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Abstract
In this article, we describe the Desmos supercomputer that consists of 32 hybrid nodes connected by a low-latency high-
bandwidth Angara interconnect with torus topology. This supercomputer is aimed at cost-effective classical molecular
dynamics calculations. Desmos serves as a test bed for the Angara interconnect that supports 3-D and 4-D torus network
topologies and verifies its ability to unite massively parallel programming systems speeding-up effectively message-passing
interface (MPI)-based applications. We describe the Angara interconnect presenting typical MPI benchmarks. Desmos
benchmarks results for GROMACS, LAMMPS, VASP and CP2K are compared with the data for other high-performance
computing (HPC) systems. Also, we consider the job scheduling statistics for several months of Desmos deployment.
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1. Introduction

Rapid development of parallel computational methods and

supercomputer hardware provide great benefits for atomistic

simulation methods. At the moment, these mathematical

models and computational codes are not only the tools of

fundamental research but the more and more intensively used

instruments for diverse applied problems (Heinecke et al.,

2015). For classical molecular dynamics (MD), the limits of

the system size and the simulated time are trillions of atoms

(Eckhardt et al., 2013) and milliseconds (Piana et al., 2014)

(i.e. 109 steps with a typical MD step of 1 femtosecond).

There are two main ways of hardware acceleration for

MD calculations (as, in fact, for many other algorithms of

mathematical modelling and simulation).

The first possibility consists in the increase of the com-

puting capabilities of individual nodes of massively parallel

programming (MPP) systems. Multi-CPU and multi-core

shared-memory node architectures provide essential accel-

eration. However, the scalability of shared memory sys-

tems is limited by their cost and speed limitations of

DRAM access for multi-socket and/or multi-core nodes.

It is the development of GPGPU that boosts the perfor-

mance of shared-memory systems.

The Nvidia CUDA technology was introduced in 2007

and provided a convenient technique for GPU programming.

Many algorithms have been rewritten and thoroughly opti-

mized to use the GPU capabilities. However, the majority of

them deploy only a fraction of the GPU theoretical perfor-

mance even after careful tuning (e.g. see Smirnov and Ste-

gailov, 2016; Stegailov et al., 2016; Rojek et al., 2016). The

sustained performance is usually limited by the memory-

bound nature of the algorithms.

There are other ways to increase performance of indi-

vidual nodes: using GPU accelerators with OpenCL, using

Intel Xeon Phi accelerators or even using custom built

chips like MDGRAPE (Ohmura et al., 2014) or ANTON

(Piana et al., 2014). Currently, general-purpose Nvidia

GPUs are considered as the most cost-effective hardware

for MD calculations (Kutzner et al., 2015).
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The second possibility for MD calculations acceleration

is the use of distributed memory MPP systems. For MD

calculations, domain decomposition is a natural technique

to distribute both computational load and data across nodes

of MPP systems (Begau and Sutmann, 2015).

Modern MPP systems can unite up to 105 nodes for

solving one computational problem. For this purpose, MPI

is the most widely used programming model. The architec-

ture of the individual nodes can differ significantly and is

usually selected (co-designed) for the main type of MPP

system deployment. The most important component of

MPP systems is the interconnect that properties stand

behind the scalability of any MPI-based parallel algorithm.

Torus topologies of the interconnect have several attrac-

tive aspects in comparison with fat-tree topologies. In

1990s, the development of MPP systems had its peak dur-

ing the remarkable success of Cray T3E systems based on

the 3D torus interconnect topology (Scott et al., 1996) that

was the first supercomputer that provided 1 TFlops of sus-

tained performance. In June 1998, Cray T3E occupied 4 of

top 5 records of the Top 500 list. In 2004, after several

years of the dominance of Beowulf clusters, a custom-

built torus interconnect appeared in the IBM BlueGene/L

supercomputer (Adiga et al., 2005). Subsequent supercom-

puters of Cray and IBM had torus interconnects as well

(with the exception of the latest Cray XC series based on

the Aries interconnect with the Dragonfly topology).

Fujitsu designed K Computer based on the Tofu torus inter-

connect (Ajima et al., 2012). The AURORA Booster and

GREEN ICE Booster supercomputers are based on the

EXTOLL torus interconnect (Neuwirth et al., 2015).

