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Abstract. Network Traffic Analysis (NTA) helps identify security threats, monitor network performance, and
plan for future capacity. While real-time analysis is ideal, it can be difficult due to high data volume and
complexity. Large amounts of traffic require parsing, and real-time data may miss hidden threats. Post-analysis
can address these challenges. It hardly depends on choosing an effective and appropriate storage solutions. A
variety of storage systems exist, each employing different approaches and formats to retain data. This article
explores the applications of various storage systems for NTA results. Three different types of storage systems
considered, including Greenplum, Nebula graph and OpenSearch. A comparative approach is employed,
analyzing the same dataset across various storage systems.This allows to examine how different database
structures and query capabilities influence the efficiency and accuracy of NTA. The resulting insights will not
only provide valuable guidance for selecting the optimal storage solution for specific NTA tasks, but also serve
as a foundation for future research in this area.

Keywords: Network Traffic Analysis, storage systems, database analysis, Greenplum, OpenSearch, Nebula
graph.

For citation: Egorov V.1., Ponomarenko R.E., Getman A.l. Applicances of different kind of storage systems
for network traffic analysis results. Trudy ISP RAN/Proc. ISP RAS, vol. 36, issue 2, 2024. pp. 7-20. DOI:
10.15514/ISPRAS-2024-36(2)-1.
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AnHoTanus. AHanu3 cereBoro Tpaduka (NTA) momoraer BBISBIATE YIPO3bI 0€30MACHOCTH, HAOIIONATD 32
MPOU3BOJIUTEIFHOCTBIO CETH U INTAHUPOBATH EMKOCTb CeTH. M ieallbHBIM ITOAX0J0OM B TAKOH 3a/1a4e BBICTYIIAeT
aHAIM3 B PEAbHOM BPEMEHH, OJHAKO, OH MOXET OBITh 3aTpyIHEH H3-3a OOJBIIOro oObeMa JaHHBIX H
CJIOXKHOCTH 00padaThIBaeMBIX JaHHBIX. bousbire 00beMbl Tpaduka TpeOyoT moapoOHoro pazbopa, a aHaIu3
JAHHBIX B PEAJbHOM BPEMEHH MOKET IPHBECTH K MPOITYCKY CKPBITBIX yrpo3 B Tpaduke. Oduaitn anamms
MOXXET PEIINTh 3TH MpoOJieMbl. JIaHHBIA MOAXOX BO MHOIOM 3aBHCHT OT BbIOOpa 3((deKTHBHOrO u
HOJXO/ISIIETO PEUICHUS ISt XpaHeHUsT JaHHBIX. CyIIecTBYeT MHOKECTBO CHCTEM XPaHCHUS JAaHHbIX, KayKIas
U3 KOTOPBIX HCIIONB3YET pa3Hble MOAXOIbI M (GOpMAaTHl Uil XPAaHCHUs JaHHBIX. OJTa CTAaThsi MCCIEIYeT
NPUMEHEHHE PA3IMYHBIX CUCTEM XPaHEHHMs NaHHBIX Uit pesynbraroB NTA. PaccMaTpuBaroTCs TPU pasHBIX
THIIA CHCTEM XpaHenwusi, BKitoyass Greenplum, Nebula graph u OpenSearch. Mcnosb3yercst cpaBHUTENBHBIN
[O/IXO/, aHAIM3UPYIONIMI OJWH M TOT K¢ HabOp JAHHBIX B Pa3sHBIX CHCTEMaX XpaHEHHS. DTO MO3BOJISET
U3Y4YHTh, KaK PA3IHYHBIC CTPYKTYPHI 0a3 JaHHBIX M BO3MOXKHOCTH 3alPOCOB BIHUSIOT Ha 3()HEKTUBHOCTD U
touHocTh NTA. TlosydeHHbIC pe3yibTaThl HE TOJBKO IMPEHOCTABAT LCHHBIC PEKOMEHIAIMH 110 BBIGOPY
OINTUMAITBHOTO PEIICHHS [UIsl XPaHCHHUS TaHHBIX [UIsl KOHKpEeTHBIX 3a1a4 NTA, HO Takke MOCTyKaT OCHOBO
TUTS OYIYIINX MCCIIEIOBAHUH B 3TOI 001acTH.

KnaroueBble ciioBa: aHannm3 cereBOro Tpaduka, CHCTeMbl XpaHEeHWs, aHanu3 0a3 maHHbIX, Greenplum,
OpenSearch, Nebula graph.

Jas uurupoBanusi: Eropos B.J., [Tonomapenko P.E., T'etbman AWM. IlpuMeHeHHe paznuyuHBIX CHUCTEM
XpaHeHUs! 1711 pe3yibTaToB aHaiu3a cereBoro Tpaduka. Tpynst ICII PAH, Tom 36, Beim. 2, 2024 1., ctp. 7-20
(na anrmmiickom si3bike). DOI: 10.15514/ISPRAS-2024-36(2)-1.

1. Introduction

Network Traffic Analysis (NTA) have many appliances such as security threats identification,
network performance monitoring and bottlenecks, capacity planning of network infrastructure and
different application monitoring. While real time traffic analysis is very important it might be hard
to achieve. Moreover, it could be unachievable is some cases. There are two main reasons why
analyzing network traffic in real-time is challenging: Volume of Data and Data Complexity.
Network traffic can be immense, especially in large organizations or environments with high
bandwidth. Another important thing is that not all network traffic is readily interpretable. Raw data
packets need to be parsed and analyzed to understand the context and identify anomalies. In other
cases information from real-time data is not enough. For example, threat incidents might be
identified only then it already appeared. Post-facto analysis is a viable solution to this problem.
Stored network traffic analysis results have a wide range of practical applications, here are some key
areas:

e Stored data allows for forensic investigation after a security breach. Analysts can examine
historical traffic patterns to identify suspicious activity leading up to the incident.
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e Stored traffic data can be used to train machine learning models to recognize malicious
patterns. These models can then be used for real-time analysis to proactively block
threats.

e Historical traffic data helps predict future network demands. This information is crucial
for network administrators to plan for infrastructure upgrades or capacity expansion to
ensure smooth network operation.

¢ By analyzing historical traffic patterns, security teams can build baselines for normal
network activity. Deviations from these baselines can indicate potential threats like
malware or unauthorized access attempts.

