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Yakobovskiy M.V., Kornilina M.A. Development of supercomputer technologies

The article is prepared based on the presentation of the corresponding member of the Russian Academy of Sciences,
M.V. Yakobovsky, at the scientific conference held at the Keldysh Institute of Applied Mathematics of the Russian Academy
of Sciences, dedicated to the 80th anniversary of the scientific director of Keldysh Institute of Applied Mathematics of the
Russian Academy of Sciences, Academician B.N. Chetverushkin.

The Current State of Computing Technology in Russia and Worldwide. At present, scientific progress is
inconceivable without the use of supercomputing technologies. Massive parallel computers are applied in all fields of
activity, and the power of the most advanced ones has surpassed the coveted milestone of 1 Exaflop. The performance
of the top 500 most powerful open supercomputing systems in the world, depicted in Fig. 1 on a logarithmic scale,
resembles an inverse function. Only a few Russian systems made it to the Top-500 list [1], and as we can see, in terms
of performance, they lag behind the most powerful computers by several orders of magnitude. However, the right
branch of this graph is of particular interest. At the level of about 2 Petaflops (2x1015 operations per second), there
is an almost horizontal line consisting of hundreds of systems with very similar performance. These are practically
identical “workhorses” used in business and manufacturing (telecommunication systems, cloud providers, etc.) to
solve routine technical and engineering tasks. Russian systems are absent there. Similarly, they are absent on the
left vertical branch (in the “Research Academic” zone), where 20-30 of the most powerful computers in the world
are located, which pose fundamentally new challenges for developers and provide researchers with fundamentally
new capabilities. The current ranking list includes only 7 Russian supercomputers, among them three (“Lyapunov”,
“Chervonenkis”, and “Galushkin”) belong to “Yandex”, two (Christofari and Christofari Neo) to Sberbank, and one
each to Moscow State University (“Lomonosov”) and MTS (GROM). At the time of its appearance in 2021, the
“Chervonenkis” supercomputer of “Yandex” ranked 19th in the rating.
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(2020-2022) 2023.11
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100 000 2020 11
2021 11 100 000
2022 06
Russia-22
10 000 10 000
1 000 1 000
0 50 100 150 200 250 300 350 400 450 500 0 50 100 150 200 250 300 350 400 450 500
a) b)

Fig. 1. Performance of supercomputing systems from the top-500 list:
a —in 2020-2022; b — in 2023

The computing machines at the Keldysh Institute of Applied Mathematics of the Russian Academy of Sciences are
not included in the Top-500, yet they persistently and faithfully serve their purposes: they are utilized for algorithm
development and practical problem-solving. The modern era of computing technology development at the [IPM, marked
by the transition to mass utilization of supercomputing technologies, began after the era of the BESM-6 and ES series
of computers almost half a century ago. The stages of this development, undergone at the Institute of Mathematical
Modelling of the Russian Academy of Sciences (IMM RAS) and the Keldysh Institute of Applied Mathematics of the
Russian Academy of Sciences, are reflected in Table 1. It all began in 1988 with the pivotal decision to use transputer
systems for scientific tasks [2]. Each transputer T800 [3, 4], in terms of its computing power (about 106 floating-point
operations per second), was equivalent to the BESM-6 machine and was three times more powerful than the available
PC-386 personal computers at that time. Importantly, it also included 4 duplex data transmission channels at 1 Mbyte/s in
each direction. There were no local networks of this level in the institute at that time. It was easy to assemble a desktop
supercomputer from several transputers.

They could be assembled in considerable quantities. The transputers passed military acceptance tests, were intended
for space applications, and were highly reliable. There were no burned-out transputers in our practice. If they were
connected now to some suitable system, they would work perfectly well. Based on the same technology, a 32-processor
station APS-48 with a performance of 64 Megaflops was used.
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Table 1

Historical Milestones of Computer Technology Development at the Keldysh Institute of Applied Mathematics

Dates of
commencement

Computers

Research Directions, Some Solved Problems

Until the 1990s. The first Transputer boards at the Institute of Mathematical Modelling of the Russian Academy of Sciences

October 1988

T-800

Computations of two-dimensional problems of viscous gas dynamics
based on kinetically consistent schemes

