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ABSTRACT

Stochastic simulation is a fundamental process for investigating the dynamics of noisy
natural systems. In biology, we use it extensively to model and analyze kinetic reaction
networks where multiple molecular species interact in non-linear ways through reaction
channels in the presence of intrinsic or extrinsic stochasticity introducing uncertainty. We
often represent such networks as bio-models in standardized formats (e.g., SBML) to aid
their comprehension and facilitate their sharing among scientists and software tools.
Several exact and approximate stochastic simulation algorithms have been developed in
the literature. Still, as biomedical researchers aim to study in silico the stochastic
dynamics of whole complex organisms, there is a growing need for high-performance
parallel stochastic simulator software tools that can handle networks with thousands of
species and reactions in a scalable manner.

In this graduate thesis, we have developed a scalable MPI-based stochastic simulator
with an architecture that enables the exploitation of parallelism at two levels of granularity:
Multiple repetitions of a simulation run with slightly different parameters and multiple
reactions of the same simulation repetition performed in parallel. StochMPI implements
two of Gillespie’s well-known Stochastic Simulation Algorithms (SSAs), the Direct Method
(DM) and the First Reaction Method (FRM), along with optimizations that we introduced
to boost their performance. Its novel design makes it a high-performance stochastic
simulation software tool suitable for multi-core CPUs and multi-computer cloud
environments. Moreover, StochMPI favors extensibility, as it provides a framework aiding
in the effortless integration of new stochastic simulation algorithms.

We have performed a multitude of experiments with both real-world and synthetic
benchmark bio-models, scaling to thousands of species and reactions, to assess the
performance scalability of StochMPI. In addition, we have validated the correctness of all
incorporated simulation methods using the Discrete Stochastic Model Tests Suite
(DSMTS) and well-established bio-models from the literature.

Our results suggest that the DM algorithm using repetition-level parallelization is the best
performance option for small-scale bio-models with up to one hundred reactions.
Furthermore, the optimized DMO algorithm is the best candidate for the stochastic
simulation of larger bio-models. The DMO can reach a 2.2 GReactions/sec (billions of
reactions per second) performance when deploying 8 processes on the 8-core Intel i7-
5960X CPU, and 1 GR/sec when deploying 4 processes on the 4-core Intel 6700K CPU,
for biomodels with 8K reactions. Moreover, we have confirmed the scalability of StochMPI
using the HYPATIA EliXir Greece cloud infrastructure, especially on repetition-based
simulations. Our simulation results using 90 processes on a Virtual Machine with 48
physical cores, running the FRMOv2 algorithm achieves performance of 1.3 GR/sec for
all models ranging from 1K to 32K reactions. We hope our work will aid other scientists
in their investigations and motivate them to further extend the capabilities of StochMPI,
which will be released as an open-source project to the systems biology community.

SUBJECT AREA: Stochastic Simulation

KEYWORDS: parallelization, scalability, high-performance computing, Stochastic
Simulation Algorithms, reaction networks, Systems Biology, MPI
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NEPIAHYH

H oToxaoTIKA TTpocopoiwon atroteAei BepeAindn diadikacia yia Tn BabuTepn Katavonon
TNG OUVAUIKAG €VOG CUCTAUATOG TTOU MIMEITAI IO QUOIKA dlepyacia o€ PEAANIOTIKEG
OUVONAKEG TTapouaia Bopufou. ZTn BioAoyia Tn XPNOIMOTTOIOUME YIA VA aVOAUCOUUE diKTUQ
KIVATIKWYV avTIOPATEWYV YE TTOANQTTAG PJOPIaKA €i0n TTOU AAANAOETTIOPOUV HE UN YPAUUIKO
TPOTTO. 21N QUON auTh N aAAnAeTTidpacn dlakpivetal atrd aBeBaidTnTa KAl UTTOPE va
odnynoel o€ dIAQOPETIKA aTToTEAéopaTta. Ta dikTua avTIOPACEWV AVATTOPIOTAVTAl WG
BioAoyikG povTEAa  (Blo-povTéAd) Kal  OKOAOUBOUV  OUYKEKPIMEVEG  TTPOdBIAYPAPES
avaAOywg Tov TUTTO Tou apxeiou TTou Ba atroBnkeuTtouv (11.X. SBML). Auté atmmooKOTTE
OTO va gival KaTavonTa YETAgU ETTICTNHNOVWY KAl CUPBaTd Pe TTPoypAPuaTa avaAuong.
ApKeTOi aAydpIBuOI OTOXAOTIKAG TTPOCON0IWONG £€X0UV dnuioupynBei TTou xwpilovtal o€
QU0 BaOIKEG KATNYOPIES, TOUG AKPIPREIG (exact) Kal TOUG TTPOCEYYIOTIKOUG (approximate).
Eival 6uwg avaykn va dnuioupynBouv ypnyopodTtepa AOYIOHIKA e duVATOTNTA ATTODOTIKAG
KAIUAKWONG, WOTE va ETTITPEYPOUV TNV avAAUCT TNG OTOXACTIKAG CUPTTEPIPOPAS BIKTUWV
ME XINIAOEG avTIOPATEIG TTPOKEIMEVOU VA YiIVEI EQIKTH N PEAANIOTIK TTPOCOPOIWON MEXPI KAl
OAOKANPWYV OPYAVICHWV.

