .
As it has been shown in [3℄ the operator norms
⋆
kAh kL(Xh ,Xh⋆ ) and kA−1
h kL(Xh ,Xh ) are uniformly bounded

(9)

for stable mixed nite element disretizations of problem (6).

2 Two-level pre onditioner
Following [1℄, the goal is to onstru t a positive denite self-adjoint operator

Bh : Xh → Xh⋆ su h that all eigenvalues of Bh−1 Ah are bounded uniformly independent
of h and independent of the variations of the oe ient α, i.e., independent of the
ontrast. From (9) it follows that

kBh kL(Xh ,Xh⋆ ) and kBh−1 kL(Xh⋆ ,Xh ) being uniformly bounded in h and α
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(10)

is a su ient ondition for Bh to be a uniform and robust pre onditioner for the
minimum residual (MinRes) iteration.
Let the blo k diagonal pre onditioner Bh be dened as

Bh :=

"

Ah

0

0

Ih

#

(11)

where Ih is the identity on Wh , and Ah : V h → V ∗h is given by (Ah uh , vh ) = Λα (uh , vh ),
see (2).
⋆
Then ondition (10) redu es to kAh kL(V h ,V ⋆h ) and kA−1
h kL(V h ,V h ) being uniformly
bounded in h and α, see [1℄.
Hen e the ru ial step is to onstru t a robust and uniformly onvergent iterative
method for solving systems with A = Ah . The method of  titious spa e pre onditioning, rst proposed in [7℄, and later rened in [9℄, provides the framework. Let B
denote the auxiliary spa e two-grid pre onditioner, whi h is impli itly dened by

B −1 := M

−1

+ (I − M −T A)C −1 (I − AM −1 )

(12)

where C is a  titious (auxiliary) spa e pre onditioner approximating A. Here the
operator M denotes an A- onvergent smoother, and M = M (M + M T − A)−1 M T
e

e = IRN where N
e > N . Then
the symmetrized smoother. Further, let V = IRN and V
e
a surje tive mapping Π : V → V an be dened su h that the pre onditioner (12) an
be written in the form
−1
e−1 ΠT
B −1 = M + τ −1 ΠA
(13)

e is a ertain domain de omposition auxiliary matrix and the value of the
where A
s aling parameter τ an be hosen su h that the two-grid method with iteration
matrix I − B −1 A is onvergent.
The proposed auxiliary spa e two-grid method diers from the lassi al two-grid methods in repla ing oarse-grid orre tion by a subspa e orre tion with iteration matrix
I − C −1 A.
The following theorem provides a bound for the relative ondition number κ(B −1 A).

Theorem 1.

([5℄) Let

B

be dened a

ording to (13) and assume that

M

satises

the smoothing property

hv, vi ≤ ρA hM

v, vi ≤ c̄hv, vi

and

kAM −T vk2 ≤

negative.

Further, let

denotes the spe tral radius of

Π : Ve → V

A

η
kvk2A
ρA

and the onstant η is nonkΠṽk2A ≤ cΠ kṽk2Ae for all
ṽ ∈ Ve . Then the extremal eigenvalues of B −1 A satisfy λmax (B −1 A) ≤ c̄ + cτΠ and
1
λmin (B −1 A) ≥ τ +η/
, and thus κ(B −1 A) ≤ (c̄ + cΠ /τ )(τ + η/ ).
where

ρA = λmax (A)

−1

be energy-stable, i.e.,
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3 Auxiliary spa e multigrid method
Let k = 0, 1, . . . , ℓ − 1 be the index of mesh renement where k = 0 orresponds to the
nest mesh, i.e., A(0) := Ah = A denotes the ne-grid matrix. Consider the sequen e
e(k) , in two-by-two blo k fa torized form
of domain de omposition auxiliary matri es A
where

e (k) =
L



e(k) )−1 = (L
e (k) )T D
e (k) L
e (k) ,
(A

I
e(k) (A
e(k) )−1
−A
21

I

11



e (k) =
D

,

"

(14)

(k)

e )−1
(A
11
(k)

Q(k)

−1

(k)

#

(15)

.

(k)

(k)

e −A
e (A
e )−1 A
e of
The onstru tion is su h that the S hur omplement Q(k) = A
22
21
11
12

e(k) is sparse and denes an (additive) approximation of the dense S hur omplement
A
(k)

(k)

(k) −1

S (k) = A22 − A21 A11

(k)

A12 . Then Q(k) serves as the next oarser-level matrix, i.e.,
A(k+1) := Q(k) ,

(16)

and the two-level blo k fa torization an be applied re ursively. The algebrai multilevel iteration (AMLI)- y le auxiliary spa e multigrid (ASMG) pre onditioner B (k)
of A(k) is dened on all levels k < ℓ via the following relation

B (k)

−1

:= M

(k) −1

+ (I − M (k)

where

D
(k+1)

and Bν

(k)

−T

:=

e (k) )T D
A(k) )Π(k) (L

"

e(k) )−1
(A
11

(k)

e (k) Π(k) T (I − A(k) M (k) −1 )
L

(k+1) −1

Bν

(17)

#

(18)

(k+1) −1

is the oarse-level pre onditioner of A(k+1) , i.e., Bν

Bν(ℓ) := A(ℓ) .
(k+1) −1
Bν

≈ A(k+1)

−1

, and
(19)

is a polynomial approximation of A(k+1)
In the linear AMLI- y le method
whereas the nonlinear AMLI- y le ASMG method uses a nonlinear mapping
(k+1) −1

−1

(k+1) −1

[·] whose a tion on a ve tor d is realized by ν iterations of a
pre onditioned Krylov subspa e method. For further details on the onstru tion and
analysis of ASMG pre onditioners for weighted H(div)-norm see [6℄.
Bν

= Bν
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A Computational Approa h for the Seismi Damage
Response of Adja ent Tall RC Stru tures
Environmentally Degradated and Strengthened by
Ties
Angelos Liolios, George Hatzigeorgiou, Konstantinos Liolios,
Stefan Radev, Krassimir Georgiev, Ivan Georgiev

Dedi ated to Professor Svetozar Margenov's 60th anniversary.
In Civil Engineering, pounding is one of the non-usual extremal a tions (seismi ,
environmental et .), whi h an ause signi ant strength degradation and damages
on existing stru tures [1℄. Pounding on erns the seismi intera tion between adja ent stru tures, e.g. neighboring buildings in ity enters onstru ted in onta t.
On the ommon onta t interfa e, during an earthquake ex itation, appear at ea h
time-moment either ompressive stresses or relative removal displa ements (separating gaps) only. These requirements result to inequality onditions in the mathemati al
problem formulation. To over ome strength degradation ee ts, various repairing and
strengthening pro edures an be used for the seismi upgrading of existing buildings
[1℄. Among them, able-like members (ties) an be used as a rst strengthening and
repairing pro edure. These able-members an undertake tension, but bu kle and
be ome sla k and stru turally inee tive when subje ted to a su ient ompressive
for e. So, in the mathemati al problem formulation, the onstitutive relations for
able-members are also inequality onditions. Due to above onsiderations, the full
problem of the earthquake response of pounding adja ent stru tures strengthened
by able-elements bra ings has as governing onditions both, equalities as well as
inequalities. Thus the problem be omes a high nonlinear one. For the stri t mathemati al treatment of the problem, the on ept of variational and/or hemivariational
inequalities an be used and has been su essfully applied [2℄. As on erns the numeri al treatment, non- onvex optimization algorithms are generally required [3℄. The
present study deals with two numeri al approa hes for the earthquake analysis of existing adja ent reinfor ed on rete (RC) building frames, whi h an ome in unilateral
onta t and have to be strengthened by able elements. The unilateral behaviours of
both, the able-elements and the interfa es onta t- onstraints, are taken stri tly into
a ount and result to inequality onstitutive onditions. The nite element method is
used for spa e dis retization in ombination with a time dis retization s heme. First,
the stru tural system of the two adja ent RC frames (A) and (B) is dis retized in
spa e by using nite elements. The usual frame elements are used for the reinfor ed
on rete frames. As on erns the interfa es of unilateral onta t, where pounding is
expe ted to take pla e, unilateral onstrained elements are used. On the other hand,
for the able strengthening system, pin-jointed bar elements are used. The behaviour
of both, the able elements and unilateral onta t elements, in ludes loosening, elastoplasti or/and elastoplasti -softening-fra turing and unloading - reloading ee ts. All
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these hara teristi s on erning both onstitutive laws, on the one hand of the able
elements and on the other hand of the unilateral onta t elements, an be expressed
mathemati ally by non- onvex relations of the the general form:

ˆ i (di )
si (di ) ∈ ∂S

(1)

Here si and di are generalized stress and deformation quantities, respe tively, ∂ˆ is
the generalized gradient and Si is the superpotential fun tion, see Panagiotopoulos
[2℄. In spe ializing details, for the ables, si is the tensile for e (in [kN℄) and di the
deformation (elongation) (in [m℄), of the i-th able element. Similarly, on erning
the unilateral onta t simulation, si is the ompressive for e pi (in [kN℄) and di the
deformation (shortening) (in [m℄), of the i-th unilateral onstraint element. By denition -see [2℄ - the relation (1) is equivalent to the following hemivariational inequality,
expressing the Virtual Work Prin iple:

Si↑

Si↑ (di , ei − di ) si (di ) · (ei − di )

(2)

where
denotes the subderivative of Si and ei , di are kinemati ally admissible
(virtual) deformations.
Next, in remental dynami equilibrium for the two frames (A) and (B) of the stru tural system, onsidered as un oupled and unstrengthened, i.e. without pounding and
without ables, is expressed by the usual matrix relations of Stru tural Dynami s:

MA üA + CA (u̇A ) + KA (uA ) = fA
MB üB + CB (u̇B ) + KB (uB ) = fB

(3)

Here u and f are the displa ement and the loading for es time dependent ve tors,
respe tively. The damping and stiness terms, C(u̇) and K(u), respe tively, on ern
the general non-linear ase. Dots over symbols denote derivatives with respe t to time.
For the ase of ground seismi ex itation xg , the loading history term f be omes

f = −Mrx¨g

(4)

where r is the ve tor of stereostati displa ements. When both, able-elements and
pounding are taken into a ount, equations (3) for the assembled system of the two
frames (A) and (B), onsidered as oupled and strengthened, be ome

MA üA + CA (u̇A ) + KA (uA ) = fA + TA sA + Bp
MB üB + CB (u̇B ) + KB (uB ) = fB + TB sB + Bp
p = pN + PT .

(5)

Here sA and sB are the able elements stress ve tors for frames (A) and (B), respe tively; p is the onta t elements stress ve tor and TA , TB , B are transformation
matri es. The pounding stress ve tor p is de omposed to the ve tors pN , of the normal, and pT of the tangential intera tion for es between frames (A) and (B). The
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system of the above relations (1)-(5), ombined with the initial onditions, provide
the problem formulation, where, for given f and/or ẍg , the ve tors uA , uB , p and
sA , sB have to be omputed.
The relevant omputational approa h is des ribed in [3, 4℄. A pie ewise linearization
of the above onstitutive relations as in elastoplasti ity (see Figure 1) is used. By
applying a time-integration s heme, in ea h time-step ∆t a relevant non- onvex linear
omplementarity problem of the following matrix form is eventually solved :

v ≥ 0,

Av + a ≤ 0,

vT · (Av + a) = 0.

(6)

Here v is the ve tor of unknown unilateral quantities at the time âmoment t, vT
is the transpose of v, a is a known ve tor dependent on ex itation and results from
previous time moments (t − ∆t), and A is a transformation matrix. An alternative
approa h for treating numeri ally the problem is the in remental one. Now, relations
(5), taking into a ount also se ond-order geometri ee ts (P-Delta ee ts), are
written in in remental form:

MA ∆üA + CA ∆u̇A + (KA + GA )∆UA = −MA ∆üg + TA ∆sA + B∆p
.
MB ∆üB + CB ∆u̇B + (KB + GB )∆UB = −MB ∆üg + TB ∆sB + B∆p

(7)

Here GA and GB are the geometri stiness matri es, by whi h P-Delta ee ts are
taken into a ount. On su h in remental approa hes is based the stru tural analysis software Ruaumoko [5℄. Ruaumoko software uses the nite element method and
permits an extensive parametri study on the inelasti response of stru tures. Conerning the time-dis retization, impli it or expli it approa hes an be used. Here the
Newmark impli it s heme is hosen and Ruaumoko is used to provide results whi h
are related to the following riti al parameters: lo al or global stru tural damage,
maximum displa ements, interstorey drift ratios, development of plasti hinges. The
de ision about a possible strengthening for an existing stru tural system of intera ting stru tures, damaged by a seismi event, an be taken after a relevant evaluation
of suitable damage indi es. After Park/Ang [7℄, the global damage is obtained as a
weighted average of the lo al damage at the se tion ends of ea h stru tural element or
at ea h able element. First the lo al damage index DIL is omputed by the following
relation:

DIL =

β
µm
+
ET
µu
Fy du

(8)

where: µm is the maximum du tility attained during the load history, µu the ultimate du tility apa ity of the se tion or element, β a strength degrading parameter,
Fy the yield for e of the se tion or element, ET the dissipated hystereti energy, and
du the ultimate deformation. Next, the dissipated energy ET is hosen as the weighting fun tion and the global damage index DIG is omputed by using the following
relation:
Pn

DIG =

DI E
i=1
Pn Li i
i=1 Ei

(9)

where: DILi is the lo al damage index after Park/Ang at lo ation i, Ei is the energy
dissipated at lo ation i and n is the number of lo ations at whi h the lo al damage
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is omputed. The appli ability of the proposed methods is veried in numeri al
examples, where a system of two tall reinfor ed on rete frames (A) and (B) under
pounding is onsidered for able-strengthening. The onstitutive law of able-elements
is shown in Figure 1. Other details, on erning the seismi response of able-bra ed
RC systems subje ted to multiple earthquakes, are des ribed in [6℄.