The 1990s. IMM RAS Cluster based on Parsytec

August 1991

32-processor APS-48
workstation, 64 MFLOP

1994-95 12-processor Parsytec
PowerXplorer system,
1 GFlops

1996 12-processor Parsytec
CC system, 3.1 GFLOP

May 1998 32-processor Parsytec

CC system, 6.5 GFLOP

October 1998

October 1998

Dual-processor Sun
Enterprise 250 server
(UltraSPARC 300 MHz)

Clustering (12 + 32
Parsytec CC nodes)

Modelling of compressible viscous gas flows;

Modelling of organic fuel combustion processes;

Optimization of oil production processes;

Modelling of processes in electron-hole plasma of semiconductors;
Solution of problems of laser thermonuclear fusion
(Richtmyer-Meshkov instability);

Parallel algorithms for solving linear algebra problems;

Processor load balancing algorithms;

Visualization of results of multiprocessor calculations;

Task flow management in distributed systems

The 2000s. Computing Center of the Institute of Mathematical Modelling of the Russian Academy of Sciences

April 24, 2001

24-processor cluster

(12 dual-processor nodes)
with a performance of
14.4 Gflops and Fast
Ethernet (100 Mbps)

Modelling three-dimensional unsteady supersonic flows of viscous
gas around bodies of complex shapes;

Solving problems of aeroacoustics concerning the generation and
propagation of noise in viscous gas flows;

Modelling methane combustion processes in the atmosphere;
Solving nonlinear electron transport problems in quantum switches;
Development of a distributed visualization system for three-
dimensional scalar and vector fields computed on high-performance
computing systems;

Training students and graduate students in the fundamentals of
parallel programming

2010 and beyond. S

hared-Use Center at the Keldysh Institute of Applied Mathematics of the Russian Academy of Sciences

2010
2012
2017
2017

The Shared-Use
Center has been
included since
2019

K100 (created jointly
with the Research
Institute “Quantum”)
K10

K60, section without
GPU

and section with GPU

Modelling applied problems in aecrodynamics and aeroacoustics;
Calculations of plasma physics problems;

Solution of applied problems in continuum mechanics;

Prediction of pollution spread in water bodies using the example of the
Azov Sea;

Investigation of problems in space flight mechanics and motion control;
Modelling two-phase mass transfer in porous media;

Development of computer models and methods for high-temperature
hydrodynamics;

Development of decision support information systems

Resource Computational Nodes CPU Cores GPU Cores Peak Performance
per Node / Total per Node / Total

K100 64 2%x6/768 3x448/86016 107.9 TFLOPS
K10 16 2x8/256 3x512/24576 31.9 TFLOPS
K60section 86 2x14/2408 81.9 TFLOPS
without GPU

K60, section with 10 2x16/320 4x5120/204800 300.0 TFLOPS
GPU
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Subsequently, hybrid manufacturing systems from Germany, such as the Parsytec PowerXplorer (1 GFLOPS), began
to be utilized. These systems integrated both transputers and more powerful processors simultaneously. Additionally,
Parsytec CC systems were employed, no longer based on transputers and their links, but rather on IBM processors and
high-speed interconnect channels (HS links).

The first Parsytec CC-12 system was acquired within the framework of a European Union (EU) project under the overall
direction of Nobel laureate I.R. Prigogine for solving problems based on quasi-hydrodynamic systems of equations. In
1998, an EU-approved delivery of a 96-processor Parsytec CC system with a performance of 19.5 GFLOPS was planned.
However, the United States imposed an embargo on this delivery, concerned that the Institute would receive too much
computing power. Consequently, the infrastructure was installed for all modules, but only one-third of them were filled.
The Institute received only a 32-processor Parsytec CC-32 system with a performance of 6.5 GFLOPS. Architecturally, it
was fully equivalent to the Parsytec CC-12 system, which allowed, after their connection via an external network, running
programs on the resulting extended system.

These were the first massive multiprocessor systems that practically enabled the development of scalable parallel
algorithms and programs.

An additional advantage of Parsytec CC systems was that these supercomputers operated under the control of the AIX
operating system, configured for real-time task solving. In Germany, they were used in production (in metallurgical, paper
industries), on transport routes to monitor road conditions, etc. The virtually complete absence of runtime overheads not
directly related to the executed program significantly facilitated debugging and tuning of algorithms. Modern systems
based on Linux and Windows lack this particular positive feature.