The biggest challenge for NTA systems lies in designing a robust data storage solution that is
flexible, scalable, and delivers fast performance. The large volume of data generated necessitates
this robust infrastructure to ensure efficient storage and analysis. Choosing the optimal database for
this demanding environment presents distinct challenges, including:

o Data Variety: Effectively accommodating the diverse data formats generated by NTA
systems within a single database.

o Performance: Ensuring efficient data retrieval and analysis, especially for real-time
security monitoring.

o Scalability: Adapting the database to accommodate the ever-growing volume of network
traffic data.

e Security: Implementing robust security measures to safeguard sensitive network data
stored within the database.
There are various types of storage systems, each with its own strengths and weaknesses. Traditional
options include relational database management systems which follows SQL standard. They might
be categorized into OnLine Analytical Processing (OLAP) and OnLine Transaction Processing
(OLTP) systems. NoSQL databases differ from SQL by not adhering to the SQL standard. Examples
include document-oriented, key-value, graph, and hierarchical databases. The selection of a storage
system depends heavily on the data type, its characteristics, and how it will be used. For our
experiment, three database types were chosen. Since Network Traffic Analysis (NTA) results often
involve analytical queries, an OLAP database might be sufficient. Greenplum [1], a popular and
advanced OLAP database with horizontal scaling and full SQL compatibility [2], is a strong
contender. It also supports OLTP type of load. Document-oriented databases with full-text search
capabilities are also interesting because they are schema-less and offer advanced search
functionalities. Elasticsearch [3] is a well-known document-oriented database, but its license is not
entirely open-source. This why, OpenSearch [4], a fork of Elasticsearch, will be considered. Given
that NTA results often consist of interconnected data, a graph database could be a suitable option.
While Neo4J [5], Dgraph [6], and others exist, Nebula Graph [7] was chosen for its proven horizontal
autoscaling capabilities and, more importantly, its ability to handle large amounts of data [8].
Several experiments were conducted to identify the most suitable storage system for NTA results.
These experiments focused on data load times, data acquisition metrics, and disk space usage. To
ensure a fair comparison, all experiments used the same network traffic data set.
This paper is organized as follows. Section 11 describes the distinct characteristics of NTA data and
the challenges associated with its storage. Then, It describes the general problem statement,
structure, and unique characteristics of network traffic data. Section 111 includes analyzes of existing
storage solutions for NTA, their strengths and weaknesses outlined. Section IV provides general
design considerations and data schema used in experimental part. Section V contains evaluation
results which include comparison of three database types for storing NTA results, evaluating their
limitations and advantages. By leveraging a comprehensive analysis of these works and recent
advancements in NTA research, we unveil a comparative evaluation of various database types. This
in-depth exploration includes relational, NoSQL, and graph databases, meticulously highlighting
9
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their strengths and weaknesses within the context of NTA data. Experimental results, including
performance estimations, storage space requirements, and other relevant metrics, are presented.
Section VI concludes article by summarizing the findings and highlighting potential areas for future
research to improve storage solutions for NTA data.

2. Problem statement

For better understanding problems connected with storing NTA results, key characteristics of this
type of stored data must be presented. First of all, storing and processing of network traffic falls
under the concept of big data [9] due to its significant volume, variety, and speed of new data
acquisition. Data can be generated at a high speed, which makes it difficult to process and store in
real time. The volume of network traffic data can reach petabytes in large organizations, requiring
scalable storage solutions and efficient processing methods. In article [9], suggested NewSqgl and
NoSQL databases over relational databases, because they inappropriate on big datasets. In NTA
systems time of occurring some events plays big part. This kind of systems often relies on
temporal context, as patterns and anomalies can be associated with specific times, dates, or intervals.
For example, time arrival of packets can be used as classification characteristic for deep learning
methods [10-11]. Time stamps and temporal metadata are crucial for effective analysis and storage
of network traffic, as they help to evaluate various statistical patterns in the large volume of network
traffic. For instance, a burst in network traffic [12] at unusual hours might indicate suspicious
activity, while recurring spikes during business hours could point to bandwidth bottlenecks.
Therefore, time stamps and precise temporal metadata are crucial for efficient analysis and storage
of NTA data. They empower security professionals to not only identify potential threats but also
gain valuable insights into network usage patterns and resource allocation needs. By effectively
leveraging temporal data, organizations can achieve a deeper understanding of their network
behavior and proactively address potential security vulnerabilities and performance issues. Network
traffic analysis can be categorized by two main levels of detail [13]: packet-level and flow-level.
While packet-level network data offers a highly detailed view of traffic, it necessitates powerful,
specialized equipment. This approach becomes impractical for expansive networks due to
scalability limitations with a growing number of devices. Additionally, storing such granular data
demands significant storage capacity. Flow-level analysis, on the other hand, provides a more
scalable and privacy-conscious alternative. By aggregating packets, flow-level data offers a
sufficient level of detail for network monitoring in modern environments with vast amounts of traffic
and numerous connected devices.

3. Related work

The challenge of storing network traffic analysis results has been around for decades. Early attempts
relied on relational databases. TelegraphCQ [14], for example, leveraged PostgreSql [15] for this
purpose, with extensions for handling large continuous queries over ever-changing network data
streams.

TelegraphCQ focuses on handling large streams of continuous queries over variable data streams.
Later, timemachine [16] emerged, offering a cost-effective solution that utilized commodity
hardware to buffer high-volume traffic for several days. The core principle behind this time machine
lies in the “heavy-tailed” distribution of network traffic. This allows for capturing most connections
in their entirety, while strategically skipping less critical data, all within a configurable per-
connection byte limit. Some of the suggested approaches [17] based on special data format of
network data, such as NetFlow [18] and IpFIX [19]. This kind of solutions facilitate the cost-
effective monitoring of high-bandwidth links, using off-the-shelf hardware capabilities. Further this
approach improved by NetMemex [20], provide network flow data with full packet payload. More
advanced solution [21] separate constraints of static data analysis, exploiting high bandwidth cluster
solutions which gain immediate insights into dynamic environments through seamless data
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acquisition and analysis. Unveiling historical context with rapid responsiveness, empowering data-
driven decision-making at every level. This comprehensive solution, often referred to as streaming
data warehouses, represent a paradigm shift in network data analysis, offering unparalleled
flexibility and agility. The researchers highlight a key advantage of their solution by contrasting it
with existing systems like those [22] based on Apache Hadoop. While Hadoop offers valuable
functionalities, it’s limited to analyzing data captured at specific points in time (snapshots). This can
be a disadvantage when real-time insights are crucial. Many of mentioned solutions didn’t exist in
free access nowadays. In the next paragraphs, several most recent and interesting technologies
introduced.

PcapDB [23] is a distributed, open-source, and search-optimized packet capture system. It is
designed to replace expensive commercial appliances with off-the-shelf hardware and a free, easy-
to-manage software system. Captured packets are reorganized during capture by flow (an indefinite
length sequence of packets with the same src/dst IPs/ports and transport protocol), indexed by flow,
and searched (again) by flow. The indexes for the captured packets are relatively tiny (typically less
than 1% the size of the captured data). Data captured in Pcap format is stored on-site at each Capture
Node, minimizing network traffic. This setup enables cyber incident responders and analysts to
swiftly search through indexed data instead of raw Pcap files, significantly cutting down query times,
and allowing for searches across various capture locations. PcapDB indexes build on top of the
PostgreSql but developers didn’t describe them in detail. While indexes in PcapDB allows to fast
search networks it strugle of luck of functionality. It allows only to search information through
network and transport level of TCP/IP stack.