The development of a new type of supercomputer

oriented interconnect hardware is a complex endeavour

requiring simultaneous development of the corresponding

software stack. This software stack should enable correct

and efficient operation of all the software packages of end

users. From the economical point of view, the usage of two

main types of presently commercially available intercon-

nects (Mellanox Infiniband and Intel Omni-Path) is always

cheaper than the development of a new technology. Due to

these complexity of development and economic considera-

tions, the number of supercomputer interconnect types is

quite limited. Among the novel types of interconnects in

addition to those listed above, we can mention, for exam-

ple, the bull eXascale Interconnect (BXI) (Derradji et al.,

2015) and the TaihuLight interconnects (Lin et al., 2017).

In this work, we describe the Desmos supercomputer

that is the first public high-performance computing (HPC)

system based on the Angara interconnect. Desmos is based

on inexpensive 1CPU þ 1GPU nodes, the performance of

which has been chosen with respect to MD calculations

(Stegailov et al., 2017). The capabilities of the Angara

interconnect are illustrated in this work using Desmos

results both for synthetic benchmarks and for real-life mod-

els. Also, we discuss the statistics of the supercomputer

deployment using novel graphical representations.

2. Related work

Among the references to the recent developments of orig-

inal types of supercomputer interconnects in Russia, we

can mention the MVS-Express interconnect based on the

PCIe bus (Elizarov et al., 2012), the field-programmable

gate array (FPGA) prototypes of the SKIF-Aurora (Ada-

movich et al., 2010) and Pautina (Klimov et al., 2015)

torus interconnects. Up to this moment, the Angara inter-

connect has been evolving all the way from the FPGA

prototype (Korzh et al., 2010; Mukosey et al., 2015) to

the ASIC-based card (Agarkov et al., 2016).

Torus topology is believed to be beneficial for strong scal-

ing of many parallel algorithms. However, the accurate data

that verify this assumption are quite rare. Probably, the most

extensive work was done by Fabiano Corsetti who compared

torus and fat-tree topologies using the SIESTA electronic

structure code and six large-scale supercomputers belonging

to the PRACE Tier-0 network (Corsetti et al., 2014). The

author concluded that machines implementing torus topolo-

gies demonstrated a better scalability to large system sizes

than those with fat-tree topologies. The comparison of the

benchmark data for the CP2K electronic structure code

showed a similar trend (Stegailov et al., 2016).

The performance analysis of algorithms and tuning for

hybrid-based computing environments attracts considerable

attention in various application fields (e.g. see D’Amore

et al., 2015; Laccetti et al., 2014; Montella et al., 2017; Rojek

et al, 2016).

Among GPU-aware MD software one can point out

GROMACS (Berendsen et al., 1995) as, perhaps, the most

computationally efficient MD tool and LAMMPS (Plimp-

ton, 1995) as one of the most versatile and flexible for MD

models creation. Different GPU off-loading schemes were

implemented in LAMMPS (Brown et al., 2011; Brown

et al., 2012; Edwards et al., 2014; Trott et al., 2010). GRO-

MACS provides a highly optimized GPU-scheme as well

(Abraham et al., 2015).

MD benchmarks are among the most popular tests for

supercomputers. For example, ApoA1 (protein in water) is

a widespread model, and we can find the corresponding

benchmark data for Cray XK6 (Sun et al., 2012), for IBM

BlueGene/P and BlueGene/Q systems (Kumar et al., 2013).

The AURORA Booster supercomputer was benchmarked

using LAMMPS (Neuwirth et al., 2015).

Job scheduling determines the efficiency of practical

deployment of a supercomputer and is a very important

topic in the context of HPC systems optimization studies

(see, e.g. Gómez-Martı́n et al., 2016). Everyday usage of

supercomputer centres shows the need for the separation of

the cloud-like jobs (that do not require a high-bandwidth

low-latency interconnect between nodes) from the multi-

node parallel jobs (Caruso et al., 2005; Murli et al., 2017).

Such a separation is a way for increasing efficiency of

supercomputer deployment (Kraemer et al., 2016). There

are attempts of statistical analysis of supercomputers
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operation (e.g. see Barone et al., 2017; Mamaeva and Voe-

vodin, 2017).