Fig. 2 shows a historical photograph taken in front of the building of the Institute of Mathematical Modelling of the
Russian Academy of Sciences (Miusskaya Square, 4A) in 1998, on the day of receiving, unloading, and beginning the
installation of modules of the Parsytec CC-32 computing system. The porch of Building A was partially dismantled to
facilitate the entry of equipment. Unloading from the truck platforms was carried out using lifting cranes, but transportation
into and within the building was carefully done manually by the efforts of scientific and engineering staff, most of whom
are captured in the photograph.

Fig. 2. Institute of Mathematical Modelling of the Russian Academy of Sciences staff
after unloading Parsytec CC-32 modules. May 1998

Since only two-thirds of the computing modules were delivered, leaving plenty of unused “infrastructure” such as racks,
empty rack units equipped with power supplies, and other components. Separate purchases were made for motherboards
(dual-processor, using Intel processors), processors, disk subsystems, and network cards. From these, a computing cluster
was manually assembled at the Institute of Mathematical Modelling, schematically depicted in Fig. 3. It operated for
a considerable period, enabling research and solving various scientific problems across a wide spectrum. The described
computing complex was decommissioned upon the arrival of more powerful computing systems, remaining fully
operational until then.
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Computing resources of the center (May 1998)

10 Mbit/sec CC-32
Switch 100/10
100 Mbit/sec 100 x 2 10 x 8
10 Mbit/sec
Internet
imm8 imm9 imml0 immll
Pentium Pro / Win95
Pentium Pro / WinNT Hub 100 > 8
Internet
Switch 10/100 x 4
Sun4 Hub 10 x 18
Gate
Sun3
Sun2 Ku02
Sunl Hub 10 x 8
Power Xplorer
12 processors
imm7 imm?7a
Users CC-12

Fig. 3. Computing Cluster of the Institute of Mathematical Modelling, Russian Academy of Sciences (IMM RAS)
Parsytec PowerXplorer — Parsytec CC-12 — Parsytec CC-32, 1998

Atpresent, the institute, established to address important national economic tasks using advanced computing technology
(primarily the creation of our country’s missile-nuclear shield), has a number of high-performance systems at its disposal.
While they cannot compete with the Top-500 list, they are fully utilized for problem-solving, algorithm development,
and programming. These include the K-100 system with a peak performance of 107 teraflops, the K60 system, currently
performing at around 400 teraflops, and others. The K-100 system [5, 6] was the first major computing system in Russia
to use graphics cards as accelerators. Each computing node of the K-100 system consists of two six-core Intel Xeon
X5670 processors and three nVidia Fermi C2050 accelerators, each containing 448 CUDA cores. The computing nodes
are interconnected by high-speed data transfer networks MVC-Express and Infiniband. The K-100 system was installed
in 2010 by direct order of Vladimir Vladimirovich Putin, then Prime Minister of Russia, who allocated targeted funds for
this purpose. Within a year, the system was developed, created, put into operation, and has been operational ever since.

The Computing Center of the Institute is distributed, located in two territories at opposite ends of Moscow. This is the
Shared-Use Center (SUC) [7], which provides remote access capabilities. On one hand, its resources are used by institute
staff, while on the other hand, external users access them under agreements on either paid or unpaid basis, through
commercial contracts and grants from the Russian Science Foundation. The Russian Science Foundation supports the use
of shared-use centers and the implementation of projects, which includes financing (up to 20 % of the grant amount) for
the use of SUC resources.
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Supercomputer algorithms and solving complex current problems. The creation of the supercomputer Center for
Collective Use at the Institute of Mathematical Modelling named after M.V. Keldysh of the Russian Academy of Sciences
was greatly influenced by B.N. Chetverushkin. With his direct involvement, the computing cluster technology of the
IMM RAS (Parsytec CC-12, CC-32 PowerXplorer) was obtained. However, equally important is his role in developing
algorithms for supercomputer technology and supporting research in this direction. In the absence of adequate algorithms,
the equipment remains inert, and developing algorithms for supercomputing, multiprocessor computing technology is by
no means simple. It is necessary to efficiently solve a wide range of problems. An algorithm must be created that allows
for task splitting — decomposition into a large number of “independent” fragments so that the computational processes
performing the fragments are weakly connected (interact infrequently). Then, this algorithm needs to be turned into a
program that will operate efficiently. However, computing technology is very diverse: multiprocessor, multicore, with
various types of accelerators, distributed memory, workstations, and cloud systems. Therefore, there is a requirement for
the adequacy and correspondence of supercomputer algorithms to computational architecture.