In 2017 group of researchers presented Moloch [24] an open source, large scale, full packet
capturing, indexing, and database system. It builds on top of the Elasticsearch [3] database system.
Later, developers of Moloch evolved it to Arkime [25]. Arkime group network packets by logical
flows of data, grouping by network addresses information. Arkime store all possible data in one
index. Every document in this index may consists of any of supported network protocol records. A
key benefit of this approach is the ability to perform full-text searches across captured network
traffic. This facilitates easy exploration of large datasets. However, using a full-text search engine
like Elasticsearch can introduce performance overhead, especially for structured data like network
traffic. Elasticsearch offers horizontal scaling by distributing data across nodes (sharding). While
this enhances scalability, it can increase query complexity and impact performance. Replication
ensures data redundancy but comes at the cost of higher storage consumption and write latency.
Striking a balance between these features can be challenging. Additionally, large and frequently
updated datasets can strain the indexing process, affecting search performance.

GRANEF [26] — Graph-based network forensics is a new approach to analyzing network traffic data.
GRANEF toolkit utilizes Dgraph database for storing and querying data. Main advantages in links
between various network members. It allows analysts to easily navigate and visually identify
interesting network traffic. Dmitry Larin’s 2023 master’s thesis [27] proposed a novel approach for
describing network topology using a multilevel graph model. This model leverages data from OSPF
and BGP communication between routers to represent the network topology across different layers
of the TCP/IP protocol suite. The approach facilitates analysis of the network’s state at each level.
The storage architecture utilizes two key components: Nebula Graph and Clickhouse. Nebula Graph
is a graph database optimized for efficient graph queries, which is particularly well-suited for the
type of data being analyzed. ClickHouse [28], an OnLine Analytical Processing (OLAP) database,
serves as the storage for timeseries events. The proposed composite data storage approach leverages
two types of databases to gain the advantages of each.
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4. General design

4.1 Data schema

Main investigated data schema is based on [29] dissertation work. This data model offers a method
for analyzing network interactions independent of underlying protocols. It considers network
communication as a set of logic connections, there packets transfered between logical entities
residing at the same level within the network architecture. This approach allows to don’t get attached
to specific protocol stacks, allowing for the flexible representation of diverse network interactions.
Logic connection described by concrete network protocol type is called Context. Distinct instances
of a defined context can be efficiently differentiated by their unique key. Key is usually presented
in protocol headers and usually describes some address information. In general, context key is
presented in binary format, but may be serialized in different formats. At this moment it serialized
into json [30]. Json bring more flexibility in further processing and exporting of data. Set of instances
of Context present a tree structure. In this tree each Context connected with it parent. Parent
symbolize more lower layer in network stack. Example of context tree presented on Fig. 1.

IPv4
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‘//\*

TCP
9900 = 443
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While context describe logical connections, payload of this connections either network streams or
packets with header fields, presented by blocks. Block is universal structure which describes
sequence of bytes, with some characteristics. Each block is assigned a parse type. Parse type is
similar to Context type, and connected with type of network stream, name of network protocol
packet or type of field of packet. Proposed data schema semantically separate blocks by two
subtypes: stream block and fragment block. The stream block usually acts as a data source for
another blocks. It may define dedicated network stream or original network data. Fragment block is
simpler thing, it just defines network packet or protocol field. Every fragment block must have offset
and size which define range of bytes in data source related to this block. Each block possesses a
semantic connection to the specific context in which it appears.

Proposed data schema utilizes a three-tiered approach to represent network connections Fig. 2:

1) Top Level provides metadata describing the overall logical network connection across
various network stack layers.

2) Second Level described by stream blocks represent unique network flows, each
encapsulating a specific communication stream and it payload.

3) Last level delves into the most granular details, describing individual network packets or
specific fields within those packets by Fragment block

4.2 Sql database (greenplum)

Greenplum [1] is an open-source data warehouse software built on top of PostgreSQL [15]. It is
designed for handlinglarge datasets and complex queries. Greenplum’s MPP architecture distributes
data and workloads across multiple servers, enabling efficient processing of large-scale data
warehouses and analytics tasks. It also supports some specific data types like net-types [31] which
can be useful for network data analysis. Greenplum scales horizontally by adding more servers, this
allows to seamlessly grow storage and processing capacity as overall data volumes increase. This
advantage is very important for storing always increasing amount of network data. Furthermore, it
is fully sql compatible and inherited most of PostgreSql functions. Main feature of greenplum is
support of OLAP data storage format. As work with NTA results gets into description of big data
there is no big need for OLTP operations like update or delete. OLAP databases are optimized for
performing aggregations and complex queries on large datasets. This enables network analysts to
quickly identify trends, pinpoint peak traffic periods, and analyze traffic patterns across different
user groups or applications. Greenplum allows to recursively fetch rows by recursive Common Table
Expression (CTE) [32]. This feature helps to easily work with context and block tree of supposed
data schema. One of inherited features of PostgreSql is support of JSONB [33] data format. This
kind of data can also be stored as raw text, but jsonb add aditional features like: more compact
storage format, support of specialized functions for search. JSONB also supports indexing, which
can be a significant advantage. All these features allow to easily search through Context keys of
experimental data schema.

4.3 NoSQL database (OpenSearch)

OpenSearch [4] is open-source fork of elasticsearch popular full-text search database. OpenSearch
excels at horizontal scaling by adding more nodes to the cluster. This allows to handle growing
volumes of network traffic data efficiently without sacrificing performance. Advanced full-text
search engine allows to easily find and filter some information across various network traffic fields
(IP addresses, URLs, protocols) for in-depth analysis. It also supports of aggregation and extended
analytic. OpenSearch’s aggregation framework allows to analyze network traffic data from various
angles. Moreover, it provides insightful visualizations, which can be used to identify trends, patterns,
and anomalies in traffic flows. Unlike traditional databases with rigid schemas, OpenSearch offers
a schema-less design. This provides flexibility to store and analyze network traffic data with diverse
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formats and structures. While Elasticsearch is great for near real-time analysis, for very long-term
historical data analysis, other solutions like data lakes might be more efficient. Index in OpenSearch
defined by mappings. Each mapping consists of fields with any of the supported types. One of the
supported types is Object [34]. An object field type contains a json object. A value in a json object
may be another json object. This kind of fields automatically indexed by search engine and their
containment may be used in queries. Big disadvantages of OpenSearch is hard working with related
data. There is no some kind of sqgl join or reference. OpenSearch provide basic relations only
between documents of one index by mechanism of parent/child relationship [35]. This approach
didn’t allow to represent tree like structures.

4.4 Graph database (Nebula graph)

Nebula graph [7] excels at modeling and querying relationships between data points. This could be
beneficial for network traffic analysis if you want to understand how different devices, users, or IP
addresses interact with each other. For instance, tracking connections within a malware outbreak or
visualizing communication patterns within a network. Nebula boasts impressive query performance
for interconnected data, allowing for efficient retrieval of specific network traffic flows based on
relationships. Nebula can scale horizontally to handle growing volumes of network traffic data.
While Nebula Graph Database offers a variety of data types, it doesn’t natively support storing and
indexing JSON data directly. However, it provides a workaround: JSON data can be dynamically
converted (casted) into a specific data type called a “Map” [36]. This “Map” type essentially acts as
a representation of a JSON object within Nebula Graph and can be used in complex queries for
flexible data manipulation.