Figure 1: The onstitutive law of able-elements.
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on rete,

Robust Balan ed Semi-Coarsening Multilevel
Pre onditioning for Bi ubi FEM Dis retizations
Maria Lymbery

Let

Ah uh = Fh

(1)

be the linear system of algebrai equations derived from the appli ation of nite
element method for the dis retization of the ellipti boundary value problem
−∇ · (a(x)∇u(x)) = f (x) in Ω,
(2a)

u=

(a(x)∇u(x)) · n =

0

on ΓD ,

(2b)

0

on ΓN .

(2 )

where onforming bi ubi elements have been utilized.
The notations used in (1) and (2) are as follows:
 Ah is the global stiness matrix;
 Fh is the given right hand side;
 h is the mesh parameter of the underlying partition Th of Ω;
 Ω ⊂ R2 is a polygonal omplex domain with a boundary Γ = ΓD ∪ ΓN ;
 f (x) is a given fun tion in L2 (Ω);
 a(x) = (aii (x)), i = 1, 2 is a diagonal positive denite oe ient matrix that is
uniformly bounded in Ω;
 n is the outward unit ve tor normal to Γ.
An initial mesh T0 has been set in Ω in su h a way that the oe ients aii , i = 1, 2 are
onstants over ea h element of T0 . A re ursive balan ed semi- oarsening renement
pro edure has been applied to it resulting in the sequen e of nested meshes T0 ⊂ T1 ⊂
... ⊂ Tℓ = Th where ℓ is an even number. The solution of (1) is sought over the nest
mesh Tℓ = Th whi h best approximates (2a)-(2 ).
The Algebrai Multilevel Iteration (AMLI) pre onditioner B = B (ℓ) has the following
re ursive denition, e.g [2, 3, 7℄,

B

(k)

=J

where

(k) −T

"

(k)

A11
(k)
Ã21

P (k−1)

−1

B (0) = A(0) ,
#
#"
(k)−1 (k)
−1
0
I A11 Ã12
J (k) , k = 1, . . . , ℓ
0
I
P (k−1)

= [I − pβk−1 (B (k−1)

−1

(3)

−1

, A(k−1) )]A(k−1) .

Here βk−1 denotes the degree of the stabilization Chebyshev polynomial pβk−1 . When
it is y li ly varied the resulting AMLI algorithm is alled hybrid V- y le, f. [6℄.

Theorem 1.

The AMLI method is of optimal order under the following

see [3, 6℄:
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onditions,



the properly s aled approximation

(k+1)

C11

(k+1)−1

κ(C11




solving systems with

(k+1)

C11

requires

satises the estimate

(k+1)

A11

) = O(1);

O(Nk+1 − Nk )

arithmeti

operations;

1
p
< βk < ρk0 if (k mod k0 ) = 0.
1 − γ (k0 )2
Here ρk0 is the mesh renement ratio of k0 onse utive mesh renement steps, Nk
(k )
is the number of degrees of freedom belonging to Tk and γ 0 is the onstant in
βk = 1

if

(k mod k0 ) 6= 0,

the strengthened Cau hy-Bunyakowski-S hwarz(CBS) inequality that is related to the
nested nite element spa es

Lemma 1.
ρ = 2.

V(j+1)k0

Vjk0 .

and

Consider the balan ed semi- oarsening AMLI algorithm with parameter
onstant γ (2) orresponding to bi ubi
onforming nite elements is

The CBS

uniformly bounded with respe t to the anisotropy ratio and it holds that

(γ

(2) 2

)

≤

√
203 + 5 46
288

≈ 0.823,

̺ = 2.

(4)

Solving (1) with an AMLI algorithm results in a sequen e of smaller subproblems
(k+1)

with the pivot blo k matri es A11

. In the general setting of anisotropi problems

(k+1)
κ(A11 )

is not uniformly bounded with respe t to the related number of degrees of
freedom and spe ial robust pre onditioning te hniques have to be developed for the
pivot blo ks systems, e.g. [4℄.
When using balan ed semi- oarsening mesh renement, however, the degrees of free(k+1)
dom an be ordered in su h way that the blo ks A11
to be blo k diagonal with
uniformly bounded semi-bandwidth, [5℄. Therefore, any dire t solver for banded matri es has omputational omplexity of optimal order, i.e.
(k+1) −1

N (A11

v) = O(N (k+1) − N (k) ).

.
The last result ombined with the uniform estimates (4) and the optimality onditions
from Theorem 1 leads to the main result.

Theorem 2.

The balan ed semi- oarsening AMLI pre onditioner

ρ = 3, 3 ≤ β ≤ 8

has an optimal order of

is uniform with respe t to mesh and

omputational

(3) with even k and

omplexity and the estimate

oe ient anisotropy.
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Large amplitude vibrations of heated Timoshenko
beams with delamination
Emil Manoa h and Jerzy Warminski

Abstra t
In this work, the large amplitude vibration of a heated Timoshenko

ompos-

ite beam having delamination is studied. The model of delamination takes into
a

ount

onta t intera tion between sublaminates in luding normal for es, shear

for es and additional damping due to the sublaminate intera tion. Numeri al
al ulations are performed in order to estimate the inuen e of the delamination,
the geometri ally nonlinear terms and elevated temperature on the response of
the beam.

1 Introdu tion
Delamination is a major problem in multilayer omposite stru tures. Due to this
reason the development of adequate models des ribing the phenomena arising in the
delaminated part of the stru ture is a very important topi in real engineering appliations. Models whi h des ribe the dynami behaviour of the delaminated stru tures
ould be very useful in the development of the vibration based methods for delamination dete tion. In most of the models for the dynami behavior of the beam with
delamination the shear for es during the sublaminate intera tion and the additional
damping arising due to sliding between sublaminates are negle ted. A model of the
dynami response of a omposite Timoshenko beam whi h takes into a ount the
above mentioned phenomena was re ently developed in [1℄. Most of the models des ribing the dynami behavior of beam with delamination use the Bernoulli-Euler or
the Timoshenko beam theories onsidering the small dee tions only. As a rule, the
environmental onditions and espe ially the temperature inuen e are not taken into
a ount in these models. In the present work the model of a Timoshenko beam with
delamination developed in [1℄ and [2℄ is extended onsidering the large dee tions of
the beams at elevated temperature environment.

2 Theoreti al onsideration and numeri al modelling
The omposite laminated beam was onditionally onsidered to onsist of four se tions
(Fig. 1). Se tion 1 and se tion 4 are without defe ts. The ross se tion between these
two parts ontains a delamination. Se tions 2 and 3 denote the parts of the beamï¿½s
ross se tion divided by the delamination.
By hi (i = 2, 3) the thi knesses of the delaminated parts of the ross-se tion are
denoted and zd is the z - oordinate of the delamination. The governing equations for
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Figure 1: Geometry of the beam. x1 and x2 denote the beginning and the end of
delaminated area.
the large amplitude thermoelasti vibration of the beam ould be written as follow:

∂ 2 ui
∂γT
∂wi ∂ 2 wi
= −Ei bhi
+ Ei bαiT
,
2
∂x
∂x ∂x2
∂x
Z h/2
Zh/2
T (x, z, t)dz
χT =
T (x, z, t) zdz, γT =
Ei bhi

−h/2

(1)

−h/2




∂ 2 ψi
∂χT
∂wi
∂ 2 ψi
∂ψi
ρi Ii 2 =Ei Ii
− c2i
− kGi Fi
− ψi + αiT bEi
2
∂t
∂x
∂t
∂x
∂x


∂
(h2 w2 − h3 w3 ) − (h2 ψ2 − h3 ψ3 )
+ (−1)i K S γ
∂x


− (−1)i K̇ S γ h2 ψ̇2 − h3 ψ̇3
 2

∂ 2 wi
∂wi
∂ wi
∂ψi
ρi bhi 2 =kGi bhi
− c1i
−
2
∂t
∂x
∂x
∂t
"
#

2
∂ui 1 ∂wi
∂ 2 wi
+ Ei bhi
− αiT γT
+
∂x
2 ∂x
∂x2
+ (−1)i K N γ(w2 − w3 ) + (−1)i K̇ N γ(ẇ2 − ẇ3 ) − q(x, t)

(2)

(3)

Here ui and wi denote the longitudinal and transverse displa ement of i-th beam
se tion, ψi is the angle of rotation of the normal of the ross-se tion to the beam
mid-axes, Ei and Gi are the Youngï¿½s and shear modulus, αiT is the oe ient of
thermal expansion, Ii is the geometri al inertia moment of the ith ross-se tion, T is
the temperature.
K N , K S , K̇ N and K̇ S are onstants depending on the material parameters of the
sublaminates. They are dierent from zero only when the sublaminates are in onta t.
The parameter γ has been introdu ed to take into a ount the fa t, that for se tion 1
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and 4 the terms ontaining K N , K S , K̇ N and K̇ S disappear i.e. γ = 1 for i = 2 and
3 and γ = 0 for i = 1 and 4. The equations (1) are solved for the ase of lamped lamped boundary onditions and orresponding ontinuity onditions whi h equalize
the displa ements, angular rotations, bending moments and shear for es in se tions 1
with these in se tion 2 and 3 and in se tion 4 with the ones in se tions 2 and 3 (see
[1℄).

3 Solution of the problem
A numeri al approa h and algorithm are proposed to solve the above formulated
problem. It is based on the assumptions that the longitudinal inertia ee t an
be negle ted, that the beam gets the elevated temperature instantly, and that the
temperature is uniformly distributed along the beam length and thi kness. In order to
onsider the longitudinal displa ements in delaminated beam the model is onsidered
to onsist of two parallel beams - I and II. Beam I onsists of se tion 1,2 and 4 and
beam II onsists of se tions 1, 3 and 4. The Eq. (2) and Eq. (3) are dis retized by
the nite dieren e method and the obtained system ordinary dierential equations
in time is solved by an impli it method using the ba kward dierentiation formulas
and an iteration pro edure.

4 Numeri al results and on lusions
Numeri al results of the large amplitude vibration of inta t and damaged beams were
provided and omparisons with the ase of result obtained by the small dee tion
beam theory (SDBT) were performed. The inuen e of the elevated temperature on
the response of the damaged beam was also studied. Sele ted results are presented
in Fig. 2 and 3. The elevated temperature an lead to omplex nonlinear behavior of
delaminated beam as bu kling and non-periodi motion (see Fig. 3).
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Figure 2: Time history diagram of the response of the beam subje ted to a harmoni
loading with p = 2.4kN and ωe = 1360rad.s−1 . 1 (blue line) - SDBT with delamination; 2 (Red line) - Large dee tions beam theory (LDBT) with delamination; 3
(bla k line) - LDBT without delamination.

Figure 3: Time history diagrams for beam des ribed by LDBT subje ted to harmoni
loading at elevated temperature. 1−∆T = 30K ; 2−∆T = 50K . p(x, t) = p0 sin(ωe t).
p0 = 3kN , ωe = 1360rad.s−1
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1649 - 1664, 222, 2013.

82

Data-Driven Signal Pro essing:
A Low-Rank Approximations Approa h
Ivan Markovsky

State-of-the-art signal pro essing and ontrol methods are model based and require a
model identi ation step prior to solving the a tual data pro essing problem. Starting
with a review of lassi al system identi ation, this talk presents a model-free data
pro essing approa h, in whi h model parameters need not be expli itly estimated.
The underlying omputational tool in the new setting is low-rank approximation of a
stru tured matrix onstru ted from the data. Preserving the stru ture in the approximation leads to statisti ally optimal estimators and fast omputational methods.

1 Stru tured low-rank approximation
Stru tured low-rank approximation is the problem of approximating a given matrix D
b , whi h is as lose as possible to D, has the same stru ture as D,
by another matrix D
and redu ed rank. An example where a rank de ient stru tured matrix arises is
when a sequen e p = (p1 , . . . , pnp ) satises a dieren e equation with lag ℓ < ⌈np /2⌉

R0 pt + R1 pt+1 + · · · + Rℓ pt+ℓ = 0,

for t = 1, . . . , np − ℓ.