One of the earliest works dedicated to the development of supercomputer algorithms is the study by [8], which
focuses on adapting the iterative (a—f) algorithm for solving multidimensional parabolic and elliptic equations and its
parallelization method for systems with distributed memory.

Another significant achievement was the development of kinetically consistent schemes [9, 10] and the quasi-
gasdynamic (QGD) system of equations. Unlike the Navier-Stokes equations, the QGD system is hyperbolic [11]. This
allows for the use of explicit schemes in constructing numerical models, providing significant advantages when executing
on high-performance systems with massive parallelism.

B.N. Chetverushkin’s thesis is well-known, emphasizing that supercomputer algorithms should possess two properties:
they must be logically simple, allowing for the utilization of complex hierarchical computing systems (including
accelerators), and yet effective. This combination is not always achievable, as these two requirements often contradict
each other. Explicit finite difference schemes are known to adapt well to supercomputing calculations because they exhibit
an important property of locality. When computing grid variables in any cell of the computational grid, only values from
neighboring cells are used. This property of locality allows for the decomposition of the problem into a large number
of independent processes that only occasionally exchange data between the grid fragments processed by the processes.
The well-known domain decomposition method (geometric parallelism), used in solving problems using explicit finite
difference schemes, is based on this property of locality. However, explicit schemes are problematic because when applied
to solving elliptic or parabolic equations, they impose very strict conditions on the time step. If the spatial step is halved,
the time step must be reduced by a factor of four. This is dictated by the Courant criterion and the fundamental properties of
the corresponding finite difference schemes and algorithms. This poses a problem because halving the spatial grid doubles
the number of computational nodes. Additionally, reducing the time step by four times increases the computational error
associated with accumulating errors due to finite machine precision. The idea of hyperbolizing parabolic systems of
equations allows transitioning from parabolic schemes to schemes resembling explicit ones, i. e., hyperbolic schemes,
with softer stability conditions. Thus, by halving the spatial step, it is permissible to reduce the time step not by 4 times,
but by two times, or possibly slightly more than 2 times.

A vivid example of applying this idea can be found in the computation of a cosmological problem — a three-
dimensional calculation of the gravitational potential [12, 13]. The problem (1) is complex, involving three-dimensional
equations, gravitational potential, and magnetohydrodynamics.

5% (1)
g = 41tGp(r),

_jprs<R
p(r)—{é r>R,

J+l_

O; (sz _ /
T—(‘h)i +F,
i+l _ .'—I . .‘+] _ :'—] )
0/ 2A;Pf R A;(P/ :(‘P;X L F

where ¢ is the gravitational potential, ' is the free term, and G is the gravitational constant.

In the equation, a term is highlighted that transforms the parabolic system into a hyperbolic one, demonstrating the
extent to which gains are achieved in the time step size. By employing the hyperbolized system of equations instead of the
original parabolic one, when refining the spatial step, we gain more than 40 times in the time step. Computational speed
will increase by 40 times, and consequently, the accumulated error will be reduced as well (Fig. 4).
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Fig. 4. The ratio of time discretization steps for the parabolic and hyperbolic methods as a function
of spatial discretization in solving the Poisson equation

It should be noted that the proposed hyperbolization does not lead to a change in the quality of approximation.
The quality of approximation remains within the same framework as for the Navier-Stokes equations.
Fig. 5 illustrates the interaction between interstellar gas and a massive object. Two calculation options are
presented in Figure 5: (a) shows the results of a calculation with low resolution, while (b) shows the results of
a calculation on a high-resolution grid. High resolution implies the use of approximately 6 billion nodes for
the three-dimensional problem. On the low-resolution grid (less than a billion nodes), we do not actually see
a meaningful picture. However, on the high-resolution grid, we can observe the process of jet formation —
a relativistic jet formed as a result of the interaction of gravitational and magnetic fields. The jets obtained in
the calculations do exist. Astronomers observe the relativistic jet from the center of the M87 galaxy in various
wavelength ranges using optical and radio telescopes. The image of the jet (J.A. Biretta et al., 2000) obtained
from the Hubble Space Telescope [14] is widely known. To solve such problems, it is impossible to use just
a fragment of a supercomputer — substantial computational power is required, essentially the entire supercomputer.

x103

1
100

0.5
50

0 0 x10?
0 50 100 0 0.5 1
a) b)

Fig. 5. Gravitational potential:
a — results of calculation with low resolution (blurry picture);

b — results of calculation with high resolution (relativistic jet).