4.4 Binary data

Network traffic analysis results come in a variety of formats, and understanding these formats is
crucial for effective storage and analysis. One key aspect to consider is that this data can often be
presented in binary format. Common storage formats for network traffic captures include pcap
(packet capture) and its successor, pcapng. These formats preserve the raw network packets,
allowing for in-depth forensic analysis. Additionally, network traffic analysis can involve extracting
network flow data, which summarizes conversations between devices rather than individual packets.
Furthermore, network traffic analysis may involve processing captured data through specific data
changing algorithms like decompression and decryption, which result must be stored in binary
format. The only storage which supports raw bytes data is greenplum. It allows to store raw bytes in
specific format called binary large objects (BLOB [37]). While Elasticsearch doesn’t natively
support raw bytes, it can accommodate binary data encoded in base64 format [38]. However, the
process of encoding and decoding can introduce significant performance overhead, especially for
large datasets. Moreover, binary data in OpenSearch is not searchable. Unlike Greenplum and
Elasticsearch, Nebula currently doesn’t offer direct support for storing raw byte data types. Binary
data often presents indexing challenges for traditional databases. Storing it literally within a database
might not be the most performant or scalable solution. Best practices for storing this kind of data lay
in usage of external object storages, like CEPH, HDFS and etc. In this research raw bytes data will
be ignored.

5. Evaluation

5.1 Experiment design

To ensure a fair comparison of storage systems for NTA results, a single network data set was used
throughout the experiments for each of considered databases. This ensured a controlled environment
for evaluating performance and facilitated a direct comparison of the systems’ capabilities for
loading and retrieving data. The first set of experiments investigated data loading times. Minimizing
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this metric is crucial for NTA due to the large volumes of data typically collected and the limited
storage capacity of collectors. Following successful data loading, storage space usage was analyzed.
Subsequent experiments focused on data acquisition performance for loaded data. Here, the specific
tree-based data schema, as described in Section IV, played a critical role. The goal was to efficiently
extract data with minimal connections between elements. For metrics collection Opentelemetry [39]
used. Opentelemetry uses tracing to capture the performance of requests or tasks. Percentiles can
then be used to summarize the distribution of these execution times. In this context, p50 (50th
percentile) would likely represent the duration at which 50% of requests took less time to complete,
and p90 (90th percentile) would represent the duration at which 90% of requests took less time to
complete.

5.2 Dataset

Basic experimental dataset it is a network trace in pcap format. Table 1 summarizes key statistics
about the trace content. The trace serves as input for a network traffic analysis system. After
processing, the results are loaded into one of the storage systems under consideration.

Table 1. Dataset statistics

Statistic Value
Overall size, Mbytes 5893.71
Number of unique contexts 150355
Number of unique streams 19117
Number of IP packets 6067525
Number of TCP packets 2463840
Number of HTTP streams 2548

5.3 Hardware

The experiments were conducted using servers with specific hardware configurations. These servers
included Intel(R) Xeon(R) Silver 4314 CPUs clocked at 2.40 GHz, 256 GB of memory, and Dell
EMC VD SSDs. One important property for NTA storage is horizontal scaling. This type of scaling,
often achieved through distributed databases, which allows to distribute the data load across multiple
nodes. To leverage this benefit, all the considered databases were deployed in a multi-node
configuration, with each database running on two nodes.

5.4 Data load

Different databases handle concurrent access in varying ways. For instance, Greenplum utilizes a
centralized approach. Client requests are received by the master node, which then forwards them to
the appropriate data node for processing. In contrast, OpenSearch employs a distributed client-based
load balancing strategy. Here, any node within the cluster can potentially receive and handle client
requests. It’s important to note that in this experiment, data loading is performed synchronously
within a single thread. Statistics of loading data into databases presented in Table 2. In Table 2, C
refers to Context and S refers to Stream.

Meaningful characteristic for consider is size of stored data. Table 3 provides an overview of the
storage space statistic for all types of databases.

5.5 Data query

For each database had executed queries which return same data. It is set of queries that return address
information about HTTP streams by defined source IP address. In case of OpenSearch it is
impossible to get connected data in one query. Acquisition of required data might be achieved only
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be series of queries. Total number of executed queries for each database is equal 330. Results of
HTTP streams acquisition presented in Table 4.

Table 2. Load statistics

Greenplum | OpenSearch Nebula
C S C S C S
Time, s 1087 770 1012
pS0,ms | 59 5.9 4.235 5.6 5.7
po0, ms | 7.1 7 463.8 6.1 6.2
p99, ms | 75 75 5.14.9 6.4 6.5
min,ms | 3.4 4.07| 274 248 |3.18 4.65
max, ms | 54.25 29.4 | 217.5 153.4 | 212.1 8.44
SD,ms | 0.73 0.83| 0.69 206 |0.76 0.44
spans/min| 7160 910 | 9400 1190 | 7520 954
Table 3. Space statistics
Space stats
Greenplum, MB | 181
Nebula, MB 115.7
OpenSearch, MB | 20.7
Table 4. Fetch statistics
Greenplum | OpenSearch | Nebula
p50, ms 80.4 18.9 170
p90, ms 83.1 140.4 176.6
p99, ms 92.8 264.9 181.5
min, ms 68.9 155 155.5
max, ms| 140.9 348.5 198.7
SD, ms 5.05 62.2 5.7

It’s worth noting that queries to OpenSearch performed in several requests, yet it still achieved
impressive read speeds. The exceptional read speed of OpenSearch might be attributed to its
handling of the “context key”, the most valuable field for search within the considered data schema.
Unlike Greenplum and Nebula, which required special type casts and functions for searching this
JSON field, OpenSearch natively stored and indexed it in its original format. This native handling
likely contributed to the superior read performance.

6. Conclusion

In this paper, appliance of different storage systems for NTA results was considered. The
investigation focused on their suitability for storing and facilitating analysis of complex network
data. This article evaluated the suitability of three storage systems (OpenSearch, Nebula Graph,
Greenplum) for storing and analyzing complex network traffic data (NTA results). While
OpenSearch offers the fastest write speeds and space efficiency, it lacks the ability to represent
intricate relationships within the data. Nebula Graph excels at modeling these relationships but may
not be ideal for very high data volumes. Greenplum provides a traditional relational model, allowing
for flexible analysis but potentially consumes more storage space. The key takeaway is that there’s
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no one-size-fits-all solution. The optimal storage system depends on specific network needs: High
Data Volume: All evaluated databases can horizontally scale to accommodate significant data
growth. Intricate Relationships: Nebula Graph excels at modeling complex network connections,
making it ideal for scenarios where understanding these relationships is crucial. Loosely Connected
Data: Greenplum’s relational model with SQL support allows efficient storage of data points with
fewer connections. Schema Flexibility: OpenSearch offers the most flexibility for storing various
NTA data structures due to its schema-less architecture. The optimal storage solution depends on
the specific requirements of the network environment and analysis needs. OpenSearch performed
well in write benchmark tests, achieving the lowest time in load experiments. Moreover, OpenSearch
impressed with its space efficiency. Impressively, in 50% of fetch experiments, this database
outperformed all others in speed. However, it did experience occasional performance spikes.
Greenplum showed average results in read tests and more important it had lowest deviation of
values. Nebula performs well on load tests but it had some problems with fetching the data. Most
inefficient space consumption demonstrate Greenplum. Future research could involve conducting
controlled experiments to quantify the performance and scalability of each storage system under
varying network traffic loads. Additionally, investigating the integration of these systems into a
comprehensive NTA framework could offer valuable insights for network security professionals.
By carefully considering the volume, structure, and desired analysis depth of their network data,
organizations can select the most suitable storage system for their NTA efforts.
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1. Introduction