(DE)



The system (DE) is linear in the ve tor of parameters R := R0 R1 · · · Rℓ ,
so that it an be written as RHℓ+1,np −ℓ (p) = 0, where Hℓ+1,np −ℓ (p) is a Hankel
matrix onstru ted from p. Therefore, for R 6= 0, the fa t that p satises a dieren e
equation (DE) is equivalent to rank de ien y of Hℓ+1,np −ℓ (p). With noisy data p,
the matrix Hℓ+1,np −ℓ (p) is generi ally full rank and the model identi ation problem
be omes a Hankel strutured low-rank approximation problem.
Formally the strutured low-rank approximation problem is dened as follows [4, 5℄.
Given: stru ture spe i ation S , ve tor of stru ture parameters p ∈ Rnp , and desired
p)
rank r, nd a stru ture parameter ve tor pb, su h that the orresponding matrix S(b
has rank at most r, and is as lose as possible to p in the sense of a semi-norm k · k
minimize

over pb ∈ Rnp

kp − pbk

p) ≤ r.
subje t to rank S(b

2 Solution methods

(SLRA)

In general, the stru tured low-rank approximation problem (SLRA) is NP-hard.
There are three fundamentally dierent solution approa hes: heuristi s based on onvex relaxations [1℄ and subspa e methods [7℄, lo al optimization methods, and global
optimization methods [6℄. The approa h used in the subspa e type methods is to relax
the stru ture onstraint and solve the resulting unstru tured low-rank approximation
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problem via the singular value de omposition. The subspa e methods are found to
be very ee tive in model redu tion, system identi ation, and signal pro essing.
The methods based on lo al optimization split into two main ategories: alternating
proje tions [3℄ and variable proje tions [2℄ type algorithms. Both alternating proje tions and variable proje tions exploit the bilinear stru ture of the low-rank approximation problems. In the statisti al literature, the alternating proje tions algorithm
is given the interpretation of expe tation maximization.
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Fuzzy Logi Nonlinear Control of an Inverted
Pendulum on a Chart
Aydn Özbey, Erol Uzal, A³kn Mutlu, Hüseyin Yldz
Abstra t
Stabilization at the top verti al position of an inverted pendulum on a art by
applying a for e to the

art is

onsidered. This is an undera tuated me hani al

system for whi h the main nonlinear
fails. A single

ontrol s heme, feedba k linearization,

ontrol law produ ing the for e on the

art using

art velo ity,

and position and velo ity of the pendulum is developed and shown to stabilize
the pendulum at the top position while bringing the

art to its origin. In order

to avoid the singularity problems fa ed in feedba k linearization pro ess, fuzzy
logi

has used.

1 Introdu tion
Inverted pendulums are widely studied me hani al systems sin e their dynami s is
simple enough to allow detailed studies, and also ompli ated enough to serve as test
problems for various ontrol strategies. In this study, we propose a single ontrol law
(meaning that it does not onsist of pie es valid at dierent pendulum angles) and
verify by numeri al experiments.

2 Governing Equations and fuzzy logi nonlinear Control Strategy
A s hemati of the system is shown in Fig. 1 The masses of the art and the pendulum
are M and m, respe tively. The aim is to hold the pendulum angle at zero while driving
the art to its origin x = 0. When the non-dimensional variables hosen as follows

x∗ =
The governing equations are

x
l

t∗ =

pg

lt

u∗ =

u
mg

(1 + k)ẍ + θ̈ cos θ − θ̇2 sin θ = u
ẍ cos θ + θ̈ − sin θ = 0

where

k=

M
m

Solving for se ond derivatives in results in

θ̈ = f1 (θ, θ̇) + f2 (θ)u
ẍ = f3 (θ, θ̇) + f4 (θ)u
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Figure 1: Inverted Pendulum on a Chart
The ontrol law proposed is

u=

1
(−K1 θ − K2 θ̇ − f1 ) + K3 x + K4 ẋ
f2∗

Figure 2: omparison of the real osine and the values produ ed by fuzzy logi
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Figure 3: Phase Plane Analyse

Figure 4: Simulation Results
where

3θ̇2 sin θ cos θ − 3(1 + k) sin θ
3 cos2 θ − 4(1 + k)
3 cos θ
f2 (θ) =
3 cos2 θ − 4(1 + k)

f1 (θ, θ̇) =
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3 sin θ cos θ − 4θ̇2 sin θ
3 cos2 θ − 4(1 + k)
−4
f4 (θ) =
2
3 cos θ − 4(1 + k)
3 cos∗ θ
f2∗ (θ) =
3(cos∗ θ)2 − 4(1 + k)

f3 (θ, θ̇) =

The K oe ients in the ontrol law are al ulated by using the a tual osine values.
But the cos∗ θ values used in the ontrol law are al ulated by fuzzy logi and then
substituted for cos θ . The osine values al ulated by fuzzy logi have lose values to
the real osine values, but never be ome zero. By doing that, the singularity problem
due to the osine be oming zero is avoided. A omparison of the real osine and the
values produ ed by fuzzy logi is shown in Fig. 2.

3 Results and Dis ussion
As seen from the phase plane graphs of the variables Fig. 3, the system is stable.
Simulation results show Fig. 4 that the proposed ontrol law an stabilize the system
in a reasonable time.
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Control of a Robot Arm Using Magneti For es
Aydn Özbey, Erol Uzal, Hüseyin Yldz, A³kn Mutlu

Abstra t
In this study, a single d.o.f. robot arm made of permanent magnet (Figure 1)
is intended to follow the known referen e angle
of the arm are modeled by a magneti
system has been developed and a PID
uses feedba k linearization. The su

θ

dipole.

(t). The magneti

properties

Mathemati al model of the

ontroller is applied to the system that

ess of the

ontrol law has been examined

against disturban e ee ts by means of simulation programs and the results were
interpreted.

1 Introdu tion
One of the di ulties of ontrolling mi ro-ele trome hani al systems (MEMS) is the
dimensional limitations. In the motor driven ir ular motion systems, the size of
the ele tri motor is important. In this study, an alternative approa h for driving the
robot arm by using its magneti properties instead of an ele tri motor is presented. In
pla e of an ele tri motor, use of a magneti eld generated by passing an alternating
urrent through the wires pla ed at spe i distan es from the robot arm is proposed.
In this way, manufa ture of a mi ro s ale ele tri motor an be avoided and also the
system is simplied.

Figure 1: Single DOF robot arm
As seen in Figure 1, the robot arm with length 2L and mass M has a magneti
dipole strength of m, and an be freely rotated around the origin. The wires pla ed
perpendi ular to xy plane at the points (−a1 , b1 ) and (a2 , b2 ) arry ele tri urrents I1
and I2 . It is proposed that the robot arm moves on the desired traje tory by hanging
the urrents. To simplify the analysis, magneti properties of the arm is modeled by
a magneti dipole, pla ed in the middle. Dire tion of the dipole is in the dire tion of
the arm.
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2 Mathemati al Model of the System
Moment of inertia of the magneti rod is

I=

1
M L2
2

Equation of the motion of the system is

θ̈ =

3
3
g sin θ +
Q
4L
4M L

where Q is the resultant of the external for es (weight and the for e due to the
urrents) on the entre of gravity.

3 Dening the Control Law
PID ontrol in whi h the oe ients are al ulated by applying pole pla ement to
the feedba k linearized system has been used. Then the ontrol law an be dened as
follows


Q=

|I1 | < |I2 | ;
|I1 | ≥ |I2 | ;

I1 (C1 cos θ − C2 sin θ)
.
I2 (C3 cos θ − C4 sin θ)

After applying feedba k linearization to the system, the mathemati al model of the
system an be written as
when |I1 | < |I2 |

d
θ̈ = k1 e(t) + k2 e(t) + k3
dt

Zt

e(ζ)dζ

Zt

e(ζ)dζ

0

when |I1 | ≥ |I2 |

d
θ̈ = k4 e(t) + k5 e(t) + k6
dt

0

4 Robustness of the Controller
In order to see the su ess of feedba k linearization, robustness of the ontroller to
external disturban es is examined. Thus, without making any hange in the ontrol
law of the idealized system, a onstant external torque of 10−7 Nm was applied and
dipole moment of the magnet is assumed to be given ina urately by 5%.
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Figure 2: Angular position-time graph

5 Simulations and Results
The simulation results show that, under various disturbing ee ts ( onstant external
torque and unknown dipole moment), the proposed methodology and the ontrol law
is su essful.
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Figure 3: Error-time graph

Figure 4: Total Ele tri Current-time graph
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Libraries for treatment of ele trostati intera tions
for Intel Xeon Phi
Pei ho Petkov, Elena Lilkova, Damyan Gran harov, Stoyan
Markov, Nevena Ilieva, Leandar Litov

Computer appli ations for determining and analysing mole ular properties are in
abundan e nowadays but with most of them the s ope of urrent improvements is more
and more fo used on e ien y. It is a ommon pra ti e not only to try to improve
the algorithms, but to write ar hite ture dependent implementations that take full
advantage of the intrinsi hara teristi s of a parti ular ma hine or te hnologie. With
the emerging diversity of new te hnologies many already existing odes need to be
revised or rewritten in order to be suitable for the promising new ar hite tures and
ma hines.
Here, we present implementations of two libraries, optimized for Intel Xeon Phi opro essor native exe ution based on previously developed odes [1, 2℄. One of them
implements the AGBNP2 (Analyti al Generalized Born plus Nonpolar model 2) impli it solvent model [3℄ and the other  a grid-based Poisson solver.
Mole ular Dynami s (MD) simulations are mostly performed in the presen e of water,
sin e it is the most ommon solvent for most biologi al rea tions and determines the
stru ture and dynami s of proteins. There are two options to take into a ount the
intera tions of the investigated biologi al system with the solvent: by treating the
latter either expli itly or impli itly, ea h approa h having its strong sides. In the
impli it treatment, the solvent is onsidered as a ontinuum with the diele tri and
hydrophobi  properties of water, thus avoiding the disadvantage of having a big
number of lo al noise minima that arise from the small vibrations of the solvent
mole ules [4℄.
The AGBNP2 is based on a parameter-free onformational-dependent algorithm that
is used to al ulate hydration free energies and ontributions to the for es a ting on
ea h atom in the system. It estimates the pairwise des reening s aling oe ients
in the evaluation of the Born radii and adds a nonpolar part, onsisting of a avity
formation term, proportional to surfa e area and an attra tive dispersion energy term,
des ribing Van der Waals intera tions.
The se ond aforementioned library solves Poisson's equation on a grid, giving the
ele trostati potential, reated by a set of harges. The solution is obtained iteratively, with a stabilized bi onjugated gradient method with a 27-sten il approximation
s heme being used [5℄.
Both libraries are written in the C programming language with OpenMP parallelization utilizing the rather big amount of pro essing units with shared memory on the
Intel Xeon Phi. Spe ial eorts were devoted to ve torization of the odes, sin e
ve tor instrun tions are hardwarely embedded in the Xeon Phi. In addition, data
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was aligned to 64B, a ording to Intel MIC programming guidelines [6℄ and the fast
memset/mem py library from Intel was used.
Despite all optimizations eorts on omputational site, the impli it solvent library
didn't bring in the expe ted speed-up. As it turned out, it is not al ulations themselves but data a ess that determines to the largest extent the exe ution time. Thus,
in the ase of the Poissson-solver library, an improved s alability was gained only after
introdu ing a spe ial variable with the only fun tion of supplying a parallel ve torized
loop with better stru tured data. Still both libraries remain behind the performan e
of the standard CPU exe ution.

A knowledgements
This work was nan ially supported by the PRACE proje t funded in part by the EUs
7th Framework Programme (FP7/2007-2013) under grant agreement no. RI-261557.

Referen es
[1℄ P. Petkov, S. Markov, and I. Todorov, Development of AGBNP2 Impli it
Solvent Model Library for MD Simulations, PRACE Whitepaper No 111,
http://www.pra e-ri.eu/IMG/pdf/wp111.pdf
[2℄ Markov S., Petkov P., Gran harov D. and Georgiev G., High Performan e Poisson
Equation Solver for Hybrid CPU/GPU Systems, PRACE Whitepaper No 112,
http://www.pra e-ri.eu/IMG/pdf/wp112.pdf
[3℄ E. Galli hio, K. Paris and R.M. Levy, The AGBNP2 Impli it Solvation Model,
J. Chem. Theory Comput. 5(9), 2544â2564 (2009).
[4℄ Al.
Onufriev,
The
generalized
Born
model:
its
dation,
appli ations,
and
Limitations,
Sept.
8,
http://people. s.vt.edu/ onufriev/PUBLICATIONS/gbreview.pdf

foun2010;

[5℄ Lauren e Tianruo Yangyz, Ri hard P. Brent, Improved BiCGStab Method for
Large and Sparse Unsymmetri Linear Systems on Parallel Distributed Memory
Ar hite tures (http://maths-people.anu.edu.au/ brent/pd/rpb206.pdf)
[6℄ Intel Xeon Phi Copro essor High-Performan e Programming, Jim Jeers, James
Reinders; Morgan Kaufmann (an Elsevier imprint), 2013

94

Ele troni Transport in Generalized Fibona i
Latti es: A Real-Spa e Renormalization Approa h to
the Kubo-Greenwood Formula
Vi enta San hez, Fernando San hez, Chumin Wang

1 Introdu tion
The ele troni transport in ma ros opi aperiodi latti es is an interesting but not
widely addressed subje t, sin e the transport of quantum parti les and large aperiodi
systems both per se are not easy topi s. Nowadays, the study of ele troni states in
arti ial stru tures is of great importan e in the ondensed matter physi s, be ause
they introdu e many new physi al properties essential for industrial appli ations of
atomi -s ale devi es. These stru tures an be multilayers, quantum wires, rings,
or dots, et . In parti ular, quasiperiodi and aperiodi systems be ome a subje t
of remarkable interest sin e the dis overy of quasi rystals [1℄ and the fabri ation of
high-quality superlatti es. Mu h attention has been devoted to the Fibona i latti e,
be ause it provides a prototype stru ture for studying quasiperiodi systems and
possesses riti ally lo alized ele troni states. The orresponding energy spe trum
is neither absolutely ontinuous nor pure point, but singular ontinuous [2℄. Hen e,
the transport properties of these riti ally lo alized states are a fas inating and still
un lear theme. There is a generalization of the Fibona i sequen e and in this work we
present an analysis of the ele troni transport in ma ros opi generalized Fibona i
systems by using the Kubo-Greenwood formalism and the real-spa e renormalization
method [3℄.