3. The Desmos supercomputer

Figure 1 shows the photo and the scheme of the Desmos

supercomputer that resides in one standard rack. The hard-

ware components have been selected to maximize the num-

ber of nodes and the efficiency of a one node for MD

workloads. Each node consists of Supermicro SuperServer

1018GR-T, Intel Xeon E5-1650v3 (6 cores, 3.5 GHz) and

Nvidia GeForce 1070 (8 GB GDDR5) and has DDR4-2133

(16 GB) operating at 1866 MHz.

The Nvidia GeForce 1070 cards have no error-

correcting code memory in contrast to professional accel-

erators. For this reason, it was necessary to make sure that

there is no hardware memory errors in each GPU. Testing

of each GPU was performed using MemtestG80 (Haque

and Pande, 2010) during more than 4 h for each card. No

errors were detected for 32 cards considered.

The cooling of the GPU cards was a special question.

We used ASUS GeForce GTX 1070 8 GB Turbo Edition.

Each card was partially disassembled prior to installation

into 1U chassis. The plastic cover and the dual-ball bearing

fan were removed that made the card suitable for horizontal

air flow cooling inside chassis.

The nodes are connected by Gigabit Ethernet and

Angara interconnect (in the 4D-torus 4� 2� 2� 2, copper

Samtec cables). Due to budget limitations, we did not use

all possible ports for the full 4D-torus topology. The cur-

rently implemented topology is 4D-torus 4� 2� 2� 2

ðX � Y � Z � KÞ but each node along Y ; Z;K dimensions

is connected to another node by one link only.

There is a front-end node with the same configuration as

all 32 computing nodes of the supercomputer (the front-end

node is connected to GigE only). The supercomputer is

running under SLES 11 SP4 with Angara MPI (based on

MPICH 3.0.4).

The supercomputer energy consumption is 6.5 kW in the

idle state and 14.4 kW under full load.

4. The Angara interconnect

The Angara interconnect is a Russian-designed commu-

nication network with torus topology. The interconnect

ASIC was developed by JSC NICEVT and manufactured

by TSMC with the 65-nm process.

The Angara architecture uses some principles of IBM

Blue Gene L/P and Cray Seastar2/Seastar2 þ torus inter-

connects. The torus interconnect developed by EXTOLL is

a similar project (Neuwirth et al., 2015).

The Angara interconnect supports 4D-torus network

topology. Deadlock-free deterministic routing is performed

according to the bubble rule while preserving the order of

directions þX þ Y þ Z þW � X � Y � Z �W (Adiga

et al., 2005; Puente et al., 1999; Scott et al., 1996). Five

virtual channels are used: two channels for deterministic

routing (blocking request channel and non-blocking

response channel); a separate virtual channel is used for

adaptive routing (with the ability to switch to a non-

blocking deterministic channel in case of potential dead-

lock); two more virtual channels are used to send messages

over a virtual subnet for collective operations. The collec-

tive operations (broadcast and reduce) support is imple-

mented using a virtual subnet with tree topology, which

is applied to multidimensional torus topology.

The Angara chip supports simultaneous operations with

multiple threads/processes of one task; it is implemented as

several injection channels available for use by independent

packet buffers. The fault-tolerant packet transmission is

supported at the data link layer. There is also a mechanism

for bypassing the failed links and nodes by reorganizing the

routing tables and using non-standard first/last steps of the

package route (Scott et al., 1996).

The network adapter supports RDMA read and write

operations and atomic operations. The adapter supports two

types of atomic operations: addition and XOR. Each node

has a dedicated memory region available for remote access

from other nodes to support OpenSHMEM and PGAS.

Figure 1. The Desmos supercomputer: the photos and the
scheme.
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Multiple programming models are supported, including

MPI and OpenMP.

The network adapter extension card can be connected to

the card in adjacent nodes by up to six cables (or up to eighr

with an extension card). The following topologies are sup-

ported: a ring, 2-D, 3-D and 4-D tori.

To provide more insights into Angara communication

behaviour, we present a performance evaluation compari-

son of the Desmos supercomputer and the Lomonosov-2

supercomputer with the Mellanox Infiniband 4� Fourteen

Data Rate (FDR) interconnect (with the Flattened Butterfly

topology). FDR InfiniBand (14 Gb/s data rate per lane) is

the generation of InfiniBand technology developed and

specified by the InfiniBand Trade Association in 2011.

Table 1 compares these systems. Both systems are

equipped with single socket Haswell CPUs, but the proces-

sors’ characteristics differ very much.