It is worth noting that powerful supercomputers are predominantly used in a shared multitasking mode to solve
streams of relatively small tasks by a large number of scientific groups. Each group applies only a small fraction of the
supercomputer’s capacity for a specific calculation — one-tenth, one-hundredth of its part. However, tasks of this class
can only be solved using the full computational power of the entire supercomputer.
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With sufficient computational power, it is possible to model these processes and study their digital model. If such
computational power is not available, we only see a blurred picture, as shown in Fig. 5 a.

What does a system with high computational power look like? Such a system can contain hundreds and thousands
of cores. The use of such large-scale systems requires the creation of special software. This is a significant challenge
that generates many tasks aimed at developing common software for conducting large-scale computational experiments
on high-performance supercomputer systems. Along with the traditional tasks that need to be solved for this purpose
(calculation and grid decomposition, visualization of results, static and dynamic load balancing of processors), there is
another problem that becomes more acute as computer systems become more complex. This is the problem associated
with fault tolerance.

During long-running computations (several hours, days, or more) utilizing the entire supercomputer system,
containing ~106 or more computational nodes and processing units, the probability of any part of it failing during the
calculation approaches unity. For systems with a performance of ~1-10 Petaflops, the uptime is significant, and the problem
is not relevant. However, for exaflop-scale systems, estimates indicate that the uptime is approximately 0.5—1 hour [15].
There is no reason to believe that hardware technology development will rectify this situation in the coming decades, as it
is associated with fundamental technical constraints. Moreover, with the increase in the number of supercomputer nodes,
the problem exacerbates. This means that without using intermediate data checkpointing, a failure almost inevitably
prevents the completion of a lengthy calculation. Thus, the responsibility for data integrity and the ability to resume
calculations in case of failure falls on the shoulders of program developers. The standard approach involving the use of
“global checkpoints™ is suitable for small-scale computing systems but becomes inadequate with a significant increase in
the number of processor nodes [16]. In exaflop-scale systems, the time required to save a global checkpoint is of the same
order as the uptime. Therefore, there is a significant likelihood that a new failure may occur during its writing or reading.

The second significant drawback of the standard approach is the need to repeat all calculation steps executed after
saving the global checkpoint throughout the modeling domain, despite the fact that the failure of a single computing
device leads only to the local loss of data in a small calculation area.

Approaches allowing for prolonged computations using local checkpoints were proposed in works [16, 17]. In this
case, there is no need to pause the calculation for their recording, nor is there a need to restart the entire program after
a failure. Data from local checkpoints are saved directly in the memory of the computing nodes involved in the calculation
and those “adjacent” to each of them, ensuring the local nature of operation execution. Algorithms exhibiting the property
of local processing of grid elements fall within the efficiently executable scope, including algorithms based on explicit
difference schemes, including schemes obtained using the aforementioned hyperbolization procedure. The data recovery
scheme after a failure also relies on the idea of hyperbolizing equations. If a computing node is excluded from the
calculation process due to hardware or software failure, two or more of the pre-reserved backup nodes are activated in its
place. Lost data due to failure are recovered from the operational or disk memory of “adjacent” nodes that have remained
operational. An important property of hyperbolic equations is the finiteness of the disturbance propagation time and,
consequently, the finiteness of the zone influencing the solution at the next time step at each local point (Fig. 6).

Full restoration of the calculation

Continued of operation of functioning processors

Moment of processor failure

Lost part of the computational grid

Recalculation of part of the data
Last local checkpoint
Fig. 6. Scheme of computation organization during calculation recovery

Thus, to recover from data loss, it will only be necessary to slightly expand the calculation zone, “rewind” back

in time, and, taking the data from the previous local checkpoint, recalculate the required portion of the computational
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domain quickly using multiple processors. The overall calculation does not stop during this time — all other nodes

continue computing subsequent steps of model time.