2 Formalism
Let us onsider the bond problem on a generalized Fibona i hain (GFC), whi h an
be onstru ted by using a unique type of atom and alternating two sorts of bonds, A
and B, following the substitution rules A→Am Bn and B→A, being m and n positive
integer numbers. For example, the generation k = 5 of GFC with m = 1 and n = 1
has the sequen e of F1,1 (5) = ABAABABA. The ele tri al ondu tivity within the
linear response theory an be analyzed by means of the Kubo-Greenwood formula [4℄

2e2 ~
σ(µ, ω, T ) =
πΩm2

Z∞

dE

f (E) − f (E + ~ω)
T r[px ImG+ (E + ~ω)px ImG+ (E)] (1)
~ω

−∞

where Ω is the system volume, px = (im/~)[H, x] is the proje tion of the momentum
operator along the applied ele tri al eld with frequen y ω , G+ is the one-parti le re−1
is the Fermi-Dira distribution
tarded Green′ s fun tion, and f (E) = [exp( E−µ
kB T )+1]
with the Fermi energy µ and temperature T . In order to isolate the quasi rystalline
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ee ts on the P
ondu tivity, we onsider a simple s-band tight-binding Hamiltonian
given by H =
j tj,j+1 |ji hj + 1| + tj,j−1 |ji hj − 1|, where ti,j = tA or tB being the
hopping integral between nearest-neighbor atoms i and j . For an periodi linear hain
with null self-energies and hopping integral t, the d ondu tivity at zero temperature
2
is given by [3℄ σP = eπ~a (N − 1), where N is the number of atoms.
On the other hand, the Landauer formalism [5℄ expresses ondu tan e (g ) in terms
of s attering properties. The impurities present in ondu tors leads to s attering
of in ident ele trons resulting in a fra tion of transmitted in ident ele trons. This
transmitted fra tion is alled transmission oe ient T (E) and it is related to g by

2e2
(2)
M T (E)
h
where M is the number of transverse hannels and T (E) an be obtained as follows.
g(E) =

H |ψi = E |ψi ⇒ ti,i+1 ci+1 + ti,i−1 ci−1 = Eci






  E
ci
ci
ci+1
− tti−1
i+1
= Ti
= ti+1
ci−1
ci−1
ci
1
0
 
  


c1
c1
cN +1
τ
τ
= 11 12
= TN TN −1 . . . T1
⇒
τ21 τ22
c0
c0
cN
⇒

⇒ T (E) =

4 − (E/t)2
[τ21 − τ12 + (τ22 − τ11 )E/(2t)]2 + (τ22 + τ11 )2 [1 − E 2 /(4t2 )]

(3)
(4)
(5)
(6)

3 Results
In Figure 1, the d ele tri al ondu tivity at zero temperature σ(µ, 0, 0) obtained from
Equation (1) is shown for GFC with tA = τ tB and (a) m = n = 1 and k = 42, (b)
m = 2, n = 1 and k√= 22 ( ) m = 1, n = 2 and k = 28, and (d) m = n = 2 and
k = 20, where τ = ( 5 − 1)/2. The imaginary part of the energy is 10−13 |t|. Noti e
that the GFC with n = 1 possess selfsimilar spe tra, but the other two with n = 2
have a wide high- ondu tivity band around E = 0.
Magni ations of Figures 1 are presented in Figure 2. Observe that at E = 0 the
ondu tivity σ = σP for the ases (a), (b) and (d). In order to ensure the existen e of
transparent states, an analyti al analysis is developed within the Landauer formalism.
Evaluating Equation (6) at E = 0 we have

T (E = 0) =

4
[τ21 − τ12 ]2 + [τ22 + τ11 ]2

(7)

For the ase of m = 1 and n = 1, the resulting matrix elements are

r
τij = −rf (i + j)[P (r)θ(k)γ [1+θ(k)]θ(i) + f (r)γ θ(i) ] − (j − 1)θ(k)(1 − ⌈ ⌉)γ θ(k)(j−i) ,
2
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(8)

(a) m=1, n=1

(c) m=1, n=2

(b) m=2, n=1

(d) m=2, n=2

1.0

σ(E,0,0)/σp

0.5

0.0
1.0

0.5

0.0
-2

-1

0

1

-2

E/|t|

-1

0

1

2

E/|t|

Figure 1: (Color online) DC ondu tivity spe tra σ(µ, 0, 0) of GFC
433494438, (b) 131836324, ( ) 178956972 and (d) 268377089 atoms.

with

tA = τ tB

and (a)

where γ = tA /tB , f (r) = [1 + (−1)r ]/2, p(r) = [(−1)r − 1]/2, s = 1 − 2⌊q/2⌋,
q = (k − 2) mod 4 ∈ [0, 3], r = (k − 2) mod 3 ∈ [0, 2] and θ(i) = −(−1)i . Hen e,

T (0) = 4[f (r)(γ + γ −1 )2 + (1 − (−1)r )(γ 1+θ(k) + γ −(1+θ(k)) )2 /2]−1

(9)

determines the existen e of a transparent state for k = 6, 12, 18, ... regardless the value
of γ . For the ase of m = 2 and n = 1,

(
i
4
γ (p(k)(−1) ) s, if i = j
⇒ T (0) = p(k)
,
τij =
[γ
+ γ −p(k) ]2
if i 6= j
0,

(10)

whi h leads to a transparent state at E = 0 for k = 2, 4, 6, .... Finally, for the ase of
m = 2 and n = 2,
(

τij =

i.e.,

(−1)i , if i 6= j
⇒ T (0) = 1,
if i = j
0,

(11)

there is always a transparent state at E = 0.

4 Con lusions

We have presented a detailed study of the d ondu tivity spe tra of ma ros opi GFC
with bond disorder by using a previously developed renormalization method for the
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(a) m=1, n=1

(c) m=1, n=2

(b) m=2, n=1

(d) m=2, n=2
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(Color online) Magni ations of Figure 1 around

E = 0.

Kubo-Greenwood formula. The results show qualitatively dierent spe tra between
n = 1 and n = 2. In parti ular, magni ations of these spe tra suggest the possible
existen e of transparent states at E = 0. Hen e, we further investigate analyti ally
su h existen e by means of the Landauer formalism. The results ensure that we have
transparent states at E = 0 every 6 generations for the Fibona i hains, every 2
generations in GFC with m = 2 and n = 1, always in GFC with m = 2 and n = 2,
and never for GFC with m = 1 and n = 2. This study of transparent states ould be
useful for the design of new ele troni heterostru tural lters.
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A eleration of iterative algorithm for al ulation of
unsteady, vis ous, ompressible and heat- ondu tive
gas ows on GPU
Kiril S. Shterev

1 Introdu tion
The Navier-Stokes-Fourier (NSF) ontinuum model is widely used in many areas of
present day s ien e and industry to study dierent mi rouidi phenomena and develop and improve various mi rouidi devi es. Some appli ations of these equations
are related to aerodynami s of jets, jet engines, mi ro-nozzles of jet printers, mi ronozzles of nano- and mi ro-satellites and many others.
In this paper, extrapolation te hnique is introdu ed in the SIMPLE-TS nite volume
iterative algorithm for al ulation of ompressible Navier-Stokes-Fourier equations
subje t of slip and jump boundary onditions. While in the last few de ades signi ant eort has been put in developing ee tive pre onditioning te hniques that
minimize the ondition number of the matrix A and maximize its sparsity (see [1℄),
very little work has been published on attempts to obtain a good initial state to
initialize the iterative solver. The ommon pra ti e is to use for the initial guess of
iterative solver the solution from previous time step φn . An approximate solution
for φn+1 an be obtained using various te hniques. Depending on the method and
ap
n+1
n
an be signi antly loser to φ
than φ , whi h leading
smoothness of φ(t), φ
to signi antly redu tion of the number of iterations.
The ase of linear systems with a symmetri positive denite matrix and a series of
right hand sides is onsidered in [2℄, [3℄. Markovinovi¢ and Jansen [6℄ employed Proper
Orthogonal De omposition (POD) to a elerate onvergen e of iterative solvers, and
tested it in simulations of two-phase ow through heterogeneous porous media. They
reported 67% redu tion in the omputing time. Tromeur-Dervout and Vassilevski
[9℄ suggested the method of fully impli it time stepping, the algorithm INB-POD, a
hoi e of initial guess for series of linear systems with dierent unsymmetri matri es
and right hand sides, based on a model redu tion. The idea is that solution of a
redu ed model provides mu h better initial guess than that from the previous time
step. A ∼ (2-6)-fold a eleration of a in ompressible solver on a test ase 2D avity
ow and ∼ 1.5-fold a tual speedup of a ompressible solver on a test ase 3D ow past
a ir ular ylinder are reported. Grinberg and Karniadakis [4℄ presented POD-based
extrapolation and initial guess approximation by polynomial extrapolation of values
from previous time steps for ea h node. The test ases are in ompressible turbulent
ow in a stenosed arotid artery, and in ompressible ow in the intra ranial arterial
tree. The reported a eleration, for both approa hes, is (2.6-2.7)-fold. However, the
polynomial extrapolation of initial guess is not related to al ulated equations and is
independent of neighbour nodes. This, in turn, do not requires any additional work
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for model redu tion and parallel implementation.
In this paper, the polynomial extrapolation of initial guess is applied to GPU implementation of algorithm SIMPLE-TS [5℄. The a eleration is investigated on mi rouidi problems al ulated on GPU.

2 Extrapolation approa h
The primary dependent variables (u, v , p and T ) are extrapolated at ea h node in
omputational domain using values of previous time step of the same node (see Fig.
1).

Figure 1: Extrapolation of primary dependent variable.

3 Results and Considerations
The dis retization of the ompressible Navier-Stokes-Fourier equations is a omplished by using a ba kward staggered velo ity grid, in whi h all dependent eld variables (pressure, temperature and density) are al ulated at a ell entre and all ow
variables (velo ity omponents) are al ulated at the surfa es of a ell. For interpolation between two neighbour points a pie ewise-linear prole is used to approximate
the derivations of se ond order [7℄. A rst order upwind s heme is used for interpolation of onve tive terms. More details about algorithm SIMPLE-TS an be found in
paper [8℄.
In this paper are presented results onsider a eleration of GPU algorithm SIMPLETS [5℄. The results are obtained on the ne mesh (14100x300) and rst order upwind
s heme for approximation of onve tive terms and density in middle points, so that
they an be used to validate the algorithm SIMPLE-TS, when the onve tion terms
and density in middle points are approximated by the se ond order s hemes. As a
example, we onsider a 2D steady-state laminar ow around a small square parti le
onned in a plane mi ro hannel as shown in Fig. 2. The Knudsen number is Kn =
100

0.0103, the Ma h number is M = 0.4. The time step is ∆t = 0.001. The initial
guess is extrapolated using Lagrange polynomial of rst order (linear extrapolation).
A eleration of 2.4-fold is obtained, when a Karman vortex street appears, Fig. 2.

Figure 2: Fields of horizontal omponent of velo ity (upper part) and temperature
(lower part), Kn = 0.0103, M = 0.4 and orresponding Re ≈ 63, obtained extrapolate
initial guess using Lagrange polynomial of order 1.

4 Con lusion
The extrapolation of initial guess using Lagrange polynomials is simple, fast and easy
for implementation in serial and parallel odes. GPU implementation of algorithm
SIMPLE-TS is a elerated 2.4-fold in the ase under onsideration ow pas a square
in a mi ro hannel.

A knowledgments
The authors appre iate the nan ial support by the NSF of Bulgaria under Grant
(SuperCA++) - 2009 No DCVP 02/1. The author would like to tank Prof. DS
Stefan Stefanov for valuable remarks and onsiderations.

Referen es
[1℄ Mi hele Benzi. Pre onditioning Te hniques for Large Linear Systems: A Survey.
Journal of Computational Physi s, 182(2):418477, 2002.
101

[2℄ Tony F. Chan and W. L. Wan. Analysis of proje tion methods for solving linear
systems with multiple right-hand sides. SIAM Journal on S ienti Computing,
18(6):16981721, November 1997.
[3℄ Jo elyne Erhel and Frederi Guyomar 'h. An augmented onjugate gradient
method for solving onse utive symmetri positive denite linear systems. SIAM
J. Matrix Anal. Appl., 21(4):12791299, 2000.
[4℄ L. Grinberg and G. Karniadakis. Extrapolation-Based A eleration of Iterative
Solvers: Appli ation to Simulation of 3D Flows. Communi ations in Computational Physi s, 9(3):607626, 2010.
[5℄ E. Atanassov K. Shterev and St. Stefanov. GPU al ulations of unsteady vis ous
ompressible and heat ondu tive gas ow at supersoni speed. In Large-S ale
S ienti Computing, Large-S aleS ienti Computations. Springer-Verlag Berlin
Heidelberg, June 03-07 2013.
[6℄ R. Markovinovi¢ and J. D. Jansen. A elerating iterative solution methods using
redu ed-order models as solution predi tors. International Journal for Numeri al
Methods in Engineering, 68(5):525541, 2006.
[7℄ S. V. Patankar. Numeri al heat transfer and uid ow, (Hemisphere Publishing
Corporation. Hemisphare Publishing Corporation, New York, 1980.
[8℄ Kiril S. Shterev and Stefan K. Stefanov. Pressure based nite volume method for
al ulation of ompressible vis ous gas ows. Journal of Computational Physi s,
229(2):461480, January 2010.
[9℄ Damien Tromeur-Dervout and Yuri Vassilevski. A eleration of iterative solution of series of systems due to better initial guess. In Damien Tromeur-Dervout,
Gunther Brenner, David R. Emerson, and Jo elyne Erhel, editors, Parallel Computational Fluid Dynami s 2008, volume 74 of Le ture Notes in Computational
S ien e and Engineering, pages 2940. Springer Berlin Heidelberg, 2011.