OpenMPI on Lomonosov-2 is used with the Yalla point-

to-point message layer, which reduces overhead by cutting

through communication layers and using MXM (Mellanox

Messaging Accelerator) directly. No other tuning of MPI

on Lomonosov-2 is used.

Figure 2 shows the latency results obtained by the OSU

Micro-Benchmarks test. The Angara hardware implemen-

tation is optimized for high performance computing appli-

cations, the latency of a hop (the router latency and the link

latency) is extremely low (129 ns). This fact and high fre-

quency of CPUs of the Desmos supercomputer lead to

0.85 ms OSU latency for the 16 B message size, and this

latency is better than the corresponding values for 4� FDR

interconnect for all small message sizes. The Angara inter-

connect bandwidth for large messages is the subject of the

non-disclosure agreement.

We use Intel MPI Benchmarks to evaluate MPI_Alltoall

operation time for different number of nodes of the Desmos

and the Lomonosov-2 supercomputers. The Angara super-

iority for small messages explains better results for

MPI_Alltoall with 16 B messages (Figure 3). For large

messages (256 KB) the RDMA Angara operation used in

the MPI library implementation as well as the MPI_Alltoall

collective operation are better tuned on Desmos for 16 and

32 nodes in comparison with the Lomonosov-2 supercom-

puter (Figure 3).

We use NAS Parallel Benchmarks NPB 3.3.1 (LU,

MG, CG, FT, IS tests, class C) for the comprehensive

application-level performance evaluation of the Desmos

cluster. FT and IS are communication bound kernels that

depend on the all-to-all communication pattern. For 16

and 32 nodes FT and IS performance are better on Desmos

than on Lomonosov-2 due to the showed collective oper-

ations performance (Figure 4).

CG, MG and LU tests results are in Figure 5. MG is a

memory bound test, performance results on the

Lomonosov-2 supercomputer outperform Desmos results

because memory frequency on the Desmos cluster is slower

than on the Lomonosov-2 supercomputer. CG is a memory

and communication bound test, the results are the same for

1, 2 and 4 nodes on both supercomputers. For 8, 16 and 32

nodes there is superlinear speed-up on both supercompu-

ters, it seems that the problem size (class C) is too small.

LU is a compute bound test, and the results are similar on

the Desmos and the Lomonosov-2 supercomputers.

So we can see that the low-latency Angara interconnect

and the RDMA engine successfully perform all-to-all

Table 1. The comparison of the Desmos supercomputer with the Lomonosov-2 supercomputer used as a reference system for MPI
benchmarks.

Cluster Desmos Lomonosov-2

Chassis SuperServer 1018GR-T T-Platforms A-Class
Processor E5-1650v3 (6c, 3.5 GHz, 15 MB cache) E5-2697v3 (14c, 3.3 GHz Turbo, 35 MB cache)
GPU Nvidia GeForce GTX 1070 NVidia Tesla K40M
Memory DDR4 16 GB (1866 MHz) DDR4 64 GB (2133 MHz)
Number of nodes 32 1 698
Interconnect Angara 4D-torus 4� 2� 2� 2 Infiniband 4 � FDR Flattened Butterfly
Operating system SLES 11 SP4 CentOS 7.1.150
Compiler GNU CC 4.8.3 Intel Parallel Studio XE 2015
MPI Angara MPI (based on MPICH 3.0.4) Open MPI 2.1.1

FDR: Fourteen Data Rate.

Figure 2. The OSU latency between two adjacent nodes.
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collective operations and allow the Desmos supercomputer

to outperform the Lomonosov-2 supercomputer on commu-

nication bound benchmarks for the corresponding number

of cores used.

5. Mapping of MPI processes for Angara
interconnect

The algorithm for optimizing the mapping of MPI pro-

cesses, based on the partitioning of communication pattern

graph (Hoefler and Snir, 2011), is adapted for the usage

with the Angara interconnect. The main idea of the method

for optimizing the process mapping is to split the commu-

nication pattern graph into the disjoint subsets of the inten-

sively exchanging processes and to bind these subsets to

nodes/cores connected by the fastest communication chan-

nels. The partition is performed first for inter-node level

and then for intra-node level.

For the prototype dual-socket supercomputer with Angara

(located in JSC NICEVT), the algorithm allows to reduce up

to 25% of the execution time on the NPB LU and SP bench-

marks (Figure 6). Most of the optimization is related to the

transfer of calculations to the first socket, and it is not the

effect of topology optimization.