A domain-specific language (DSL) is a computer programming language of limited expressiveness
focused on a particular domain. [1] There are multiple reasons why one might choose to integrate a
DSL in their application:
e |t can be used by people, who are not familiar with the traditional software engineering,
but are familiar with the application domain

e It can be used to limit actions that users can perform in order to preserve security and
privacy of other users

e |t can be more expressive than general-purpose languages in a particular domain

This work is based on the experience, gathered from developing TQL — a query language for
Talisman platform. [2] Talisman is a unified set of tools that automate typical data processing tasks,
such as data retrieval, integration, analysis, storage and visualization. It is developed by Ivannikov
Institute for System Programming of RAS. One of the core components of the platform is it’s
knowledge base. It stores documents that can be related to each other, they can be searched by using
both relational and full-text patterns. In order to allow such search queries, data is stored in two
different systems: in a relational database (PostgreSQL) and a full-text search system
(Elasticsearch). Both have their own query languages, which allow only one type of search. In order
to combine capabilities of both languages, a new domain-specific language was developed —
Talisman Query Language.
User experience for a DSL or any programming language in general depends on the language support
and tooling surrounding it. The initial implementation of TQL included only a parser for query
execution, lacking language support for users to write queries. This led to the following problems
while using the language:
o No syntax error reporting. When a user accidentally forgot to close a bracket or made any
other type of syntax error, they would have to find this error manually. This can be
improved by reporting which tokens in a query led to a syntax error.

o Difficult to navigate inside complex queries. When having a complex query with nested
selectors, it becomes troublesome to identify, which part of the query is nested inside
which selector. This can be improved by highlighting keywords and highlighting
matching brackets with the same color.

e Having to read the manual to recall the correct keyword. While being powerful, TQL has
a lot of keywords that one needs to learn in order to use it efficiently. Suggesting keyword
completions can ease that learning curve for users.
A solution based on the existing TQL parser was considered, but it had the following technological
limitations:
e Language parser did not include error recovery, so it could only find the first syntax error.

e Parser could only be run in the same environment as the rest of Talisman backend: on a
server.

Based on these issues, it was decided to create a new TQL implementation.

The primary focus of this article is to demonstrate how a single implementation of a DSL can offer
a seamless editing experience within a browser, while also being utilized on a server for processing
user programs. Attempting to meet these requirements poses several challenges, which are outlined
in this article along with the solutions employed by the new TQL implementation.
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2. Background

2.1 Parser implementation

There are several choices when implementing a parser:
e Implementing it manually
e Using a combinator library
e Using a parser generator

A manual implementation provides developers with the highest degree of flexibility and control over
parser behavior. It allows implementing custom error recovery mechanisms and choosing any
parsing algorithm. However, this flexibility comes at a cost: manual parser implementations tend to
be repetitive and error-prone.

Combinator libraries provide useful building blocks for building a parser. These libraries make
parser code easier to read and more composable: each parsing routine is a combinator, that can be
then used in other combinators. This approach is less flexible than the manual one: combinator
libraries are built on some particular parsing algorithm. Also, they tend to have problems with error
recovery, but more on this later.

Parser generators use the most automated approach: they accept a formal grammar as an input and
generate a parser automatically. Generators usually have some ways to customize the resulting
parser with user-written code, but these capabilities are limited compared to manual parsing and
combinator libraries. Error recovery capabilities are usually limited with some set of predefined
options, that can be customized only to some degree.

2.2 Error recovery in combinator libraries

Traditionally, combinator libraries and parser generators implemented some variations of LR
parsing. This approach gives some flexibility in expressing a language grammar: for example it
allows left-recursive rules. However, it makes writing custom error recovery difficult. Usually
libraries and generators provide some predefined strategies for error recovery. These strategies are
usually enough for error reporting, but not for providing completions. This is one of the reasons,
why popular language servers implement manual recursive-descent parsers with custom recovery
logic.

There are some combinator libraries, that use recursive descent algorithm and provide capabilities
for custom recovery logic: megaparsec [3] for Haskell and chumsky [4] for Rust. Recursive descent
imposes some limitations on grammar: for example it does not allow left-recursive rules. Other than
that, this approach provides usability of combinator libraries with flexibility of manual parsing.

2.3CST vs AST

The initial implementation of TQL parsed a query directly into an abstract syntax tree (AST). AST
is a tree, representing a program’s structure. As an example, if-then-else node would have three
children: a condition, a positive branch and a negative branch. This structural information is
necessary to analyze and execute the program. AST is an appropriate abstraction for executing a
query, but is not appropriate for providing editor support. While editing a query, most of the time,
user input won’t be syntactically correct, so AST cannot be built. In such contexts, concrete syntax
tree or CST is often used. Unlike AST, each token of original input is included in CST with it’s
coordinates (row, column) from the original input. When a parser cannot parse the program, it might
skip some tokens, presenting them as an error node. This way a partial tree can be built and analyzed.

In TQL implementation both CST and AST are used:

o Initially, a parser produces a CST, which can be partial in case of syntax errors. This tree
is used to provide language support while editing.
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e In case no syntax errors were discovered, CST can be transformed to an AST. It is used
by Talisman backend for executing a query.

2.4 Language server protocol

Features like syntax highlighting and autocomplete are provided by code editors and IDEs, in this
section we will look into problems that they face and solutions that emerged over time.

Language support has been traditionally provided for each editor individually. Usually, that would
require developing a plugin for each editor, using different technologies and architecture. This leads
to duplication of efforts: adding a single feature has to be done separately for each supported editor.
Inconsistency is another issue with this model: each editor might have different language features
available.

These problems led to the creation of Language Server Protocol [5] or LSP for short. It was created
by Microsoft for Visual Studio Code editor in 2016 and since then became an industry standard for
providing language support. This protocol defines messages that a language client (an editor) and a
language server use to communicate with each other. These messages are language-independent,
treating a program as a text file and utilizing text coordinates (rows and columns). This protocol
allowed editor developers to implement it, benefiting from all language servers that also implement
it. Developers working on editor support could now implement language features once and benefit
from all the editors implementing a client.

Fig. 1 shows messages defined by LSP, that client and server send each other.