CPU 1 >N< CPU 3 CPU 4 CPU 5
memory memory memory memory memory
KT 1 KT?2 KT 3 reserve reserve
KT 3 KT 1 KT 2
CPU 1 CPU 4 CPU 5 CPU 3
memory memory memory memory
KT 1 KT 2 KT 2 KT 3
KT 2
CPU 1 CPU 4 CPU 3 CPUS
memory memory memory memory
KT 1 KT 2 KT 3 reserve
KT 3 KT 1 KT2

Fig. 7. General strategy for fault tolerance: distributed writing of checkpoint fragments and scheme
for connecting backup nodes to recover the calculation

Therefore, after restoring the lost data, it is necessary to continue the accelerated execution of the calculation, allowing
to “catch up” with the calculation performed by the remaining processors.

The scheme of distributed checkpoint writing and connection of backup processors is presented in Fig. 7. With such
a scheme of data storage and local recalculation of the checkpoint, it is possible to restore the data and continue the
calculation not only in the case of a single failure but also in the event of several simultaneous failures, independent in
the metric of the computational grid.

Even in the three-dimensional case, only a few backup processors are required to correct a single failure. Moreover,
all but one of them are returned to the reserve after the completion of the described procedure. The proposed algorithms
have been successfully tested using the example of modeling the wave equation (5) with a source F(x, ?):

o’f 1 0°f (2)
= —F(x,1).
o e )

Let’s present the estimate of the number of backup processors p, obtained in the study [18] (3), required for complete
recovery after a single failure at level 0 of the ongoing calculation to level 2 (the current level at which the ongoing
calculation is “caught up”) using checkpoint data from level 1 (Fig. 8):

1 1L 4
>——— > k. ) a. @3
Pa d+1k2;f; / )
kj CAt . . .. .
Here, the parameter o, =1+2y—; y= 5 is the Courant number; ¢ is the slope of the characteristics (5); ¢, is the
. 1,

time of failure; #, is the moment of model time at which the checkpoint was written; t2 is the time of complete recovery
of the calculation; &, is the number of model time steps elapsed since the last checkpoint was written; k, is the number
of steps to complete the recovery of the calculation, where k,< k;; n,? is the total number of grid points processed by the
processor; d is the spatial dimension.
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Fig. 8. Diagram of the spatial-temporal domain for estimating the number of backup processors

It is important to note that parallel algorithms, unlike sequential ones, are fundamentally nondeterministic.
Nondeterminism leads to the impossibility of obtaining a complete set of tests for parallel programs, unlike sequential ones.
Therefore, the use of basic methods becomes particularly important, such as data decomposition, pipeline parallelism, and
collective decision-making, which have been extensively tested by numerous scientific communities. They work well but
are not universal. Each of them is oriented towards its own class of tasks. The data decomposition method has the weakest
constraint on potential acceleration when used, but it is poorly suited for implicit numerical schemes. The pipeline method
has a fairly wide range of applications but imposes more significant limitations on acceleration. Collective decision-
making has its own limitations on acceleration. These limitations are dictated by the ratio of the characteristic time for
performing each task and the time for communication associated with the task.

Significantly, all basic methods are oriented towards a homogeneous computational process. In practice, when solving
complex problems, such as on dynamically adaptive grids, it is substantially nonhomogeneous. The computational load
may vary greatly even at one time step but at different stages of calculations (such as gas dynamics calculations, chemical
kinetics calculations, decision-making optimization). Moreover, at each time step, the distribution of computational load
among processors will differ for each of these computational stages. Additionally, different data distributions across
processors may be required at different stages of one time step.

Fig. 9 illustrates the load balancing strategies used depending on the characteristics of the computational process.
In the simplest case, when the computational load is homogeneous, static load balancing can be used for task
distribution.

Static

Dynamic diffuse
Wi=Wi — does not depend on time
Wi~ Wit — changes slowly
Wi # Wi — changes significantly
and is not defies predictable
Dynamic ?

Fig. 9. Load balancing strategies depending on the ratio of computational load W,/ for Calculating the i-th grid
fragment on the j and (j — 1) step
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If the load changes smoothly, diffusion load balancing methods are used. However, there are tasks in which the
load changes significantly and unpredictably, for example, combustion problems [19, 20]. For such tasks, standard load
balancing methods prove to be ineffective.

