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PROBABILISTIC CALCULATION USING PARALLEL COMPUTING

M. Krejsa', J. Brozovsky , P. Janas , R. Cajka, V. Krejsa

Abstract: The paper is focused on methods for the calculations of failure probabilities in structural failure
and reliability analysis with special attention to newly developed probabilistic method: Direct Optimized
Probabilistic Calculation (DOProC), which is highly efficient in terms of calculation time and the accuracy
of the solution. The novelty of the proposed method lies in an optimized numerical integration that does not
require any simulation technique. The algorithm of the DOProC based probabilistic calculation is easy to
adjust for parallel computing on multiprocessor computers or supercomputers.

Keywords: Parallel computation, Probabilistic Methods, Monte Carlo, Direct Optimized Probabilistic
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1. Introduction to parallel computing

In recent years computers have become faster and faster due to series of improvements of their individual
components. Operating speeds are approaching their physical limits. In spite of all the advantages, current
computers still cannot solve many problems in reasonable time. One way to achieve further increase in
performance is through the use of a collection of processors that cooperate in the solution process
(Kindervater et al., 1989).

New computational techniques are still evolving. Along with powerful computing technology, it
enables to solve complex engineering problems (e.g. Brozovsky & Pankaj, 2007; Cajka et al., 2014;
Kormanikova & Kotrasova, 2014). Parallelization has found wide application for FEM based calculations
and analysis (Kruis et al., 2002; Cho & Hall, 2012; Cermak et al., 2014) and last but not least in
probabilistic calculations (Reh et al., 2006) and reliability assessments (Kralik, 2010).

2. Probabilistic methods

Probabilistic methods are used in engineering where a computational model contains random
variables (Janas & Krejsa, 2012; Cajka & Krejsa, 2014; Janas et al., 2015). Some works deal with parallel
process systems in which the input and output data are fuzzy (e.g. Lozano, 2013). For solution of the
theoretical time-invariant structural reliability problem have been developed series of probabilistic
methods (summary e.g. Krejsa & Kralik, 2015). The largest and most popular group of probabilistic
approaches consists of techniques based on Monte Carlo simulation.

Crude Monte Carlo simulations are employed in several scientific domains due to their capacity to
produce realistic results from repeated sampling of events generated by pseudo-random algorithms (Oran
et al., 1998). Correct results require a large number of statistically independent events, which has a strong
impact on the computing time of the simulation. Nevertheless, Monte Carlo simulations are easily
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parallelized (e.g. Camarasu-Pop et al., 2013), using various platforms, e.g. in MatLab (Vasek & Krejsa,
2014) or on supercomputer (Konecny et al., 2009). More advanced ways to increase parallel computing
efficiency of this simulation technique are under development also (Qiu & Wang, 2011; Nishihara et al.,
2014; Vrugt, 2016). As a very powerful tool for parallel programming seems to be currently MatLab
included Parallel Computing Toolbox (Sharma & Martin, 2009).

3. Direct Optimized Probabilistic Calculation

The probabilistic method Direct Optimized Probabilistic Calculation — DOProC, is under development
now. DOProC solves the probabilistic tasks in a purely numerical way that is based on basis of
probability theory and does not require any simulation technique. This is highly effective way of
probabilistic calculation in terms of computation time and accuracy of the solution for many probabilistic
tasks. The novelty of the proposed method lies in an optimized numerical integration. Summary was
published e.g. in (Janas et al., 2010). Application of the DOProC method in solving reliability problems
described publications (Krejsa et al., 2013, 2014, 2016).

3.1. Optimization of basic calculation algorithm

Probabilistic calculations of especially complex tasks can be technically and temporally difficult. The
computational complexity of the DOProC method is in particular due to:

- The number of random input variablesj =1, ..., n.
- The number of classes (intervals) in histogram for each random input variables N;.
- Difficulty of the solved task (computational model).

- Algorithm of the probabilistic calculation and the way how the calculation model is defined in the
relevant software, e.g. in text mode or in machine code as a dynamic library.

Logically, there should get on optimization techniques that can be applied for two random and
independent variables, and also for three or more independent random quantities.

In the probabilistic calculation with two statistically independent input variables come into
consideration using of following optimizing steps:

- Interval optimization.

- Zone optimization.

- Simple trend optimization.

Three independent input variables come into consideration in addition to the above:

- Complex trend optimization,

- Grouping of input and output variables,

- Parallelization of probabilistic calculation.

The proposed optimization techniques have been published in details e.g. in (Janas et al., 2010) except
the parallelization, which is aimed at further description.
3.2. Parallelization of probabilistic calculation

Probabilistic calculations by DOProC method can be very time consuming, but some parts of computing
can proceed simultaneously. The calculation algorithm of DOProC method is advantageous for use on
machines with two or more processing units, or their cores. All of computational operations of the
DOProC basic algorithm can be divided to as many parts as there are available execution units. After
partial calculations partial results can be summarized e.g. into the resulting histogram of safety margin
when probabilistic assessment is performed.