102

The inuen e of geometri al nonlinearity on the
dynami s of elasti stru tures
Stanislav Stoykov

1 Introdu tion
The dynami al behavior of nonlinear me hani al systems is be oming in reasingly
popular among resear hers, in the re ent de ades. The interest of the s ientists is due
to the fa t that linearity is just a rst order approximation to reality, but also due to
the fa t that the nonlinear terms at the equation of motion, an hange the behavior
of the system signi antly. The nonlinearity an introdu e into the system multiple
solutions, jumps, sub-harmoni , super-harmoni , ombination or internal resonan es,
symmetry-breaking and period multiplying bifur ations, haoti or quasi periodi motions. These phenomena do not o ur in linear systems. The aim of the urrent paper
is to summarize the most popular numeri al te hniques used in the nonlinear dynami al analysis of elasti stru tures.
Fundamental properties of linear vibrating systems are the linear modes of vibration
and the linear natural frequen ies. They determine the dynami al behavior of the
linear systems. They also have useful mathemati al properties: they an be used to
de ouple the equations of motion; they an be used for redu tion of the degrees of
freedom of the system; free and for ed vibrations an be expressed as linear ombination of the linear normal modes. Nevertheless, linearity is a rude approximation
to the reality and nonlinearity o urs frequently in real life engineering problems.
Typi al nonlinearities of me hani al systems in lude: material type of nonlinearity, whi h o urs when the stresses are nonlinear fun tions of strains; geometri al
nonlinearity, whi h is asso iated with large displa ements of solids and results into
nonlinear strain-displa ement relations; nonlinearity due to inertia for es, Coriolis or
entripetal a elerations an introdu e in the system nonlinearity; nonlinearity due to
body for es, mainly due to magneti and ele tri for es; nonlinearity due to fri tion,
it o urs be ause the fri tion for e is a nonlinear fun tion of the displa ement and
the velo ity like Coulomb fri tion or hystereti damping.
Sin e nonlinear models are essential for better and more a urate modeling of the mehani al systems, there is need of tools for analyzing the resulting systems of nonlinear
dierential equations. For ontinuous systems, the equation of motion is nonlinear
partial dierential equation. After appli ation of spa e dis retization method, su h
as nite element method, a nonlinear system of se ond order ordinary dierential
equations is obtained. Probably the most ommon and omprehensive te hnique for
analyzing systems of nonlinear ordinary dierential equations is based on the onept of nonlinear normal modes (NNM) and nonlinear frequen y response fun tions
(NFRF). There are two main denitions of NNM in the literature. Rosenberg [1℄
dened a nonlinear normal mode of onservative system as a vibration in unison, i.e.
the system performs syn hronous os illation in whi h all material points vibrate with
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the same period and a hieve simultaneously their extreme values and stati equilibrium positions. Shaw and Pierre [2℄ dened a nonlinear normal mode as a motion
whi h takes pla e on a two-dimensional invariant manifold in the phase spa e. Kers hen et al. [3℄, extended the Rosenbergâs denition for NNM, to a non-ne essarily
syn hronous but periodi motion. This denition is appropriate in the presen e of
internal resonan es and it is used in the urrent work. The NFRFs are losely related to NNMs. For ed os illations o ur in the neighborhood of the free os illations,
the shape of vibration of the for ed response is analogous to that of the neighboring
free response, appearan e of bifur ation point in free vibration, indi ates that similar
bifur ation an appear in for ed vibration. Finally, the NNMs and the NFRFs have
on eptual relation to the linear normal modes and to the linear frequen y response
fun tions. Lyapunov showed that, for n degree of freedom (DOF) onservative system, there are at least n dierent families of periodi solutions. These n families of
periodi solutions, whi h dene n NNMs, an be onsidered as the nonlinear extensions of the n linear normal modes of the linear onservative system. However, in the
presen e of internal resonan e, the nonlinear system an possess more than n NNMs,
while the linear systems annot. The on epts of NNM and NFRF an be onsidered
as the natural ontinuation of the linear normal modes and the linear frequen y response fun tions.
In the next se tion, the most ommon methods, used for omputation of the NNM
and NFRF, are presented, without attempting to provide a omplete list of these
methods. In the third se tion of the paper are given typi al examples of NNM and
NFRF of elasti stru tures, onsidering geometri al type of nonlinearity.

2 Computation of NNM and NFRF
The elasti stru tures, su h as beams, plates, shells or three-dimensional stru tures,
are ontinuous systems and they are represented by partial dierential equations.
There are several methods for treating the PDEs, su h as variational, weightedresidual or analyti al. One of the most ommon methods is the nite element method
(FEM), whi h was initially based on variational prin iples. After appli ation of the
FEM for spa e dis retization of elasti stru ture, onsidering geometri al type of nonlinearity, the equation of motion is obtained in the following form:

Mq̈(t) + Cq̇(t) + K(q(t))q(t) = F(t)

(1)

with initial onditions q(0) = q0 and q̇(0) = q̇0 , where M is the mass matrix, K(q(t))
is the stiness matrix, whi h depends on the ve tor of generalized oordinates q(t),
C is the damping matrix, whi h is usually mass and/or stiness proportional, and
F(t) is the generalized ve tor of external for es.
The omputational te hniques of the NNM and the NFRF an be divided into analyti al and numeri al. The analyti al methods are appli able to a limited number
of ases and they are appropriate to small systems. The most ommon ones are the
multiple s ales method, the invariant manifold approa h and the method of normal
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forms. The numeri al methods, used to ompute the NNM and the NFRF, are employed in two steps: (i) omputation of the periodi response, and (ii) ontinuation
of the periodi solution.
The initial value problem (1) is onverted into a two point boundary value problem by
employing the periodi ity ondition q(T ) = q0 and q̇(T ) = q̇0 , where T is the period
of vibration. Some of the ommon methods used to solve the boundary value problem
are the nite dieren e method or the shooting method. The shooting method nds
iteratively the initial onditions q0 and q̇0 whi h perform a periodi motion. The
ollo ation method and the Poin ar © map method an also be used to onstru t
the periodi solutions. Another popular approa h, is to express the solution by nite
Fourier series, this method is known as harmoni balan e method and it is onsidered
to be semi-analyti al. Finally, the brute for e approa h is also listed here. It integrates the system of ODE for a long time interval. Eventually, the systems onverges
to an attra tor.
On e a periodi solution is obtained, a s heme whi h omputes the ontinuum of the
periodi response is required. Usually, the additional parameter used in the stru tural vibration problems, is the frequen y of vibration. There are three ommonly
used ontinuation s hemes. The sequential ontinuation method uses the frequen y of
vibration for ontinuation parameter. This method is not able to pass turning points
(also known as folds or saddle nodes), but it is simple for implementation. The ar length ontinuation and the pseudo ar -length ontinuation methods are able to pass
turning points. The former method uses the ar -length as a ontinuation parameter
and the additional onstraint is the length of the ar . The last method imposes as a
onstraint an orthogonality ondition, i.e. the solution is for ed to be orthogonal to
the predi tor step.

3 Numeri al examples
An aluminum beam (E = 70 GP a, ν = 0.3, ρ = 2778 kg m−3 ) with dimensions 0.02 m
x 0.002 m x 0.58 m, and with lamped- lamped boundary onditions is onsidered for
the numeri al example. A harmoni point for e, F(t ) = A os(ωt), is applied on the
middle of the beam. The equation of motion is derived by the prin iple of virtual work
and it is dis retized by the p -FEM. The ve tor of generalized oordinates is expressed
in Fourier series by assuming harmoni s up to third order and the harmoni balan e
method is applied. The resulting nonlinear algebrai system is solved by the ar length ontinuation method [4℄. The NFRFs, for dierent amplitudes of the external
for e, and the NNM, that starts from the fundamental linear frequen y, are presented
in Figure 1. It an be seen that the beam has hardening nonlinear ee t, whi h is
due to the geometri al nonlinear terms. The results show that the for e vibrations,
o ur in the neighborhood of the free os illations. The example also demonstrates
that the amplitude of vibration depends not only on the amplitude of the external
for e, but also on the frequen y of vibration, in ontrast to the linear models, where
the frequen y of vibration does not depend on the amplitude.
Further examples will demonstrate the ee t of the geometri al nonlinear terms on
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Figure 1: - - - - NNM and  NFRFs of elasti beam for dierent for e amplitudes.
F(t ) = A os(ωt), A = 0.005, 0.01, 0.02 and 0.03 N. W1 and W3 - amplitudes of rst
and third harmoni s, h - thi kness, ω - ex itation frequen y, ωl - rst linear frequen y.
the stability of the solution. Bifur ation points and the resulting se ondary bran hes
with the shapes of vibration will be shown for plate and shell stru tures.
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A Multis ale Multigrid Algorithm Applied to Bone
Tissue Modeling
Rosangela Svier oski and Svetozar Margenov

There are two types of osseous tissue that form bones, the orti al and the trabe ular
bone. The trabe ular tissue is an example of deformable medium that has omplex
hierar hi al morphology in the sense that essential features are needed to onsider
from nanometer to millimeter s ales. These features modeled at various s ales determine how well the bone tissue meets oni ting me hani al and mass-transport needs.
However, the modeling to predi t the ow and me hani al behavior in su h systems
with hierar hi al stru tures and multiple, often poorly separated length-s ales, is very
omputationally demanding, thus making everyday me hani al and ow simulations
of bone tissue impra ti al.
The goal of this study is to propose an e ient numeri al tool that redu es signifi antly the omputational resour es appli able to this lass of problems, whi h will
enable su h predi tive simulations as an integral part of osteoporosis treatment. To
a hieve that, highly heterogeneous media are onsidered that share similarities with
trabe ular bone tissue's hara teristi s. The ontribution of the uid phase is interpreted in terms of almost in ompressible material. The related linear elasti ity
problem has oe ients with high ontrast and high frequen y. The multiple s ale
system is set up using the displa ement de omposition (DD) method, and solved by
using a pre onditioner given by an ups aled blo k diagonal form.
The new feature is that a multilevel te hnique is applied that in orporates an analyti al ee tive tensor of the respe tive heterogeneous bulk modulus into the ups aled
blo k diagonal, together with the averaging of the spatially variable Poisson ratio at
values approa hing the in ompressibility limit ν → 0.5. This averaging relates to the
approximation of the ee tive tensor presented in previous work of the author [2℄.
The e ien y and reliability of the solver will be demonstrated numeri ally near the
in ompressibility limit, when ompared with other well known ups aled forms, su h
as the arithmeti and harmoni averages.
Without loss of generality, the problem at the ne-s ale is posed in Ω ⊂ R2 , as a
bounded domain, with boundary Γ = ∂Ω and u = (u1 , u2 ), is the displa ement in Ω.
The pure displa ement deformation of a body under the inuen e of applied for es,
f , (and onsidering only rst order terms in the displa ement) is des ribed by:



−∇ · σ(x) = f
u(x) = 0

x∈Ω
x ∈ ∂Ω

(1)

where σ(x) is the stress tensor, and the notation (x) here and elsewhere, is to identify
the variable's spatial variablity, whi h is the main interest here. The stress tensor has
omponents, σij (x), given by Hooke's law:

σij (x) = Σ2k,l=1 cijkl (x)εkl (u),
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1 ≤ i, j, ≤ 2.

(2)

The omponents of the strain-displa ement tensor are given by:

εij (u) =

1
2



∂ui
∂uj
+
∂xj
∂xi



(3)

, 1 ≤ i, j, ≤ 2,

and cijkl (x) are the spatially dependent properties des ribing the behavior of the
material. These properties are related to Lamé's oe ients (λ(x), µ(x)) :

λ(x) =

3K(x)ν(x)
= K(x)Λ(x),
(1 + ν(x))

µ(x) =

3K(x)(1 − 2ν(x))
= K(x)κ(x)
2(1 + ν(x))

(4)

where it has been used the relationship for the Young's module E(x) = 3K(x)(1 −
2ν(x)), as a fun tion of spatially dependent, bulk modulus K(x), and of the Poisson
ratio ν(x) ∈ [0, 12 ). The ase when the spatially variable ν(x) = 12 − δ (δ > 0 is a

small parameter) leads to the notion of almost in ompressible material. We observe
that (1) be omes ill-posed at the in ompressibility limit, when ν(x) → 21 .
For f = (f1 , f2 )T ∈ (L2 (Ω))2 , the weak formulation of (1) reads as nding u ∈
(H01 (Ω))2 = {u ∈ (H 1 (Ω))2 |u∂Ω = 0} su h that for all v ∈ (H01 (Ω))2 :

A(u, v) =

Z

λdiv(u)div(v) +

Ω

2µΣ2k,l=1 εij (u)εij (v)

=

Z

f T vdx.