The repartition of the communication graph for NAS

Parallel Benchmarks (LU, SP, FT) and GROMACS bench-

marks does not show a significant improvement on a small

scale (e.g. for the 32 single-socket compute nodes in the

case of the Desmos supercomputer). The proposed method

shows minor improvements with a small number of proces-

sors and a symmetric pattern of the benchmark.

A theoretical model for the dependence of the applica-

tion execution acceleration on the supercomputer size and

topology is constructed to assess the effectiveness of this

optimization method for supercomputers of bigger size

and different topologies. In this way, the dependence of

the relative decrease in execution time on the number of

computational nodes with selected topology can be

roughly estimated (without consideration of bandwidth,

congestion, etc.). This model is based on the following

assumptions:

� The simplest zero-message transfer can be described

by the formula

tð0Þ ¼ tinjection þ nhops � thop þ tejection

where tinjection and tejection are the packet handling times

during sending and reception by the Angara adapter, nhops is

the number of links in packet transfer route, thop is time for

packet processing on each hop (Rauber and Runger, 2013).

According to the osu_latency test from the OSU micro-

benchmarks, tinjection þ tejection ¼ 850 ns and thop ¼ 129 ns

for the Desmos supercomputer.

� Each process node is associated with a process that

exchanges messages in the pair with another random

process.

� The distances (in hops) between the processes are

described by the standard normal distribution. The

average number of hops between two random pro-

cesses N
average
hops ¼ dnet=2, where dnet is the diameter of

network.

� In an optimized case, the exchanging pairs of pro-

cesses would be mapped either to the same node or to

the nodes connected directly.

� The dependence of the decrease Dt in execution time

tsum on the number of computational nodes with

selected topology is calculated by the formula

Dt

tsum

¼ pmpi

100%
� thop � ðdnet � 1Þ
tejection þ tinjection þ thop � dnet

It is worth nothing that the gain from optimization is esti-

mated at a fixed parameter pmpi for different message sizes.

Figure 7 shows the results of the process mapping imple-

mentation algorithm of this model for different topologies

and the comparison of experimental results of the NAS

parallel benchmarks (NPB) and GROMACS benchmarks

optimization using 4-32 Desmos nodes with the proposed

Figure 3. Times for MPI_Alltoall with four processes per node
and message sizes 16 B and 256 kB.
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theoretical model for 2-512 similar nodes of a hypothetical

supercomputer.

The percentage of message transmission time pmpi in

total running time can be taken close to 30% for a usual

MD problem. pmpi � 5% for NPB LU benchmark, which

leads us to an estimation of the maximum effect of optimi-

zation at the level of 1%. The effect of mapping of MPI

processes of MD applications is expected to be close to 2%
for 32 single-socket nodes on 4-D-torus cluster with

Angara interconnect comparable in performance with Des-

mos and is close to 5% for a system with 256 nodes, accord-

ing to the theoretical model considered. The effect is

greater for less connected topologies. For example, the

obtained gain is greater than 10% even for a 64 node super-

computer with 2D-torus topology.

This estimates justify the efficiency of possible topology-

aware MPI-mapping algorithms to be developed in the

future for supercomputers based on the Angara interconnect.

6. Classical MD benchmarks

Nowadays, there is no novelty in the partial use of single

precision in MD calculations with consumer-grade GPUs.

The results of such projects as Folding@Home confirmed

the broad applicability of this approach. Recent develop-

ments of optimized MD algorithms include the validation

of the single precision solver (e.g. Höhnerbach et al., 2016).

In this study, we do not consider the questions of accuracy

and limit ourselves to the benchmarks of computational

efficiency.

The first set of benchmark data is shown on Figure 8. It

illustrates the efficiency of LAMMPS, LAMMPS with the

GPU package (with mixed precision) or LAMMPS with

USER-INTEL package running on one computational node

for different numbers of atoms in the MD model (Kondra-

tyuk et al., 2016). The USER-INTEL package provides

SIMD-optimized versions of certain interatomic potentials

in LAMMPS. As expected, the CPU þ GPU pair shows

maximum performance for sufficiently large system sizes.

The results for the Desmos node are compared with the

results for a two-socket node with 14-core Haswell CPUs

(the MVS1P5 supercomputer).