Division of probabilistic calculation into sub-sections is appropriate to combine with grouping of
input random variables, but this may not be required. Let the resulting random variable B is any function f
of independent random variables A; where j ranges from 1 to n. Then

B =f(A1, A, Ag, s A}, ..oy An). (1)
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Relationship (1) is possible to adjust otherwise. Histogram of random variable B can be e.g. divided
into parts:

B=By+By+Bs+..+B,+..+Bs )

where By = f(Arp, Az, o Ay oy An).

Parts of the histogram of random variable B, are calculated from all histograms of random variables
A for j = 2 to n, and from the part p of the histogram of random variable A;, which is marked as A; . If
the number of these parts is equal to s, then:

A1 = A]_,]_ + A1’2 + ...+ Al,p + ...+ Al,s- (3)

Parts of the histogram of random variable B in the equation (2) are not summed up by relation (1) but
such that is selected width of the class Ab,, for all parts the same, i.e. whether for the histogram of
random variable B, and totaled probabilities in each class of all parts of histograms B, of random
variable Bforp=(1, ..., p, ..., ).

This procedure ensures that the result of parallel computing is theoretically identical with the results
of non-parallel calculation. In case of computing with different widths of classes Ab,, of all parts of
histograms B, under calculation the resulting histogram of random variable B according (2), the parallel
computing of the histogram of the random variable B may vary somewhat from the non-parallel
computing. The difference of results is not usually significant and even this method of calculation can be
considered as correct.

4. Conclusions

This paper discussed possibilities of probabilistic calculation using parallel computing with special focus
on new method under development — the Direct Optimized Probabilistic Calculation (“DOProC”). The
highlight of the DOProC lies in an efficient and accurate optimized numerical integration and the
possibility of straightforward implementation on parallel systems. Thanks to these properties DOProC
method can be useful for solution of many probabilistic tasks and failure analysis.

Acknowledgement

This outcome has been achieved with the financial support of the project GACR No. 16-08937S ,,State of
stress and strain of fiber reinforced composites in interaction with the soil environment”. In this
undertaking, theoretical results gained by conceptual development of research, development and
innovations for 2016 at the VSB-Technical University of Ostrava (granted by the Ministry of Education,
Youths and Sports of the Czech Republic) were partially exploited. Their financial assistance is gratefully
acknowledged.

References
Brozovsky, J. & Pankaj, P. (2007) Towards modelling of a trabecular bone. Computers & Structures, 85, 9, pp. 512-
517. DOI: 10.1016/j.compstruc.2006.08.037.

Cajka, R. & Krejsa, M. (2014) Measured data processing in civil structure using the DOProC method. Advanced
Materials Research, 859, pp. 114-121. DOI: 10.4028/www:.scientific.net/AMR.859.114.

Cajka, R., Burkovic, K. & Buchta V. (2014) Foundation Slab in Interaction with Subsoil. Advanced Materials
Research, 838-841, pp. 375-380. DOI: 10.4028/www.scientific.net/AMR.838-841.375.

Camarasu-Pop, S., Glatard, T., da Silva, R.F., Gueth, P., Sarrut, D. & Benoit-Cattin, H. (2013) Monte Carlo
simulation on heterogeneous distributed systems: A computing framework with parallel merging and
checkpointing  strategies. Future Generation Computer Systems, 29, 3, pp. 728-738. DOI:
10.1016/j.future.2012.09.003.

Cermak, M., Kozubek, T., Sysala, S. & Valdman, J. (2014) A TFETI domain decomposition solver for elastoplastic
problems. Applied Mathematics and Computation, 231, pp. 634-653. DOI: 10.1016/j.amc.2013.12.186.

Cho, I.H. & Hall, J.F. (2012) Parallelized Implicit Nonlinear FEA Program for Real Scale RC Structures under
Cyclic Loading. J. Comput. Civ. Eng., 26, 3, pp. 356-365, DOI: 10.1061/(ASCE)CP.1943-5487.0000138.

Janas, P., Krejsa, M. & Krejsa, V. (2010) Using the Direct Determined Fully Probabilistic Method for determination
of failure, in: Proc. European Safety and Reliability Conference ESREL 2009, Reliability, Risk and Safety:

349



Theory and Applications. Taylor & Francis Group, London, pp. 1467-1474, ISBN: 978-0-415-55509-8, DOI:
10.1201/9780203859759.ch203.

Janas, P. & Krejsa, M. (2012) Statistical Dependence of Input Variables in DOProc Method. Transactions of the
VSB - Technical University of Ostrava, Civil Engineering Series, 12, 2, pp. 48-58. DOI: 10.2478/v10160-012-
0017-3.

Janas, P., Krejsa, M., Krejsa, V. & Bris, R. (2015) Structural reliability assessment using Direct Optimized
Probabilistic Calculation with respect to the statistical dependence of input variables, in: Proc. Conference
ESREL 2015: Safety and Reliability of Complex Engineered Systems (L.Podofillini, B.Sudret, B.Stojadinovic,
E.Zio & W.Kroger eds), Zurich, Switzerland, CRC Press, pp. 4125-4132, ISBN: 978-1-138-02879-1, eBook
ISBN: 978-1-315-64841-5, DOI: 10.1201/b19094-540.