(5)

Ω

The bilinear form A(u, v) an be written as:

A(u, v) =

Z

< C(x)d(u), d(v) > dx

(6)

Ω

Where,


(Λ(x) + 2κ(x))
0
0
Λ(x)


0
κ(x) κ(x)
0

C(x) = K(x) 
(7)


0
κ(x) κ(x)
0
Λ(x)
0
0
(Λ(x) + 2κ(x))
i
h
1 ∂u1 ∂u2 ∂u2
and d(u) = ∂u
∂x1 , ∂x2 , ∂x1 , ∂x2 . In the 2-D ase, K(x) is a 4 × 4 isotropi diagonal
tensor. Note also that the formulation of the omplian e matrix C(x) is used in
a general setting, unlike the work in [3℄ where a modied C(x) was used for the


parti ular ase of pure displa ement.
In the literature, there are estimates relating the number of V- y le iterations for
resolving the DD system, NDD , with the number of V- y le iterations for the s alar
ellipti equation, NE . For instan e, the inequality NDD ≤ C(1 − 2ν)−1/2 NE holds
true. This result follows from the se ond Korn's inequality, whi h on erns the ase
of isotropi homogeneous media (see, e.g., [1℄). However, our results will illustrate
that when the oe ients are heterogeneous, the estimate seemed not to be uniform
with respe t to the oe ient jumps, parti ularly for ontrast higher than one order of magnitude. The numeri al results will also demonstrate the reliability of the
pro edure a ross geometries and ontrast ratios at the in ompressibility limit.
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Estimation of WRF-CMAQ Modeling System
Performan e Using
AQMEII Infrastru ture
D. Syrakov, M. Prodanova, E. Georgieva, K. Slavov

1 Introdu tion
The Air Quality Model Evaluation International Initiative (AQMEII) aims to build a
ommon strategy on model development and establish methodologies for model evaluation as to in rease knowledge on pro esses and to support the use of models for
poli y development [6℄. Long-term air quality simulations for North Ameri a and Europe performed by dierent models used worldwide and the evaluation of results, both
individually and as an ensemble, are the basis to a hieve these obje tives. The ENSEMBLE system, a web-based platform for model inter- omparison and multi-model
ensemble analysis, developed by the Joint Resear h Centre (JRC) [3, 4℄, has been
used to ar hive and analyze both qualitatively and quantitatively the meteorologi al
and air quality (AQ) modeling results obtained. Bulgarian National Institute of Meteorology and Hydrology (NIMH) took part in this Initiative performing simulations
over Europe for 2010.

2 HIMH task settings
2.1

Models used

HIMH AQ
modeling group exploits
US EPA Models-3 System, onsisting of
CMAQ (Chemi al Transport Model, [1℄, WRF (Meteorologi al pre-pro essor,[7℄ ) and
SMOKE (Emission pre-pro essor, [2℄ ) linked by a set of Linux-s ripts and FORTRAN
modules in a system.
2.2

Cal ulation domain

A grid of 201x201 points with resolution of 25 km is set over Europe using Lambert
onformal proje tion with true latitudes 30N and 60N, mean meridian 13E, and enter
at (13E,53N).
2.3

Emission data and emission pro essing.

Yearly inventory data for anthropogeni emission prepared by Netherlands's TNO
[5℄ was interpolated to NIMH's grid and pro essed by AEmis and PEmis routines,
whi h over-posed monthly, weekly and daily proles on the yearly data produ ing
Area sour e (AS) and Point sour e (PS) emission les for ea h day of 2010 on hourly
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basis, proles provided by TNO as well. The wild re emissions were downloaded
from the Finnish Meteorologi al Institute database. Respe tive pro essing routine
was reated and the resulting 3D emissions were added to the PEmis output. The
biogeni emissions (VOC from vegetation and NO from soil) are prepared by SMOKE
on the base of gridded LU data and urrent meteorology. In addition SMOKE was
used to merge the three emission les (AS, PS and BgS) in a ommon CMAQ emission
input. The sea salt and the dust emissions were al ulated by modules built in CMAQ
v.4.6.
2.4

Chemi al boundary

onditions

The CMAQ hemi al boundary onditions (BC) are prepared from ECMWF MACCII proje t data. After re-mapping of MACC pollutants to CMAQ ones, horizontal,
verti al and time interpolation, BC-les for ea h day of 2010 on hourly basis were
reated.
2.5

Cal ulations, data ar hiving, post-pro essing

The WRF-CMAQ modeling system was run on a 32- ore server day by day, initial
ondition for ea h day being last hour of the previous day. Simultaneous ar hiving
of the needed by AQMEII parameters took pla e extra ting them from the CMAQ
output. Intensive post-pro essing was ne essary as to onvert this data to a format
per eivable for ENSEMBLE.

3

Results and Dis ussion

In this study we fo used on the surfa e values of Europe's most problemati pollutants
- O3, NO2, PM10 and PM2.5. The observation sites in luded in the analysis belong
to an Europeanâwide re tangular domain. Due to the oarse model grid resolution
only ba kground stations were used, lassied as rural, urban and suburban ones.
On the Figure 3, examples of dierent estimates for ozone are presented, harts produ ed by ENSEMBLE. These are: Box-Whisker plots (a), Taylor diagrams (b), mean
diurnal variations ( ) and yearly variations of monthly means (d) for rural (left olumn), urban ( entre) and suburban (right) stations. Analyzing model performan e
based on omparison of modeling results to surfa e observations in European wide
domain the following main on lusions an be drawn:

 The model performs better at rural than at urban stations. The model system
hardy sees dieren es between urban and rural type of stations, predi ting very
similar results at both types. This is not surprisingly in view of the oarse model
grid resolution and la k of parti ular urban parameterizations in the model;

 Ozone on entrations are in general overestimated while on entrations of nitrogen dioxide and parti ulate matter are underestimated. Best statisti al indi ators refer to ozone during summer, and annual NO2 and parti ulate matter
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at rural sites. Ozone overestimation is espe ially pronoun ed during nighttime.
Preliminary analysis points out that some de ien y in NOx emission might
have ontributed to this;

 PM performan e is rather poor, with large negative bias. Also the spread of
modeled data is mu h smaller than the spread of observed values;

 The statisti al indi ators have values within the limits, proposed in the re ent
literature as performan e riteria, whi h take observation un ertainty into a ount.
As the shown model performan e is related only to operational model evaluation, further investigation in luding diagnosti evaluations and model inter- omparison ould
reveal advantages and short omings of the NIMH air quality modeling system.
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A Numeri al Pro edure for Computation of the
Upper Bound of the Throughput of a Crossbar
Swit h Node
Tasho D. Tashev, Vladimir V. Monov

1. Introdu tion. Crossbar swit h node is a devi e whi h maximizes the speed
of data transfer using parallel existing ows between the nodes of a ommuni ation
network. In the ideal ase the swit h sends pa kets with a speed orresponding to the
speed with whi h nodes produ e these pa kets, without delay and without losses [1℄.
This is obtained by means of a non- oni t ommutation s hedule al ulated by the
ontrol blo k of the swit h node.
From a mathemati al point of view the al ulation of su h a s hedule is NP- omplete
[2℄. The existing solutions partly solve the problem, using dierent formalisms [3℄.
Constantly in reasing volumes of the ommuni ation tra requires new more ee tive algorithms, whi h have to be he ked for e ien y. The e ien y of the swit h
performan e is rstly evaluated by the throughput (THR) provided by the node. The
next important hara teristi is the average time for waiting (average ell delay),
before the pa ket is send for ommutation.
At the stages of design of swit hes, it is rstly assessed the THR of algorithms for
non- oni t s hedule. For a given algorithm, its THR will depend on the type of
in oming tra . The in oming tra in real onditions is greatly variable. In order
to evaluate the properties of the suggested algorithms, they should be ompared by
using stri tly dened properties of the in oming tra [3℄. For a hosen tra model,
THR of a swit h depends on the load intensity ρ of its input lines.
For a hosen algorithm, tra model and load intensity ρ of the input lines, THR
depends on the dimension of its ommutation eld n × n (n input lines, n output
lines) and the dimension of the input buer i. In our omputer simulations of THR,
we shall denote this dependen e by a fun tion f i.e.:
0 ≤ T HR(n, i) = f (n, i) ≤ 1, where n = 2, 3, . . . i = 1, 2, . . .
Here, THR with value 1 orresponds to 100% - normalized throughput with respe t
to the maximum throughput of the output lines of the swit h.
During the simulations as well as in analyti investigations we shall look for an answer
of the questions:
lim f (n, i) =?

i→∞,
n=const

lim f (n, i) =?

i→∞,
n→∞

where i → ∞ means innitely large input buer and n → ∞ means innitely large
ommutation eld.
In the present paper, a numeri al pro edure for omputation of the upper bound of
the THR is des ribed, whi h allows for a al ulation of the rst limit mentioned above.
If it exists then the solution is unique. In this pro edure we use the results from a
omputer simulation of the THR performed on the grid-stru ture BG01-IPP of the
Institute of information and ommuni ation te hnologies IICT-BAS. Our modeling
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of the THR utilizes PIM-algorithm [4℄, Chao-model for hotspot load tra [5℄ and
ρ = 100% load intensity of ea h input (i.i.d. Bernoulli). The obtained results give an
upper bound of the THR for n ∈ [3, 100] whi h enables us to estimate the limit of the
THR for n → ∞. This estimate is obtained to be 0.775.
2. Numeri al pro edure for omputation of upper bound. We shall perform
simulations for a spe i algorithm for non- oni t s hedule, a model for in oming
tra and a load intensity. We hoose the interval for values of n and i, where i will dene the in rease in the size of the input buer. As a result, we will have a set of urves
for sele ted values of n ∈ [n1, n2], and i ∈ [1, 1000]. Let us hose values ââfor i :
i = 1, m1 , m2 , m3 , ..., mp , where 1 = m0 < m1 < m2 < m3 < · · · < mp .
We shall perform p + 1 simulations in order to obtain p + 1 urves for THR. The
obtained urves will be denoted as follows:

f1 (n, i) = f (n, m0 ), f2 (n, i) = f (n, m1 ), . . . , fp+1 (n, i) = f (n, mp )
Denote the dieren e between two onse utive urves fj and fj+1 by resj :

res1 (n, i) = f2 (n, i) − f1 (n, i) = f (n, m1 ) − f (n, m0 )
res2 (n, i) = f3 (n, i) − f2 (n, i) = f (n, m2 ) − f (n, m1 )
...
resp (n, i) = fp+1 (n, i)fp (n, i) = f (n, mp )f (n, mp−1 )
Denote the ratio of the values ââof two su essive urves resj and resj+1
through δj :
δ1 (n, i) = res2 (n, i)/res1 (n, i) = (f (n, m2 ) − f (n, m1 ))/(f (n, m1 ) − f (n, m0 ))
δ2 (n, i) = res3 (n, i)/res2 (n, i) = (f (n, m3 ) − f (n, m2 ))/(f (n, m2 ) − f (n, m1 ))
...
δp−1 (n, i) =
= resp (n, i)/resp−1 (n, i) = (f (n, mp ) − f (n, mp−1 ))/(f (n, mp−1 ) − f (n, mp−2 ))
Simulation data allow us to al ulate δ1 , δ2 , . . . , δp−1 . If we an nd a dependen y
δj+1 = φ(δj ) for δ1 , δ2 , . . . , δp−1 in the ase j → ∞, then we an determine the
expe ted upper bound.
From the last formula we obtain:

fp+1 (n, i) = f (n, mp−1 ) + δp−1 (n, i).(f (n, mp−1 ) − f (n, mp−2 ))

and for a known dependen y δj+1 = φ(δj ), we an write

fp+2 (n, i) = f (n, mp−1 ) + [1 + φ(δp−1 (n, i))].δp−1 (n, i).(f (n, mp−1 ) − f (n, mp−2 ))
...
fp+q (n, i) = f (n, mp−1 ) + [1 + φ(δp−1 (n, i)) + φ(δp−1 (n, i)).φ(δp (n, i)) + . . .
· · · + φ(δp−1 (n, i)).φ(δp (n, i)). . . . φ(δp+q−3 (n, i))].δp−1 (n, i).(f (n, mp−1 ) − f (n, mp−2 ))
When q → ∞ then f(p+q→∞) (n, i) is the ne essary bound lim i→∞, f (n, i).
n=const

If there is an upper bound of the throughput of a swit h node, it is lear that the
dependen y δj+1 = φ(δj ) exists. Then the sum

[1 + φ(δp−1 (n, i) + · · · + φ(δp−1 (n, i)).φ(δp (n, i)). . . . φ(δp+q−3 (n, i))]

for q → ∞ is onvergent and has a boundary.

δj+1 = φ(δj ). We have found one su h relation for
our model of PIM-algorithm, spe ied by means of Generalized nets [6℄, with Chaomodel for hotspot load tra , for whi h we dened the family of patterns Chaoi
for tra matri es [7℄. For a simulation with this family of patterns we have hosen

3. Finding dependen ies
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the sequen es for i : i = 1, m1 , m2 , m3 , ..., mp , . . . . Here, we present the result for
simulations with m = 2. This is the minimal value of m in its denition area m ∈
[2, 3, 4, . . . ).
When m = 2, then i = 1, 2, 4, 8, 16, 32, 64, . . ., 2p , . . . . The initial evaluation of the
required number of urves for THR is at least 4 (from Pattern Chao1 ). In our example,
we have seven urves (patterns). In the gures below, Chaoi is denoted as Ci for
i = 1, 2, . . . We get results for C1, C2, C4, C8, C16, C32, C64 - whi h are shown in
Figure 1a. The dimension n varies from 3 × 3 to 100 × 100 and 10 000 simulations for
ea h pattern. Then we al ulate the dieren e between throughput for neighboring
patterns. The obtained urves for the dieren es are shown in Figure 1b.