Languoge Server Profocol
{ISON-RPC)

Notification: textDocument/didOpen; Paroms: document
User opens document i

Natification: textDocument/didChange; Paroms: {documentURI, changes)

User edits document

Notification: textDocument/publishDiagnostics; Params: Diagnostic] Server publishes

Request: textDocument/definition Paroms: {documentURI, position}
User exacutes

“Goto definition”

J" errors and warnings
‘ Response: textDocument/definition; Result: Location

Naotification: textDocument/didClose; Params: documentURI
User closes dacument

Fig. 1. Language Server Protocol

We’ve decided to use this protocol to provide language support for TQL. It allows integrating our
language with any tooling that also implements this protocol.

3. Related Work

One tool that can be used to create compiler frontends is Bison. [6] In order to use it, one must
describe a grammar and semantic actions that correspond to different grammar rules. Bison tool then
generates a parser that uses GLR algorithm in order to process inputs. However, LR parsers tend to
be less error-resilient than recursive-descent ones, as shown in this [7] article. Error-resilience is an
important property when it comes to language servers, that is why this work does not use an LR
parser generator.

Not all parser generators use variations of LR algorithm. One prominent example that does not use
it is ANTLR [8]. Generated parsers implement LL(*) algorithm, which uses top-down approach.
ANTLR has a few built-in error recovery strategies and it allows implementing custom ones. Built-
in strategies use generalized algorithm, that can produce decent results, but the best error recovery
can be achieved by using custom error strategies for different rules. Each rule in the generated code
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is wrapped in a try/catch block that, in case of an error, reports it and attempts to recover. However,
recovering from low-level rules can produce undesirable syntax trees as these rules may lack some
context that higher-level rules have. In order to disable this behaviour, one must explicitly rethrow
an error in all such rules. This clutters the code and makes it less maintainable. In a manual parser,
errors might be handled only in rules where it is relevant, avoiding clutter in rules where it is not.
While ANTLR theoretically has enough flexibility to implement different error recovery strategies
for different rules, it makes it quite difficult in practice, as it is not an intended use case. Xtext [9],
that was specifically created to make writing language servers easier, uses ANTLR for parsing and
thus suffers from the same problems.

4. Implementation

4.1 Requirements

The new implementation of TQL, that we will call TQLS (Talisman Query Language Server), had
to meet the following requirements:

o It had to provide an HTTP API to be used programmatically and a frontend library to be
used directly in user’s browser

e Language implementation should support:
o Errorreporting
0 Syntax highlighting
0 Autocomplete
o It had to be integrated with the main Talisman backend
These requirements determined technologies and techniques used to implement the language.

4.2 Introduction to TQL
TQL is used to search for entities in Talisman knowledge base. Most common entity types include:
e Document — a piece of information that was retrieved from some source.

e Concept — an entity, that is known to the knowledge base. Concepts can be mentioned in
documents.

e Link — represents a connection between two concepts.

Concepts and links form a typed labeled property graph. Each concept and each link has a type, that
determines their properties. Consider the following example: document might mention two people,
that are known to the knowledge base as concepts. These concepts would have type “person”. Two
people might have a link of type “friendship”, that links them together. Concepts of type “person”
might have properties like name, birth date, gender, etc. Links of type “friendship” might have a
property that says when this friendship was established.

TQL operators can be divided into the following groups:
o Full-text operators are used to search in the text representation of documents.

o Relational operators are used to find entities based on their properties and their relations
to other entities.

o Universal operators can be applied both to full-text and relational expressions.
Queries below illustrate some full-text operators:

o apple —searches for documents that contain word “apple”.
e -apple — searches for documents that do not contain word “apple”.
e apple~ — searches for documents that contain “apple” using fuzzy search.
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o “apple pie’~1 — searches for documents that contain phrase “apple pie” with at most one
word between them.

The following queries demonstrate relational operators:
e concept(apple) — searches for documents mentioning a concept named “apple”.
o concept.fruit(apple) — the same as above, but this concept should have a type “fruit”.
e identifier=0OK-1 — searches for a document with the identifier “OK-1".

o concept(document(identifier=0K-1)) — searches for documents that mention some
concept that is also mentioned in a document with the identifier OK-1. Selectors can be
nested inside each other.

Queries below demonstrate universal operators that can be used with both full-text and relational
expressions:

e concept(apple) fruit — searches for documents mentioning a concept named “apple”, while
also containing a word “fruit” in them. Logical “and” is represented as a space.

e concept(apple),fruit — searches for documents mentioning concept named “apple”, or
containing a word “fruit” in them. Logical “or” is represented as a comma.

o concept(apple) (fruit,food) — searches for documents mentioning a concept named “apple”
and containing a word “fruit” or “food” in them. Parentheses change evaluation order. By
default, “and” has a higher priority than “or”.

Evaluation of TQL queries is performed by the Talisman backend and is beyond the scope of this
work. One important consideration is that TQL queries are not compiled ahead-of-time to SQL and
Query DSL. Instead, the resulting AST is evaluated by Talisman backend in a bottom-up manner,
using the appropriate search mechanism at each step.

4.3 Language as a Service

It might seem natural to include a DSL implementation into the host application’s codebase.
However, treating a DSL as a separate product provides several benefits:

e One might choose a more appropriate tech stack for implementing a DSL.

o Itallows using a DSL in different environments: i.e., inside a native app, on a website and
on a server.

o Makes it easier for a different team to work on the project: they can use a different release
schedule, version control and tooling.

For the remaining of this work, we will be calling this approach “Language as a Service” or LaaS.
LaaS allows one to design and implement a DSL separately from designing and developing the host
product. Modern applications tend to be multi-platform: there can be a native application, a website
and an HTTP API. By abstracting away platform-specific details, one might focus on making a better
DSL. API for integrating with platform-specific code tends to be a thin wrapper of this core abstract
API. Later we will discuss possible technology choices, that allow such integrations.

4.4 Running TQLS inside a browser

Editors, providing language features like autocomplete, that were examined during our research
made requests to a remote server for providing completions using either HTTP or WebSocket
protocol. This approach leads to more delay before providing completions due to network requests,
requires a constant Internet connection and creates more load on servers. This is why one of the
design goals for TQLS was being able to run it inside a browser.

Traditionally, writing something for the browser assumed a particular tech stack: HTML, CSS and
JavaScript. While these technologies still power the majority of the web, there are some new ones
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that allow using a different stack. One of the most prominent ones is WebAssembly. It defines a
special binary format that is supported in modern browsers, that can be executed safely inside a
sandbox. Different languages support compilation in WebAssembly which allows a wider tech stack
choice. These binaries can be distributed using conventional npm packages which makes it easy to
use for frontend developers.

4.5 Running TQLS on a server

While language features like providing completions can be run inside a browser, there still was a
need in providing a server access to parser. Talisman backend had an old implementation of TQL
parser. Supporting two different parsers written in two different programming languages would
impose a huge burden on the developers and would lead to inconsistencies between language support
for the user and for executing queries. TQLS uses GraphQL [10] API for exposing a backend API.

GraphQL has several benefits over traditional REST APIs:
e API clients can be generated from the schema
e Schema can be automatically validated against having breaking changes
e There is no need to write a separate endpoint for each possible query. Server exposes all
the data it has available and client selects the exact subset it needs
Tree is represented as a flat list, where each element has a unique identifier. Different element types
have different GraphQL types, all of which implement Element interface.
type Tree {
rootld: String
nodes: [Element!]!
}
interface Element {
data: Metadata!
}
type Metadata {
id: String!
start: Int!
end: Int!