We see that for the simple Lennard-Jones (LJ) liquid

benchmark the GPU-version of LAMMPS on one Desmos

node provides 10–15% higher times-to-solution than the

SIMD-optimized LAMMPS on 2 � 14-core Haswell CPUs.

However, for the liquid C30H62 oil benchmark, the GPU-

version of LAMMPS is faster starting from 100,000 atoms

per node. For comparison, we present the results for the same

benchmark on the professional grade Nvidia Tesla K80.

An apolipoprotein A1 (ApoA1) in water MD model

is a popular benchmark system with approximately

Figure 4. NAS Parallel Benchmarks on Desmos and Lomonoso v2. Four processes per node are used. IS test: performance (a),
speedup (b). FT test: performance (c), speedup (d).

512 The International Journal of High Performance Computing Applications 33(3)



100,000 atoms. Figure 9 shows the weak scaling results

for the LJ system, for the C30H62 oil model and for the

ApoA1 system. Weak scaling is the standard approach to

benchmark the supercomputer interconnect increasing

proportionally the systems size of a model considered

and the number of the nodes deployed. We see that

weak scaling becomes better for larger models. Data for

the case of reduced DRAM bandwidth are shown with

dashed lines (when two of four memory channels of

CPUs are populated).

The time-to-solution (t) criterion leads us to the evident

choice of a time for one MD integration step (for the whole

MD model or per atom) or a time for one iteration during

electronic structure calculation as one parameter for the

performance metric. The second parameter should charac-

terize the hardware. Usually the number of some abstract

processing elements (e.g. cores) is considered. However,

although this metric serves well in the weak and strong

scaling benchmarks for the given system, it does not allow

to compare essentially different hardware. To overcome

Figure 5. NAS Parallel Benchmarks on Desmos and Lomonosov-2. Four processes per node are used. CG test: performance (a),
speedup (b). MG test: performance (c), speedup (d). LU test: performance (e), speedup (f).
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this problem, we consider the total peak performance Rpeak

as a second parameter for the metric that put on equal

footing all HPC hardware under consideration (Stegailov

et al., 2016).

Formally, we can express this metric as

t ¼ t
�

RpeakðNnodesÞ
�

with the ideal scaling being t ¼ A=Rpeak, where A is a

constant.

Since the Desmos supercomputer rely heavily on single-

precision performance, we need to devise some reasonable

conversion of SP Flops to DP Flops. Here we take Rnode
peak ¼

6�3:5�16þ0:5�RGPU�SP
peak ¼ 336þ2892¼ 3228 GFlops.

The performance of different supercomputers based on

ApoA1 test is shown in Figure 10 in terms of seconds per 1

atom for 1 MD step and the declared peak performance.

The dotted line shows ideal scalability with performance

0.1 MFlops/atom/step.

Despite different architectures and MD software, these

data can be used to analyse the efficiency of supercom-

puter systems for biomolecular MD studies. The black

and green lines with dots show the performance of the

CPU supercomputer with Intel Xeon nodes (Smirnov and

Stegailov, 2016). The new Desmos supercomputer (the

purple filled stars) with GROMACS shows better scal-

ability then Cray XK6 (Sun et al., 2012) and the K

Computer with NAMD. It shows better efficiency than

Figure 8. Time per atom per timestep for LJ liquid and C 30 H 62
oil LAMMPS MD models of different size and different hardware
combinations (the numbers near symbols show the number of
MPI threads used). LJ: Lennard-Jones; MD: molecular dynamics.

0 4 8 12 16 20 24 28 32

Number of nodes
7
8
9

10
11

ns/day

0.5

0.55

0.6
ns/day

5

6

7

8 LJ steps/day [103] LJ liquid (LAMMPS)
N nodes x 2916000 atoms

ApoA1 (GROMACS)
N nodes x 92224 atoms

C30H62 liquid (LAMMPS)
N nodes x 736000 atoms

50% DRAM BW

50% DRAM BW

50% DRAM BW

Figure 9. Weak scaling benchmarks for the Desmos supercom-
puter and three different MD models. MD: molecular dynamics.

Figure 6. The results of the process mapping optimization of
NAS Parallel Benchmarks SP and LU on the prototype dual-socket
supercomputer with the Angara interconnect.