Figure 1: a) Throughput for Chao1 , . . . , Chao64 b) Dieren es between throughput
Then we al ulate the onvergen e parameter δj whi h is the ratio of the dieren es
and the obtained urves are shown in Figure 2a. The values of δj tend to (1, 41 ±
0, 05)−1 .
From our simulations in the ase m = 2, we have drawn the following on lusion:
Con lusion: The dependen e δj+1 = φ(δj ) is a onstant, i.e. δj+1 = δj = 2−1/2
with an a ura y depending on the error of simulations. Thus, δj (n, i) = const when
i ∈ [1, ∞), n ∈ [n1, n2], m = const (i = 1, m1 , . . . , mp , . . . ), with an a ura y within
the error of simulations.
As a onsequen e, the upper boundary in ase m = const an be al ulated as:

fp+1 (n, i) = f (n, mp−1 ) + δ(m).(f (n, mp−1 ) − f (n, mp−2 ))
fp+2 (n, i) = f (n, mp−1 ) + (δ(m) + δ 2 (m)).(f (n, mp−1 ) − f (n, mp−2 ))
...
fp→∞ (n, i) = f (n, mp−1 )+[δ(m)+δ 2 (m)+· · ·+δ p (m)+. . . ](f (n, mp−1 )−f (n, mp−2 )) =
= f (n, mp−1 )+[m−1/2 +(m−1/2 )2 +· · ·+(m−1/2 )p +. . . ].(f (n, mp−1 )−f (n, mp−2 )) =
= f (n, mp−1 ) + [m−1/2 + [(m1/2 − 1)−1 ].(f (n, mp−1 ) − f (n, mp−2 ))
In this simulation m = 2 and we al ulate the boundary by
fp→∞ (n, i) = f (n, 64) + [(21/2 − 1)−1 ].(f (n, 64) − f (n, 32))
The result is shown in Figure 2b. Thus we on lude that limi→∞, f (n, i) = 0, 775 ±
n→∞
0, 001.
The dieren es between the values of δj obtained in the simulations and the value
δ(m) = m−1/2 are equal to the absolute error of the simulations.
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Figure 2: a) Ratio 1/δ1 , 1/δ5 between dieren es b) Upper boundary of throughput

4. Con lusion.

Our omputer simulation onrms appli ability of the suggested
numeri al pro edure. The obtained results give an upper bound of the THR for
n ∈ [3, 100] whi h enables us to estimate the limit of the THR for n → ∞. This
estimate is obtained to be 0.775.
In a future study, the suggested pro edure will be tested using other models of the
in oming tra , for example uniform and unbalan ed tra models.
A knowledgments. The resear h work reported in the paper is partly supported
by the proje t AComIn Advan ed Computing for Innovation, grant 316087, funded
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Renormalization Plus Convolution Method Applied
to the Analysis of AC Resonant States in Aperiodi
Nanowires
Chumin Wang, Vi enta San hez

1 Introdu tion
Nanowires with axial and/or ore-shell heterostru tures possess fas inating stru tureproperty relationships derived from quantum onnement and interfa e ee ts. For
example, their unique density of states in the limit of small diameters, an manifest in
many ele troni and opti al properties su h as diameter dependent thermal ondu tivity [1℄, that are quite dierent from their ma ros opi solid. Nanowires an also a t
as sensing probes for hemi al and bio hemi al substan es as they an oer smaller,
more sensitive, less power onsuming, and faster rea ting sensors. Their sensor operation involves the reversible hange in the ondu tan e of the nano-stru ture upon
absorption of the agent to be dete ted. As nanowires have large surfa e to volume
ratio and small ross-se tion available for ondu tion hannels, they show in reased
sensitivity and faster response time. Traditionally, the nanowires with diameters of
few nanometers and high aspe t ratio are studied by using the super ell model in the
re ipro al spa e. However, their axial heterostru tures as well as their zigzag geometry are frequently non-periodi and then, the re ipro al-spa e approa h is inadequate
or useless. In this paper, we study the a ondu tivity of aperiodi nanowires by using
the Kubo-Greenwood formalism and taking the advantage of a previously developed
renormalization plus onvolution method [2℄.

2 Formalism
Core-shell nanowire heterostru tures have been widely studied in the last years [3℄.
One example of them is shown in Figure 1, where two types of blo ks with 89 hopping
integrals, tA or tB , are alternated following periodi or Fibona i sequen es along the
nanowire. On ea h ross-se tion plane there are 25 ore atoms with site energy εc
(blue balls) and 24 shell ones with εs (red balls).
In the linear response theory, the ele tri al ondu tivity (σ ) an be analyzed by using
the Kubo-Greenwood formula given by [4℄

2e2 ~
σ(µ, ω, T ) =
πΩm2

Z

∞

−∞

dE

f (E) − f (E + ~ω)
T r[px ImG+ (E + ~ω)px ImG+ (E)]
~ω

(1)
where Ω is the system volume, px = (im/~)[H, x] is the proje tion of the momentum
operator along the applied ele tri al eld with frequen y ω , G+ is the one-parti le re119
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−1
is the Fermi-Dira distribution
tarded Green′ s fun tion, and f (E) = [exp( E−µ
kB T )+1]
with the Fermi energy µ and temperature T .
In order to isolate quasi rystalline ee ts on the ondu tivity, we onsider a simple
P
s-band tight-binding Hamiltonian given by H =
j {εj |ji hj| + tj,j+1 |ji hj + 1| +
tj,j−1 |ji hj − 1|}, where εj = εc or εs and ti,j = tA or tB between nearest-neighbor
atoms. To study nanowires, the real-spa e renormalization method is ombined with
the onvolution theorem, whi h leads to [2℄

σ(µ, ω, T ) =

1 X k
σ (µ − Eβ , ω, T )
Ω⊥

(2)

β

where Eβ are eigenenergies of the perpendi ular subspa e Hamiltonian for the rossse tion planes and σ k (E, ω, T ) is al ulated by using the one-dimensional renormalization method. The ele tri al ondu tan e (g) of nanowires are al ulated by means
of g(µ, ω, T ) = σ(µ, ω, T )Ω⊥ /Ωk , where Ω⊥ and Ωk are the ross-se tion area and the
nanowire length along the applied ele tri eld, respe tively.

3 Results
In Figure 2, the d ele tri al ondu tan e g(µ, 0, 0) of (a) periodi , (b) periodi oreshell with ∆ε = εc − εs = 2|t|, ( ) periodi
ore-shell with ∆ε = 10|t| nanowire
heterostru tures of 832040 A-type blo ks and 832040 B-type ones are shown for
tA = tB (gray lines) and tA = 0.9tB (pink lines). These nanowires are onne ted
to two semi-innite periodi leads with null site energies and hopping integrals t.
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The al ulation in ludes an imaginary part of the energy of 10−13 |t|. Noti e that for
the single-type-blo k periodi nanowires, tA = tB , there are perfe t quantum steps
in units of g0 = 2e2 /h and g diminishes in two-type-blo k heterostru tures. When
∆ε = 10|t|, two separated ondu ting bands are observed. Ea h of these bands are
entered on the site energies of ±5|t|. In Figures 2(a'- ') the orresponding d ele tri al ondu tan e of heterostru tures with 832040 A-type and 514229 B-type blo ks
ordered following the Fibona i sequen e are illustrated (violet lines). Note the highly
os illating spe tra originated from a densely distributed band-gap stru ture.
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ore-shell nanowire heterostru tures.

The a ondu tan e spe tra g(µ, ω, 0) are presented in Figure 3 for (a) a periodi
nanowire and (b) a ore-shell quasiperiodi nanowire as in Figure 2(b') with 21 Atype and 13 B-type blo ks. Observe in (a) the Drude-de ay behavior of g(µ, ω, 0) as
ω in reases for the periodi ase. However, for the quasiperiodi ore-shell nanowire
g(µ, ω, 0) an signi antly improve the ballisti ondu tan e given in Figure 3(a) at
the ondu ting band edges. This phenomenon is due to the resonant s attering pro ess
in quasiperiodi heterostru tures. The spe trum averaged values of g(µ, ω, 0) (open
ir les), as well as their maximum and minimum values (error bars) are summarized
in Figure 3 for quasiperiodi nanowires as in Figure 2(b') with the numbers of A-type
and B-type blo ks of (2,1), (3,2), (5,3), (8,5), (13,8) and (21,13), respe tively.
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4 Con lusions
The real-spa e renormalization method seems to be a very e ient manner to address
aperiodi systems, su h as interfa es in ele troni devi es. Moreover, ombining with
the onvolution theorem, the Kubo-Greenwood formula an be evaluated in an exa t
way for multidimensional latti es. The results show a resonan e peaks signi antly
larger than the ballisti ones for several µ and ~ω . The resonan e frequen ies (~ω ) are
determined by the dieren e of eigenenergies, whi h an be explained by the Fermiï¿½s
golden rule [5℄. On the other hand, the ore-shell and segmented heterostru tures
diminish the d ondu tivity, but an ause truly high resonant a ondu tion at the
band edges.
A knowledgements This work has been partially supported by UNAM-IN113813,
UNAM-IN113714 and CONACyT-131596. Computations were performed at Miztli
of DGTIC, UNAM.
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Multi riteria Analysis of Ontologi ally Represented
Information
Katarzyna Wasielewska, Maria Ganzha, Mar in Paprzy ki,
Ivan Lirkov

The presented work is another attempt to a hieve and extend goals presented in [4, 1℄,
i.e. to design a de ision support system for the software sele tion problem. The main
idea is to utilize expert knowledge, to help the user in sele ting the best method /
software / omputer resour e to solve a omputational problem, e.g. from the domain
of numeri al linear algebra. To a hieve that: (1) expert knowledge has to be aptured
and represented, and (2) an e ient method for utilization of this knowledge has to
be proposed. In [4℄ author suggested that domain experts ould express fun tional
relations between properties of the mathemati al problem and the performan e of the
software. Moreover, he onsidered the problem of knowledge a quisition, i.e. how to
onstru t a knowledge base that an be easily extended and handled. Pra ti al aspe ts
of software sele tion were dis ussed in [1℄. There, authors proposed a problem solving
environment (named EPODE), fo used on the initial value problems for ordinary
dierential equations. Mat hmaking in EPODE is based on de ision trees, while
an expert system with a knowledge base is prepared by the domain experts. Other
software sele tion systems, in the area of dierential equations (des ribed in [11, 2℄),
in lude de ision me hanisms based on de ision trees or data mining of the performan e
history. Unfortunately, neither of these systems is  ontinued today.
In this ontext, we hope that appli ation of modern tools, su h as ontologi al representation of domain knowledge and semanti data pro essing supported by multi riterial
analysis will allows us to develop a system that will e iently support users. Here,
note that, the ru ial aspe t of designing a knowledge representation s heme is its
transparen y and ease of use. We believe that expressiveness of ontologi al languages
will allow to apture and represent expert knowledge in an intuitive and user-friendly
way.
The ontext of the work is provided by the Agents in Grid proje t (AiG [8℄), whi h
aims at development of an agent-semanti infrastru ture for e ient resour e management in the Grid. De ision support within the system should help the user to hoose
an optimal algorithm and/or resour e to solve a problem from a given domain, and
later to hoose the best ontra t dening terms of ollaboration with the provider
of omputer resour e. The system should assist users with no in-depth knowledge
of  omputing by sele ting the method and the resour e that (together) best t the
problem to be solved (and then nd the needed resour es). The best ontra t to be
sele ted is a result of autonomous multi-round negotiations. As a starting point, the
domain of linear algebra was modeled. While the de ision to use ontologies throughout the system was made (e.g. for storage of expert knowledge / opinions), another
ru ial step is to sele t and apply multi riterial de ision making method. To hoose
the best method, the following premises have to be onsidered:
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1. knowledge is aptured from multiple experts (de ision-makers) and an have
dierent weights (priorities), depending on how a given expert is ondent in
the sele ted domain,
2. multiple riteria an have dierent priorities, e.g. the pri e may be regarded as
more important than time of ompletion when spe ifying terms of ollaboration,
3.