2€ auTh TN SITTAWMATIKY EPyacia avatTugape Tov TTAPAAANAO OTOXOOTIKO TTPOCOUOIWTH,
StochMPI Baoiopyévo o010 message passing interface (MPIl) o oTtroiog ptropei va
EKMETOAAEUTEI  ATTODOTIKA TOUG TTOPOUG OTTOIOUDNTTOTE PNXAVIUATOG TOV XPNOIUOTIOIEN,
OKOMO KAl  MEYAAWV  UTTOAOYIOTIKWY  UTTOOOPWY  TTAEYMaTOG. Me TRV KAIVOTOUO
QPXITEKTOVIKI TOU, TTOPAAANAOTIOIEI  TIG TTPOCOMOIWCEIG o€ dUO eTTiTredA: MNMapdAAnAeg
OTOXQAOTIKEG ETTAVAAAWEIG TTPOCOUOIWONG VOGS JOVTEAOU, AAAG Kal TTApAAANAN eKTEAEON
TWV avTIOPAcEwyV TNG idlag eTavAAnWng Tou POVTEAOU. 2TV UAOTTOINCN £XOUME
oupuTTEPIAGRBEI TOug BUO OTOXAOTIKOUG aAyopiBuoug Tou Gillespie, Tov Direct Method (DM)
kal Tov First Reaction Method (FRM), kaBwg¢ kal BeATIOTOTTOINUEVES EKOOOEIG TOUG TTOU
OnNUIoUPYNOAE yIa va augoouue TNV attédoon Toug o€ TTOAU peydAa Blo-uovtéAa. ‘Eva
aKOUN TTpoTépnua Tou StochMPI gival TTwG €uvoei TNV TTPOCONKN Kal VEWV OTOXAOTIKWV
aAyopiBuwv xdapiv oTov TPOTIO PE TOV OTTOI0 £X€l SOUNBEI TO AOYIOUIKO.

Mpaypatotroifoaue TTANBWEA TTEIPAPATWY PE TTPAYMATIKA KOl OUVOETIKA BIo-povTéAa
WOTE va UTTOAOYIOOUME TNV aTTOd00N KAl VO EKTIMACOUME TNV KAINAKWOT] TG KaBWg
MeyaAwvel n TTOAUTTAOKOTNTA Toug Ot MPOVTEAa pE XINIGdeG avTidpdoels. TEAOG,
empBepaiwoape TNV opb Acitoupyia GAwv Twv aAyopiBuwv TOU TTPOCOMOIWTA ME TN
BonBeia TG yvwoTAG oouitag oToxaoTikwy JovTéAwv Discrete Stochastic Model Tests
Suite (DSMTS) ka1 GAAwv Bio-povtéAwy atrd Tn BIBAIoypagia.

Ta amoTeAéopaTd POG QAVEPWVOUV TTWG N APXITEKTOVIKN TTAPAAANAWY ETTAVOAAYWEWV
givar n kaAutepn emAoyn yia 1O péEyeBoG Twv pOvTéEAwv TToUu dokipydoaue. [lio
OUYKEKPIPEVA, 0 DM aAyopiBuog eival n BEATIOTN €TTIAOYN VIO WIKPA BIO-POVTEAQ TTOU
TepiExouv péxpl 100 avtidpdoelg, evw o BeATioToTroinuévog alyopiBuoc DMO eival n
KATAAANAN €1mIAOYN yia peyaAuTepa pHovTéAA. O1 PEYIOTEG ATTODOOEIG TTOU KATAPEPAUE VA
emTUxoupe vyia Blo-poviéda pe 8K avmidpdaoceic Atav 2.2  GReactions/sec
Xpnoigotrolwvtag 8 digpyacieg otov 8-mrupnvo emmegepyaoTr Intel i7-5960X, kai 1 GR/sec
pE 4 digpyaoieg aTov 4-mrupnvo Intel i7-6700K. EmimTAéov, emBepaiwoape TNV KAIWAKWON
TOU TTPOCONOIWTA XPNOIKMOTTOIWVTAG TNV UTTOAOYIOTIKA uttodour vépoug HYPATIA Tou
eAnviKou kouBou Tou EliXir. Katagépape va eracoupe atrédoon 1.3 GR/sec oT1a povTéEAa
atmo 1K €éwg 32K avTidpdoelg XpnoluoTrolwvTag Tov aAyopiBuo FRMOV2 pe 90 digpyaoieg
o€ éva 48-tmupnvo unxdvnua. Motetoupe 611 10 StochMPI Ba ammodeixBei xprioipo
EPYAAEIO yIa TNV ETTIOTAPOVIKA KOIVOTNTA KAl CKOTTEUOUNE VA TO TTAPEXOUNE WG AOYIOUIKO
AVOIXTOU KWOIKA PE TNV EATTIOA OTI Ba UTTVEUCEI KI AAAOUG EPEUVNTEG VIO TN TTEPETAIPW
dlelpuvon Twv dUVATOTHTWY TOU.
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