Kindervater, G.A.P., Lenstra, J.K. & Rinnooy Kan, A.H.G (1989) Perspectives on Parallel Computing. Operations
Research, 37, 6, pp. 985-990, DOI: 10.1287/opre.37.6.985.

Konecny, P., Brozovsky, J. & Krivy, V. (2009) Simulation Based Reliability Assessment Method using Parallel
Computing, in: Proc. First International Conference on Parallel, Distributed and Grid Computing for Engineering
(B.H.V.Topping & P.Ivanyi eds), Civil-Comp Press, Stirlingshire, UK, pp. 542-549, DOI: 10.4203/ccp.90.38.

Kormanikova, E. & Kotrasova, K. (2014) Finite Element Analysis of Damage Modeling of Fiber Reinforced
Laminate Plate. Applied Mechanics and Materials, 617, pp. 247-250, DOl:
10.4028/www.scientific.net/ AMM.617.247.

Kralik, J. (2010) A RSM method for probabilistic nonlinear analysis of reinforced concrete bubbler tower structure
integrity, in: Proc. European Safety and Reliability Conference ESREL 2009, Reliability, Risk and Safety:
Theory and Applications. Taylor & Francis Group, London, pp. 1369-1372, ISBN: 978-0-415-55509-8, DOI:
10.1201/9780203859759.ch188.

Krejsa, M., Janas, P., Yilmaz, I., Marschalko, M. & Bouchal, T. (2013) The Use of the Direct Optimized
Probabilistic Calculation Method in Design of Bolt Reinforcement for Underground and Mining Workings.
Scientific World Journal, 2013, DOI: 10.1155/2013/267593.

Krejsa, M., Janas, P. & Cajka, R. (2013) Using DOProC Method in Structural Reliability Assessment. Applied
Mechanics and Materials, 300-301, pp. 860-869. DOI: 10.4028/www.scientific.net/ AMM.300-301.860.

Krejsa, M. (2013) Probabilistic failure analysis of steel structures exposed to fatigue. Key Engineering Materials,
577-578, pp. 101-104, DOI: 10.4028/www.scientific.net/KEM.577-578.101.

Krejsa, M. (2014) Probabilistic reliability assessment of steel structures exposed to fatigue, in: Proc. Safety,
Reliability and Risk Analysis: Beyond the Horizon, CRC Press-Taylor & Francis Group, pp. 2671-2679, ISBN:
978-1-315-81559-6; 978-1-138-00123-7, DOI: 10.1201/h15938-404.

Krejsa, M., Janas, P. & Krejsa, V. (2016) Application of the DOProC Method in Solving Reliability Problems.
Applied Mechanics and Materials. 821, pp. 717-724. DOI: 10.4028/www.scientific.net/ AMM.821.717.

Krejsa, M. & Kralik, J. (2015) Probabilistic Computational Methods in Structural Failure Analysis. Journal of
Multiscale Modelling, 6, 2. DOI: 10.1142/S1756973715500067.

Kruis, J., Matous, K. & Dostal, Z. (2002) Solving laminated plates by domain decomposition. Advances in
Engineering Software, 33, 7-10, pp. 445-452. DOI: 10.1016/S0965-9978(02)00075-3.

Nishihara, R., Murray, |. & Adams, R.P. (2014) Parallel MCMC with Generalized Elliptical Slice Sampling. Journal
of Machine Learning Research, 15, 1, pp. 2087-2112.

Lozano, S. (2014) Computing fuzzy process efficiency in parallel systems. Fuzzy Optimization and Decision
Making, 13, 1, pp. 73-89. DOI: 10.1007/s10700-013-9170-0.

Oran, E.S., Oh, C.K. & Cybyk, B.Z. (1998) Direct Simulation Monte Carlo: Recent Advances and Applications.
Annual Review of Fluid Mechanics, 30, pp. 403-441. DOI: 10.1146/annurev.fluid.30.1.403.

Qiu, Z. & Wang, J. (2011) New direct probabilistic approach for static responses of structures with uncertainties.
International Journal of Computer Mathematics, 88, 4, pp. 714-730. DOI: 10.1080/00207161003774230.

Reh, S., Beley, J.D., Mukherjee, S. & Khor, E.H. (2006) Probabilistic finite element analysis using ANSYS.
Structural Safety, 28, 1-2, pp. 17-43, DOI: 10.1016/j.strusafe.2005.03.010.

Sharma, G. & Martin, J. (2009) MATLAB: A Language for Parallel Computing. International Journal of Parallel
Programming, 37, 1, pp. 3-36. DOI: 10.1007/s10766-008-0082-5.

Vasek, J. & Krejsa, M. (2014) Probabilistic Reliability Assessment of Truss Construction in Matlab Software
Platform. Transactions of the VSB — Technical University of Ostrava, Civil Engineering Series, 14, 1, pp. 100-
109, DOI: 10.2478/tvsh-2014-0013.

Vrugt, J.A. (2016) Markov chain Monte Carlo simulation using the DREAM software package: Theory, concepts,
and MATLAB implementation. Environmental Modelling & Software, 75, pp. 273-316. DOI:
10.1016/j.envsoft.2015.08.013.

350