Figure 7. The theoretical model results and the benchmark
results of process mapping optimization on the Desmos
supercomputer.
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the benchmarks for BlueGene systems (Kumar et al.,

2013).

The green stars show the 27 times replicated ApoA1

system benchmark for the Desmos cluster. These data show

the continuous scaling with larger number atoms per node.

It indicates the possibility for adding more nodes to Des-

mos without noticeable efficiency degradation.

The work by Kutzner et al. (2015) gives very instructive

guidelines for achieving the best performance for the minimal

price in 2015. Authors compared different configurations of

clusters using two biological benchmarks: the membrane

channel protein embedded in a lipid bilayer surrounded by

water (MEM,*100,000 atoms) and the bacterial ribosome in

water with ions (RIB, *2,000,000 atoms). The GROMACS

package was used for all tests. We follow the same protocol

but use longer MD simulations than in the study by Kutzner

et al. (2015) to obtain the best performance.

The cost of each node in Figure 11 consists of the price

of the computational resources with corresponding infra-

structure excluding the costs of interconnect. The prices of

single nodes are estimated using prices form the website

ThinkMate.com at the end of November 2017.

A Desmos node without GPU costs about US$2600, a

Desmos node with one GTX 1070 costs US$3100. An

IRUS17 node with two Intel Xeon E5-2698 v4 costs effec-

tively US$11000 (IRUS17 consists of dual-node blades in

the enclosure), An IRUS17 node with two Intel Xeon E5-

2699 v4 costs US$13000. The labels on Figure 11 show the

amount of nodes. The cost is multiplied by the correspond-

ing number of nodes.

We see that Desmos is ahead of IRUS17 for these

benchmarks both in terms of maximum attainable speed

of calculation (ns/day) and in terms of cost-efficiency.

7. Benchmarks with the electronic
structure codes VASP and CP2K

The main computing power of Desmos cluster consists in

GPU and is aimed at classical MD calculations. Each node

has only one 6-core processor. However, it is interesting

methodically to produce scaling tests for density functional

theory (DFT) calculations of electronic structure. DFT cal-

culations are highly dependent on the speed of collective

all-to-all exchanges in contrast to classical MD models. We

use two of the most used DFT packages VASP (Kresse and

Hafner, 1993, 1994; Kresse and Furthmuller, 1996a,

1996b;) and CP2 K (Hutter et al., 2014).

The GaAs crystal model consisted of 80 atoms is used

for the test in VASP (Cytowski, 2013). The results of tests

are shown on Figure 12. The time for one iteration of self-

consistent electronic density calculation is shown depend-

ing on the peak performance. The data for different clusters

are presented: MVS10P and MVS1P5 supercomputers of

Joint Supercomputer Centre of Russian Academy of

Sciences and Boreasz IBM 775 of Warsaw University. The

numbers near the symbols are the numbers of nodes for

each test. The lower of two points showing the computing

time on 32 Desmos nodes corresponds to additional paral-

lelization over k-points.

For the CP2K benchmarks the standard water model is

used. The number of molecules is varied from 32 to 1024
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Figure 11. Comparison of the supercomputers Desmos and
IRUS17 on two biomolecular benchmarks (RIB – 2,000,000
atoms, MEM – 82,000 atoms, see Kutzner et al., 2015).

Figure 10. ApoA1 benchmark results obtained with GROMACS
for the Desmos cluster (including the 3� 3� 3 replicated model).
For comparison we show the data for the same benchmark but
obtained with NAMD for different supercomputers: Cray XK6
(Sun et al., 2012), IBM BlueGene/P and BlueGene/Q (Kumar et al.,
2013), K Computer (Akinori Yonezawa, 2012).
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(benchmarks with larger systems are not possible due to

limitations of DRAM on Desmos). The results of the

benchmarks are shown on Figure 13.

The obtained results show that the Angara network very

effectively unites the supercomputer nodes together. The

supercomputers that are used for comparison have two-

socket nodes (IBM 775 has even four-socket nodes). Nev-

ertheless, MPI-exchanges over the Angara network in

terms of resulting performance give the same result as

MPI-exchanges in shared memory.

8. Statistical data of Desmos deployment

The batch system for user jobs scheduling of Desmos is

based on Slurm. Slurm is an open-source workload man-

ager designed for Linux clusters of all sizes (Yoo et al.,

2003). Slurm has the following main functions

� it allocates exclusive and/or non-exclusive access to

resources (Compute Nodes) to users for some dura-

tion of time so they can perform work,

� it provides a framework for starting, executing, and

monitoring work (normally a parallel job) on the set

of allocated nodes,

� it arbitrates conflicting requests for resources by

managing a queue of pending work.