riteria are multi-dimensional, both quantitative and qualitative,

4. advantageous would be the possibility to model the de ision problem as a tree,
where the root is the problem and subsequent levels represent riteria, further
de omposed into sub riteria,
5. another advantage would be to be able to he k onsisten y of data provided
by the user.
Here, note that during method and/or resour e sele tion the system should onsider
aggregated re ommendation of many experts, i.e. the system should develop one
opinion from the set of expert opinions that is  losest to all of them with regard to
a given topi .
The rst method evaluated in the ontext of the AiG proje t was the Analyti al
Hierar hy Pro ess (AHP; [6℄). This is a well known and widely applied method to
approa h omplex problems, taking into a ount subje tive assessment by multiple
de ision-makers. The AHP allows to perform aggregation on two levels: (i) preferen es
regarding riteria, (ii) assessment of alternatives. Moreover, the de ision problem an
be stru tured as a tree with root being the problem itself. The importan e of a
given riteria is assessed with respe t to the parent riteria. Cru ial for al ulating
priorities of the riteria is the onstru tion of the omparison matri es, in whi h the
user (or the expert) expresses preferen es regarding pairs of riteria from a given
level. These preferen es are later weighted to obtain global priorities. There is also
a possibility to he k the onsisten y of spe ied preferen es and thus to validate
user's input. This approa h is more user-friendly and transparent than analyzing
and assigning weights dire tly to all riteria. In the AiG, both the requirements
and the alternatives are represented with ontology lass expressions and ontology
instan es. Sin e ontology an be depi ted as a dire ted graph (in our ase, a y li ),
requirements and alternatives an be easily transformed into problem trees, where
the root is the lass expression or the instan e, edges are properties and hildren are
values of properties. Detailed des ripiton of AHP utilization in the AiG an be found
in [9, 10℄.
Besides the AHP, other de ision making methods were resear hed in order to assess
them in the ontext of the AiG s enario and use with ontologies. We have onsidered
an extension of the AiG de ision support module with the implementation of the
TOPSIS method (Te hnique for order preferen e by similarity to ideal solution; [7℄)
supported by the ontologi al mat hmaking [5℄. The TOPSIS method is based on the
idea of ideal and negative ideal alternatives that represent best and worst possible
oers. The goal is to hoose an alternative that is the losest to the ideal and the
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furthest from the negative ideal. In ase of the AiG, onstru tion of ideal and negative ideal is quite intuitive for the ontra t sele tion (with one expert), sin e the
alternatives are omposed of respe tively best and worst values re eived in oers. In
the ase of expert re ommendations, the ideal alternative for an expert is the one
that she spe ied, while negative ideal should be provided separately by ea h expert.
In our ase mutltiple de ision-makers have to be onsidered, so the global ideal and
the negative ideal an be estimated as an average of experts preferen es. The next
step is to determine the separation from the ideal and the negative ideal. Here, ontologi al mat hmaking an be utilized. It allows to measure semanti distan e between
ontology instan es, where the ontology is represented as a graph. Additionally, this
method seamlessly ts multiple experts re ommendations and user requirements. The
al ulation of the distan e is divided into two phases: (i) semanti distan e between
on epts in the on eptual model, and (ii) semanti relevan e between instan es. The
rst phase is prepared by experts who assign distan es between on epts, that are
later aggregated ( orresponds to preparation of expert opinions and omparison matri es in the AHP). The se ond phase is analogous to s aling expert distan es by
priorities assigned by the user. It should be noted that this approa h ni ely ts with
ontologies. However, to handle multiple experts it requires additional step of the spe i ation of a negative ideal alternative, and analyzing the whole on eptual model to
assign distan es.
Moreover, we inspe ted the PROMETHEE method [3℄ that does not in any way
take advantage of ontologi al representation of data. However, it was designed as a
group de ision support method, i.e. it supports multiple de ision-makers, and involves
sensitivity analysis and oni t resolution. Here, the rst step is the sele tion of the
evaluation riteria ( ommon and individual to the expert) as well as the preferen e
fun tions. In the AiG this an be done by analyzing the ontology lass expression, with
requirements provided by the user and expert opinions. Afterwards, ea h de isionmaker evaluates alternatives (all registered opinions, or ontra t oers) and obtains
alternative ranking, by al ulating the net ow value for ea h of them. The last step
is to nd the global onsensus solution, by analyzing the global evaluation matrix,
where the alternative net ows are aggregated and s aled by the expert weight. Even
though, the PROMETHEE is designed for group de ision making, it does not allow
to stru ture the problem hierar hi ally and ea h expert has to sele t the preferen e
fun tions for all riteria dire tly, whi h is not as intuitive as pairwise omparisons
with the verbal s ale.
While, above, we have des ribed three methods, during the presentation we will briey
analyze also other possible methods, e.g. linear additive model, multi-attribute utility
theory.
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Non-linear systems of PDEs arising in large-s ale
environmental models
Zahari Zlatev, Krassimir Georgiev, Ivan Dimov

1 Introdu tion of the systems of PDEs arising in
large-s ale environmental models
We shall restri t ourselves to the topi of long-range transport of air pollution and
to a parti ular model (UNI-DEM, the Unied Danish Eulerian Model, [11, 13℄), but
most of the results an easily be extended to other environmental models. UNI-DEM
is des ribed mathemati ally by the following system of partial dierential equations
(PDEs):

∂ci
∂t

∂ci
∂ci
−v
∂x
∂y




∂ci
∂ci
∂
∂
Kx
+
Ky
+
∂x
∂x
∂y
∂y
+Qi (t, x, y, z, c1 , c2 , . . . , cq ) + Ei (t, x, y, z)

= −u

+(k1i + k2i )ci
∂ci
∂
−w
+
∂z
∂z
i = 1, . . . , q,



∂ci
Kz
,
∂z

horizontal transport
horizontal diffusion
hemi al rea tions +
emissions
(1)
dry and wet
depositions
verti al transport

number of equations ( hemi al spe ies).

The dierent quantities for the hemi al spe ies i at point (x, y, z) of the spa e domain
and at time t of the time-interval involved in (1) are briey des ribed below:

 ci = ci (t, x, y, z) is the on entration ,
 u = u(t, x, y, z), v = v(t, x, y, z) and w = w(t, x, y, z) are wind velo ities (along
the Ox , Oy and Oz dire tions respe tively),
 Kx = Kx (t, x, y, z), Ky = Ky (t, x, y, z) and Kz = Kz (t, x, y, z) are diusivity
oe ients (it is often assumed that Kx and Ky are non-negative onstants,
while the al ulation of Kz is normally rather ompli ated),
 ki1 = k1i (t, x, y, z) and k2i = k2i (t, x, y, z) are deposition oe ients (dry and
wet deposition respe tively).

 Ei = Ei (t, x, y, z) is an emission sour e.
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2 Applying splitting te hniques
The system of partial dierential equations (1) an be split ([13℄) into the following
three sub-systems:
(1)

∂ci
∂t

(2)

∂ci
∂t

(3)

∂ci
∂t

(1)

(1)

∂c
Kz i
∂z

∂c
∂
= −w i +
∂z
∂z
(2)

(2)

∂c
∂c
∂
= −u i − v i +
∂x
∂y
∂x
(3)

!

(2)

,
(2)

∂c
Kx i
∂x

!

∂
+
∂y

(3)

(2)

∂c
Ky i
∂y

!

(3)
(3)

= Qi (t, x, y, z, c1 , c2 , . . . , c(3)
q ) + Ei (t, x, y, z) + (k1i + k2i ) ci .

(4)

The verti al ex hange is des ribed by the rst of these three sub-systems. The horizontal transport (the adve tion) and the horizontal diusion is des ribed by the se ond
sub-system. The last sub-system des ribes the ombination of the hemi al rea tions,
the emission sour es and the deposition.
The three sub-systems are fully dened by (2)-(4), but not the splitting pro edure,
whi h will be determined only when it is explained how these sub-systems are ombined. The simple sequential splitting pro edure, whi h is obtained as explained
below, is applied in UNI-DEM. Let us assume that the spa e domain is dis retized
by using a grid with Nxyz = Nx × Ny × Nz grid-points, where Nx , Ny and Nz are
the numbers of the grid-points along the grid-lines parallel to the Ox , Oy and Oz
axes. Assume also that the number of hemi al spe ies involved in the model is
Ns = q . Finally, assume that approximate values of the on entrations (for all spe ies
and at all spatial grid-points) have already been found for t − tn . These values an
be onsidered as omponents of a ve tor-fun tion c(tn , xi , yj , zk ) ∈ RNx ×Ny ×Nz ×Ns .
The next time-step, time-step n + 1 (tn+1 = tn + ∆t where ∆t is some in rement),
an be performed by solving su essively the three sub-systems. The approximations
c(tn , xi , yj , zk ) are used as initial onditions in the solution of (2). The solution of
(2) is used as an initial ondition of (3). Finally, the solution of (3) is a epted as an
initial ondition of (4). Then the solution of (4) is onsidered as an approximation to
c(tn+1 , xi , yj , zk ). When these al ulations are ompleted, everything is prepared for
the al ulations in the next time-step, step n + 2.
The great advantage of any splitting pro edure that is based on the above three subsystems is due to the fa t that no extra boundary onditions are needed when (2)-(4)
are used. This is true not only for the sequential splitting pro edure sket hed above,
but also for any other splitting pro edure based on the sub-systems dened by (2)-(4).

3 Sele tion of numeri al methods
First and foremost it must be mentioned here that dierent numeri al algorithms
an be applied in the dierent sub-systems and this is one of the big advantages of
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using splitting te hniques. This means that for ea h sub-system one an sele t the
most suitable of the available algorithms. Assume that the spatial derivatives are
dis retized by the sele ted numeri al algorithm. Then the three systems of PDEs
represented by (2) - (4) will be transformed into three systems of ODEs (ordinary
dierential equations):



dg (1)
= f (1) t, g (1) ,
dt



dg (2)
= f (2) t, g (2) ,
dt



dg (3)
= f (3) t, g (3) .
dt

(5)

Ea h omponent of the fun tions g (m) (t) ∈ RNxyz ×Ns , m = 1, 2, 3 is an approximation
at time t of the on entration at one of spatial grid-points and for one of the hemi al
spe ies. The omponents of right-hand-side fun tions f (m) (t) ∈ RNxyz ×Ns , m = 1, 2, 3
depend both on quantities involved in the right-hand-side of (1) and on the parti ular
numeri al algorithms that are used in the dis retization of the spatial derivatives.
A linear nite element method is used to dis retize the spatial derivatives in (2)
and (3). The spatial derivatives an also be dis retized by sele ting other numeri al
methods as, for example, nite dieren es, a pseudo-spe tral dis retization, a semiLagrangian dis retization, et , see .g. [13℄.
The rst system of ODEs in (5) an be solved by using many lassi al time-integration
methods. The well-known Θ method with Θ = 0.75 is urrently used in UNI-DEM.
Several predi tor- orre tor (PC) methods with several dierent orre tors, whi h are
dis ussed in [10℄, are used in the solution of the se ond system of ODEs in (5). The
orre tors are arefully hosen so that the absolute stability properties of the method
are onsiderably improved. More details an be found in [10, 13, 12℄.
The treatment of the third system in (5) is more ompli ated, be ause it is both
time- onsuming and very sti. Often the QSSA (Quasi-Steady-State-Approximation)
method, whi h is very simple and relatively stable but not very a urate (and has to be
run with a small time-stepsize), is sele ted for the solution of this system. An improved
version of the QSSA method was implemented in UNI-DEM. Classi al numeri al
methods for sti systems of ODEs (the Ba kward Euler Method, the Trapezoidal Rule
and Runge-Kutta algorithms) lead to the solution of non-linear systems of algebrai
equations (whi h have to be handled by some quasi-Newton iterative method) and,
therefore, they are normally more expensive. On the other hand, these methods
an be in orporated with an error ontrol and normally with onsiderably larger
time-steps. Partitioning an also be used. Some onvergen e problems related to
the implementation of partitioning have been studied in [12℄. For more details see
[1, 2, 10, 11, 12, 13℄.

4 Parallelization te hniques
The greatest advantage of using splitting pro edures is the appearan e in a quite
natural way of many parallel tasks. It is easy to see that (a) the rst system of ODEs
in (5) ontains Nx × Ny × Ns independent tasks (for ea h hemi al ompound, ea h
system along a verti al grid-line an be treated independently), (b) the se ond system
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of ODEs in (5) ontains Nz × Ns independent tasks (for ea h hemi al ompound the
system along a horizontal grid-plane an be treated independently) and ( ) the third
system of ODEs in (5) ontains Nxyz independent tasks (the hemi al ompounds
at ea h grid-point an be treated independently of the hemi al ompounds at the
other grid-points). Standard parallel tools, OpenNP and MPI, are used in parallel
version of UNI-DEM. More details in [1, 11, 13℄. Results from many tests indi ate that
the algorithm based on the MPI te hnique is performing better than the algorithm
exploiting the OpenMP tools when UNI-DEM is run on parallel omputers (see e.g.
[1, 13℄.

5 Some important appli ations
UNI-DEM has been used in many dierent studies (many of them are reported in
[3, 4, 5, 6, 7, 8, 9, 12, 14, 15℄. Investigations of the inuen e of the limate hanges
on pollution levels in (a) Europe [5, 9℄, (b) Denmark [16℄, ( ) the Balkan Peninsula
[14℄[15℄ and (d) Hungary with its surroundings ([15℄ have re ently been arried out.

6 Con luding remarks
If we assume that Nx = Ny = 480, Nz = 10, Ns = 480 are used (as in [5, 6, 9, 14,
15, 16℄), then the total number of equations is 80 640 000 and 213 120 time-steps
are needed to perform al ulations with meteorologi al and emission data overing
a whole year. Moreover, al ulations over a long time-period (sixteen years) were
needed in [5, 6, 9, 14, 15, 16℄. It is lear that it was possible to resolve the enormous
omputational problems only if (a) e ient splitting pro edures are used, (b) suitable
numeri al methods are sele ted for ea h sub-model and ( ) parallel omputations
are applied. It should nevertheless be emphasized that further improvements in
onne tion with the tasks related to (a)( ) are highly desirable.
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