}

4.6 Error recovery

Error recovery is implemented as a set of heuristics, that are based on common usage patterns for
TQL. Error recovery may add two additional node types to the resulting CST:

o Skipped tokens — tokens that were skipped by parser. These tokens are still preserved in a
tree, providing more context for code completion.

o Recovered tokens — these tokens are not present in the query, yet they were expected and
were added in the tree by a parser, preserving a correct tree structure.

The following is an example of a heuristic, used by TQLS: whenever a parser encounters a closing
parenthesis after the left part of the equation (an identifier and an equation sign), it does not skip it,
but instead adds a recovered operand in a tree and continues parsing as normal. This way, less input
is skipped and the resulting tree is more useful for code completions generation.

Figure 2 shows an example of a CST for a query $$$ (test=). Both types of additional nodes were
added by the error recovery procedure. Unquoted dollar signs are not allowed, that is why they were
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skipped. After an equals sign, a parser encountered a closing parenthesis and it inserted a recovered
operand in a tree.

655 (test=)

(U’rl:'xpr (0:11)

EqEquation (9:10)

Fig. 2. CST with skipped and recovered tokens

In order to report errors to the user, a recursive procedure searches tree for both types of nodes and
combines them in a single list. For the above example, two errors will be reported:

1. Start: 0 | End: 3 | Found: $$$ | Expected: expression
2. Start: 10 | End: 11 | Found: ) | Expected: operand

4.7 Code completion

Code completion procedure takes a query and a cursor position as an input and returns a list of
completions as an output. Each completion is a text range and a string, that should replace that range
if the completion is accepted. Completion procedure is split into two stages:

e Determine a completion context. Completion context consists of a range inside a query
and the current selector. The current selector is the innermost selector, that surrounds the
cursor.

e Make a list of completions based on the provided context.

In order to find a completion context, the first step is to find a token under cursor in a tree. To do
that, a recursive procedure iterates through root's children from left to right and makes a recursive
call if cursor is contained within a child node's range. This way, if cursor is placed between two
tokens, the left one will be chosen by the procedure. This is due to the fact, that completion is
expected to finish token before the cursor, not after. Token and it's ancestors are then used to
determine a completion context. An example, where the found token is not an entire completion
context, is when dealing with multi-word properties, which are written in quotes. Consisting of
several tokens, they should be considered a single completion context.

After completion context is found, it's text is compared with known keywords. A list of available
keywords is determined by the current selector.
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4.8 Programming language
TQLS uses Rust as an implementation language. Rust was chosen due to the following reasons:

e Chumsky combinator library uses recursive descent algorithm and allows custom error
recovery strategies.

e Robust support for WebAssembly, allowing it to run in a browser.

o Algebraic Data Types (enums) which are useful for modelling syntax trees.

e Robust GraphQL support, which allows implementing a backend API.
Rust-analyzer [11] was used as a source of inspiration for designing TQLS.

4.9 Type-safe CST API
Parser produces a concrete syntax tree, which reflects grammar rules. Unlike AST, CST is what we
call a homogeneous tree: each node uses the same structure in code. Code below demonstrates
structures used to represent this tree in a program:
struct Node {
kind: NodeKind,
meta: NodeMetadata,
children: Vec<Child>,
}
enum Child {
Node(Node),
Token(Token),
}
struct Token {
kind: TokenKind,
meta: NodeMetadata,
text: String,
}
Using the same node type for all tree nodes simplifies writing general tree traversal algorithms.
However, when one needs to work with a specific node type, this API can be error-prone. On top of

this API, there is a type-safe API which is generated from the tree description. This description is
written in Ungrammar [12] format. As an example, let’s take a look at the following nodes:

AndExpr = Factor (' ' Factor)*
Factor = StructOperators
| FlatFactor
| ElementParens
Custom source generator will generate the following structures:
struct AndExpr<'a> {
node: &'a Node,
}
impl<‘a> AndExpr<'a> {
fn get_factor_list(&self) -> Vec<Factor<'a>> {
tree::get_children_with_type(self.node)
}

enum Factor<'a> {
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StructOperators(StructOperators<'a>),
FlatFactor(FlatFactor<'a>),
ElementParens(ElementParens<'a>),

}
There are currently over 70 node types in an Ungrammar description and more than 3500 lines of
code generated from it. Writing this code manually would be error-prone and since the tree structure
can change over time, updating this file manually will be a maintenance burden.

4.10 Interactive playground

In order to debug and test TQLS, an interactive playground application was developed. It runs inside
a browser using WebAssembly. This way, it is possible not only to test our application and visually
validate the resulting tree, but also to ensure that the exposed API is sufficient and is easy to use. In
order to render tree in a browser, TQLS serializes it as a DOT graph and playground renders it using
a graphviz library.

Figure 3 shows an AST for a query SYRCOSE, Young Researchers rendered inside a playground.

O CST @ AST

SYRCOSE, Young Researchers

ElementSeries

operator="0r"
SingleToken ElementSeries
repr="SYRCoSE" operator="And"
SingleToken SingleToken
repr="Young" repr="Researchers”

Fig. 3. Interactive playground

5. Conclusion

This work describes our experience developing and integrating a DSL with the rest of our services.
Our focus was on making it maintainable and portable, here is a summary of our solutions to this
problem:

e Treating a DSL as a separate application with it’s own architecture and tech stack
e Using CST for editor support and AST for executing queries

e Implementing Language Server Protocol to integrate with any tools supporting it
e Using WebAssembly to run TQLS in a browser

e Using GraphQL to run TQLS on a server

e Using Rust programming language to implement our design

e Generating type-safe CST API from Ungrammar description

e Using interactive playground to test and debug TQLS
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Annotamus. Kubepdusndeckue CHCTEMBI NPEACTABIAIOT CO00H CHMOMO3 MHOTOYPOBHEBBIX CHCTEM
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1. Introduction

Modern software development environments are crucial for improving the efficiency and quality of
software development processes. One such valuable tool is the git version control system [1], which
is widely used among developers and provides a detailed change history in its repositories. Each
change to the code is documented with a message written in natural language by the developer,
making it easier to track the evolution of the software.

This work seeks to leverage data analysis methods to identify common types of errors in the source
code of software used in cyber-physical systems. By analyzing the messages in git repositories,
automated methods can be used to detect patterns of errors fixes for the code. This approach can
help developers identify recurring issues and take preventive measures to improve software quality.
By conducting such analysis, software development teams can streamline their processes, reduce the
occurrence of errors, and enhance the overall quality of the software being developed. By
understanding the common types of errors and their main causes, developers can implement targeted
solutions to address these issues and prevent them from occurring in future projects to ensure that
software for cyber-physical systems is robust and reliable.

The rest of the paper has the following structure.