SlurmDB daemon stores data into a MySQL database.

The SlurmDB daemon runs on the management node. In

September 2017, the SlurmDB database has been activated

on Desmos that has given us the possibility of detailed

analysis of the supercomputer load statistics. The default

Slurm tool sreport has quite a limited functionality. That is

why we use SQL queries for accessing the SlurmDB for

statistical analysis.

The analysis of user jobs statistics has many aspects.

Here, we propose a simple graphical representation that

illustrates the distribution of jobs (i) by computational time

and job size and (ii) by computational time and waiting time.

Figure 14 presents the distribution of jobs over the num-

ber of cores used and over running time tR. GPU floating

point performance is not taken into account in drawing the

iso-levels of constant total peak number of floating-point

operations Rpeak � tR.

Parallel algorithms can be solved either slowly on a

modest number of cores (nodes) or quickly if their parallel

scalability justifies using a large number of processing

elements efficiently. Two iso-levels separates three

regions of total number floating-point operations corre-

sponding to individual jobs: less than 10 PFlops, between
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Figure 13. The scaling of the water models in CP2K.
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10 and 100 PFlops and above 100 PFlops. The percent

values shown in the blue boxes correspond to the share

of each region in the total workload of Desmos since the

beginning of SlurmDB logging. We see that the major part

of all the jobs executed on Desmos have been essentially

supercomputer-type jobs.

At the same time, we see that there are jobs that were

executed on six cores or less, that is, on a single node. This

type of jobs can be easily moved away from the supercom-

puter either to the cloud or to a personal workstation.

The efficiency of the supercomputer job scheduling pol-

icy can be evaluated by such type of graphs. The more

points we see on the right side of the graph, the more

efficient is the end-user collective deployment of the super-

computer. Users should be motivated to use scalable codes

and to choose larger number of nodes for speeding up

calculations. The following Slurm batch system partitions

have been created on the supercomputer Desmos:

� test: max time ¼ 10 min,

� max1n: max time ¼ 1440 min, min/max number of

nodes ¼ 1, nodes 25–32 only,

� max8n: max time ¼ 1440 min, min/max number of

nodes ¼ 4/8,

� max16n: max time ¼ 720 min, min/max number of

nodes ¼ 4/16,

� max32n: max time ¼ 360 min, min/max number of

nodes ¼ 4/32.

This policy motivates users to deploy higher numbers of

nodes. Also, it prevents overloading the supercomputer

with small one-node or two-node jobs.

Another aspect of job scheduling is the waiting time for

the job to start calculation after being submitted to the job

queue. Figure 15 shows the correlation of the job running

time tR to the job waiting time tW (that is the time between

the moment of the job submission into the batch queue and

the moment of the job execution). Three levels of ratios

tW=tR are shown on Figure 15. We see that the majority of

jobs (66%) fall to the category with tW < tR. Obviously, the

jobs with tW > tR should be regarded as a signature of the

inefficient deployment policy of the supercomputer.

9. Conclusions

In the article, we have described the Desmos supercompu-

ter that is the first public HPC system based on the Angara

interconnect and targeted to MD calculations.

The benchmarks of the Angara interconnect shows its

applicability for building HPC systems. The results obtained

by the OSU Micro-Benchmarks and Intel MPI Benchmarks

tests show that Angara is on par with the Infiniband FDR and

in some cases demonstrate better results (e.g. for the OSU

latency between two adjacent nodes).

A simple model has been presented for estimating a

possible gain from the MPI processes mapping optimiza-

tion for the Angara interconnect with torus topology.

According to this model, the topology-aware mapping

would give no substantial benefits for the 32-node Desmos

supercomputer but is expected to speed up calculations for

Angara-based systems with more than 256 nodes.

Desmos shows very efficient strong scaling for such

popular codes for molecular modelling as GROMACS,

LAMMPS, VASP and CP2K that confirms the maturity

of the Angara interconnect and its software ecosystem.

The job accounting statistic of the Desmos supercompu-

ter has been reviewed. Two methods of quantitative effi-

ciency monitoring and analysis have been proposed.
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