The combustion problem (4) is described by the following equations:

66_IIJ+ AU=f, U= (p, o' pu, pv, E) ', f= (0, ®,0,0, O)T. “)

Here, p represents density; ¥ denotes the mass fractions of the i-th components; u, v denote velocities; p stands for
pressure; E represents total energy; w, represents the component formation rates.

The problem is solved by partitioning into computational blocks (5-6) according to the Samarsky summation
approximation method [21]:

I. Gas Dynamics Block:

U | qu-=o, )
Ot

Jj+l _ Jj ) )

u+l(AU”1 +AU’):0, (6)
At 2
II. Chemical Kinetics Block:
du
o=, 7=(0,0,0,0,0)" %)

Practically all computations are concentrated in the zone of intense combustion, where methane mixes with oxygen.
It is precisely there that intensive chemical reactions with light and energy release occur, and, accordingly, it is precisely
in this zone that it is necessary to solve a multitude of independent stiff systems of ordinary differential equations
(ODEs) (7), which requires significant computational power.

If the entire computational domain is uniformly distributed among processors according to the method of geometric
parallelism, based on the needs of stages (5-6), then it turns out that at stage (7), only a few processors will be performing
the main volume of computations, while all others will be practically idle most of the time (see Fig. 10).
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Fig. 10. Methane flare
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This is a typical example of a problem that requires different computation distribution strategies at two stages
within each time step of the model. Moreover, while static load balancing might suffice for the gas dynamics” stage,
it is categorically inadequate for solving a multitude of ordinary differential equation (ODE) systems. Dynamic load
balancing is required, for which standard methods are unsuitable. Special variants of collective decision-making
methods should be employed, where multiple control processes are utilized, leading to the emergence of a complex
task of ensuring their proper interaction. Each processor implements computational and control processes, greatly
complicating the logic involved.

The corresponding method of dynamic load balancing was developed for problems similar to combustion and tested
on loosely coupled clusters [19, 20]. An example of a loosely coupled cluster is the IMM RAS cluster (Fig. 3), consisting
of Parcytec CC-12 and CC-32 systems connected by a thin communication channel. Inside each subsystem, there were
10-megabyte channels, while between them, there was a 1-megabyte channel.

The developed algorithms allowed for efficient solution of the combustion problem. The acceleration growth with an
increase in the number of processors was nearly linear. Moreover, within this cluster, the processors were different, yet
dynamic load balancing effectively equalized the load.

The same problem was successfully solved on a 1-teraflop computer MSC RAS MVS 1000M, which ranked 74th
in the TOP-500 list in November 2002. The problem scales well with an efficiency of over 70 % when using up to
500 processors (Fig. 11). Further, the efficiency decreased to 62 %, which is associated with the use of a relatively small
grid containing about 10 million nodes. For such grids, the calculation of the gas dynamics part leads to a decrease in
efficiency. It is challenging to use large grids (~1 billion nodes) for these problems due to high computational power
requirements necessary to conduct chemical kinetics calculations.

100 %
90 %
80 %
70 %
60 %
50 %
40 %
30 %
20 %
10 %

0%
0 100 200 300 400 500 600
Fig. 11. Efficiency on the MSC RAS cluster

A significant fundamental problem associated with the use of supercomputers is the task of rational decomposition of
computational grids. Research in the development of methods and software for working with large grids [22, 23] has been
conducted at the institute since the 1990s.

To perform calulations, it is necessary to distribute grid variables and elements of the computational grid among
computational nodes, ensuring uniform processor load while maintaining a low level of overhead associated with inter-
processor communication. The complexity of the task increases non-linearly with the increasing size of the computational
grids, especially unstructured ones. Figure 12 illustrates how, by using preliminary coarsening of the computational grid,
one can transition from computational grids containing tens of billions of nodes to small macroscale grids, which are then
divided into domains based on the number of processors.

To process macroraphs, one can utilize standard packages such as ParMETIS, Chaco, and others [24-27]. Grids
containing several million nodes can be efficiently and swiftly processed using these tools. Such a hierarchical approach
has proven effective for distributing grids among processors during computations, as well as for visualization, data
storage, and the utilization of hybrid computational systems.
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I 11
The grid is pre-divided The vertices of the macrograph
into a larger number of microdomains, are distributed among processors
forming a macrograph

Fig. 12. Two-level partitioning of large grids

The problem of rational decomposition, already challenging for static grids, becomes significantly more complex
when dealing with dynamically adaptive grids.

Let’s illustrate the use of adaptive grids for solving the convection transport problem in two dimensions. In its two-
dimensional form, the problem is described by the following equation:

%+vYﬁ+vvﬁ:0, (®)
o “ox oy

where ¢ = ¢ (x, y, #) is the concentration of the substance; ¢ is time; (v,, v)) = const is the velocity vector of substance
transport. The problem of droplet transport, which differs in its properties from those of the medium, was simulated [28].
A computational grid dynamically adjusting to the solution was employed. The result obtained on the adaptive grid was
significantly more accurate than the one obtained on a uniform grid. Similar results were obtained in modelling processes
of impurity transport in the aquatic environment, as exemplified by the simulation of an ecological disaster in the
Azov Sea [29].

When using dynamically adaptive grids, it is necessary to dynamically perform grid partitioning and
redistribute it among processors during computation. These functions are not supported by standard decomposition
packages. Decomposition can be performed based on different principles: hierarchical decomposition algorithms
(standard packages use them because they are the most universal); using space-filling curves, fractal curves (e. g., the
Hilbert curve).

Dynamic balancing during computation is necessary for using computational systems in which the properties and
topology of the interconnect are not a priori known, or for tasks for which the computational complexity of processing
fragments of the computational grid is not a priori known.

Fig. 13 depicts domains formed as a result of hierarchical decomposition algorithm (Fig. 13 a, ) using the Metis
package [26] and decomposition along the Hilbert curve (Fig. 13 ¢, d) for some two consecutive stages of grid
adaptation. The second algorithm will be referred to as fractal. Fig. 13a and 13c¢ correspond to one moment of grid
adaptation, while Fig. 13 b and 13 d correspond to another. At the beginning of the calculation, the grid contained
64 base cells, each of which was divided into 16 elementary cells. The total number of elementary cells, according to the
methodology [28], was approximately maintained throughout the calculation at 1024.

The quality of decomposition is acceptable in both cases, but attention should be paid to the volumes of data
redistributed between processors in the case of hierarchical and fractal algorithms. When transitioning from
decomposition (Fig. 13 a) to decomposition (Fig. 13 b), the volumes of redistributed data are larger than in the analogous
transition when using decomposition along the fractal curve from (Fig. 13 ¢) to (Fig. 13 d). In the second case, the domain
boundaries change more smoothly. Data movement affects only pairs of processors with adjacent numbers, whereas in the
first case, it affects arbitrary pairs of processors.

Smaller computational costs for computing domains using fractal curves allow for more frequent invocation of the
rebalancing procedure, further reducing the volumes of data transmitted with each rebalancing. It is worth noting that
besides the Hilbert curve, there are many other space-filling curves (Fig. 14). For example, the Morton curve is popular
due to its simplicity in calculating topology but, unlike the Hilbert curve, it does not preserve the proximity in physical
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space of points with neighboring numbers on the curve. Nevertheless, methods based on fractal curves are not without
drawbacks, as it is difficult to compute the neighborhood relationship of fragments located in different parts of the curve
when using them.

Grid 1 Grid 2
1.0 1.0
0.8 0.8
0.6 0.6
> >
0.4 0.4
0.2 0.2
0 0
0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0
X X
a) b)
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X X
c) d)

Fig. 13. Domains formed using the hierarchical method (a, b) and along the Hilbert curve (c, d)

Further investigation [30, 31] has shown that adhering to a certain grid discipline allows for the use of raster curves,
rather than fractal ones, which prove to be more efficient. They enable the formation of grid domains by dividing the grid
first into layers, then each layer into strips, and finally each strip into domains (Fig. 15).

The concept of raster blocks allows for smooth dynamics in domain boundary adjustments when using locally refined
computational grids, thus reducing the volume of data transmission during grid reconstruction. An additional advantage
of this approach is the ability to create simple and efficient parallel algorithms for decomposition, requiring minimal time
expenditure for its execution.

This publication describes many, but not all, scientific studies conducted under the guidance and direct participation
of Academician B.N. Chetverushkin, in which (except for the problem of relativistic jets), the authors of this article were
also involved.
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Fig. 14. Space-filling Curves
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Fig. 15. 2D domains formed using layered algorithm
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