In Section 2, we discuss the background on commits to version control systems and cyber-physical
systems. Section 3 is about the related works on errors detection in cyber-physical systems. Section
4 is devoted to the implementation plan and solving corresponding issues. In Section 5, we discuss
the results we got by running our software to analyze some known repositories of cyber-physical
systems. In Conclusion, we point out the generalization of found errors types.

The present paper is an extension of the report presented at SYRCoSE Software Engineering
Colloquium 2024 in Stavropol.

2. Background

2.1 The git version control system

A version control system is a system that helps manage software development. It tracks changes,
provides multiple version control of files, and allows multiple developers to collaborate [2].

The git version control system was created by Linus Torvalds to manage the development of the
Linux kernel. Projects in the git system are called repositories.

A qit repository contains a collection of files and folders associated with a project, along with a
history of changes to each file. A file history is a list of changes at a specific moment called commits.
They can be organized into multiple development lines called branches. Because git is a distributed
version control system, anyone with a copy of the repository can access the entire project's codebase
and its history. Thus, by analyzing the repository one can track the progress of project development.
Each commit contains the following tracking information [3]: (1) a snapshot of the current state of
the files in the repository at the time the changes were committed, a commit stores all the changes
that have been made to the files at the time of the commit; (2) author of the commit; (3) the date the
commit was created; (4) a commit message written by the developer in natural language that
describes the essence of the changes made in this commit; (5) hash sum; and (6) parent commits.

2.2 Commit classification

The three most common reasons for making changes to the code by introducing a commit, are [4-
5]:
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1) Adding new functionality: this refers to the process of introducing new features to the
software application. It could involve creating new modules, implementing new algorithms,
or integrating third-party libraries.

2) Improving code quality: this reason includes making changes to the code to enhance its
maintainability, readability, and efficiency. It could involve refactoring code to follow
coding standards, optimizing algorithms or improving documentation.

3) Fixing bugs: they involve identifying and resolving issues in the code that affect the
functionality of the software application.

While bug fixes and adding new functionality are closely related reasons for code changes, it is
essential to accurately classify commits in a version control system to distinguish between the two
categories. To address this, some research focused on identifying key features that differentiate bug
fixes from adding new functionality in commits. By analyzing the patterns, code changes, and
contextual information associated with each type of commit, a commit classifier was made [6]. In
our work we use almost the same ideas.

2.3 Cyber-physical systems and errors in it

Edward Lee's works on modeling cyber-physical systems [7, 8] provide in-depth exploration of the
fundamental concepts underlying these complex systems. Lee points out the importance of a precise
definition of cyber-physical systems, highlighting their evolution from the earlier cybernetic systems
studied in control theory. One key aspect that sets modern cyber-physical systems apart is their
reliance on diverse sensor data, which necessitates a distributed approach to operation. These
systems not only interact with their environment but also have direct impacts on human lives,
underscoring the need for accurate modeling to ensure their safe and effective functioning.

Raj Rajkumar emphasizes the interconnected nature of cyber-physical systems [9], notes how these
systems combine physical processes with communication networks and computing capabilities.
Helen Gill expands the definition of cyber-physical systems to include human factors, taking into
account the role of human operators in these systems [10]. Janos Sztipanovits highlighting the
interdisciplinary nature of cyber-physical systems, pointing how these systems bring together
expertise from various fields such as computer science, engineering, and mathematics [11].

Errors in cyber-physical systems can be categorized into various types [12] such as design errors,
implementation errors, communication errors, timing errors, and environmental errors. These errors
can result in safety, system failures, performance, and security vulnerabilities.

Addressing errors in cyber-physical systems presents numerous challenges [13] due to the intricate
nature of system interactions, real-time constraints, resource limitations, and the necessity for
interdisciplinary expertise. To enhance error detection and mitigation strategies, researchers are
investigating advancements in formal methods, model-based design, runtime monitoring, anomaly
detection, and machine learning techniques [14].

2.4 Examples of cyber-physical systems to analyze

In this subsection, we describe some notable projects from our past experience and from the list of
projects on the topic "cyber-physical systems" on GitHub, which we chose to analyze error fixes in
their repositories.

The Ardupilot project [15] can be considered as a cyber-physical system. Ardupilot is an open-
source autopilot software suite that enables autonomous control of drones, unmanned aerial vehicles
(UAVs), and other robotic systems. It integrates physical components (such as sensors, actuators,
and communication modules, see the example of architectural modeling in [16] with computational
elements (software algorithms, control logic) to enable real-time monitoring, control, and navigation
of the vehicle.
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The Scada-LTS project [17] can also be understood as a cyber-physical system. SCADA
(Supervisory Control and Data Acquisition) systems are used to monitor and control industrial
processes, infrastructure systems, and other complex systems that involve the interaction between
physical components and digital control systems. The Scada-L TS project is an open-source SCADA
software system provides monitoring, control, monitoring, and data acquisition capabilities for
various industrial applications.

The Modelica project [18-19] is related to the cyber-physical system topic. Modelica is an open-
source, object-oriented modeling language used to model complex cyber-physical systems that
involve the interaction between physical components and digital control systems. In a cyber-physical
system context, Modelica can be used to create models that represent the behavior of physical
components such as mechanical systems, electrical systems, thermal systems, and more. These
physical component models can then be integrated with control algorithms and other software
components to create a comprehensive model of the entire system.

The KeYmaeraX project [20-21] relates to the promising topic of proving the correctness of cyber-
physical systems. KeYmaeraX is a theorem prover for hybrid systems, which are systems that
exhibit both continuous dynamics (physical processes) and discrete dynamics (digital control
algorithms). Cyber-physical systems often fall into the category of hybrid systems. KeYmaeraX
supports the verification of safety-critical properties, such as collision avoidance, stability
guarantees, reachability analysis, and dynamic logic specifications [22-24], which are essential for
ensuring the reliable operation of cyber-physical systems.

3. Related work

To search for errors and vulnerabilities in cyber-physical systems, both static and dynamic methods
are applicable. Since software for cyber-physical systems is a set of executable programs (possibly
running on different nodes), general methods of analysis, testing and verification specific to
distributed software are applicable to it. For such systems, monitoring is preferable, when the system
is running and its current state can be obtained and compared with the expected one. The work [25]
describes a review of this kind of monitoring for given requirements in the form of specifications.
Specific signal analysis methods are applicable for different classes of such systems [26]. For real-
time systems, this kind of monitoring can check parameters such as input rate, scheduling delay, and
processing time [27]. For systems dependent on network interactions, methods for analyzing
network vulnerabilities [28] are applicable.

It has long been discussed that static code analysis techniques are applicable to such systems [29].
Although for special domains, special approaches must be used to generate benchmarks [30].

As of theoretical research, first of all, methods for constructing behavioral models of such systems
and testing them [31] as well as logical calculus systems for modeling vulnerabilities [32] are known.
Such models are decoupled from real code, which entails the use of abstraction and a potential loss
of adequacy, but they can potentially test situations that are difficult to reproduce.

Empirical work by Tan et al. [33] focuses on conducting a comprehensive analysis of bugs in open-
source software, with a specific emphasis on the Linux kernel. In the case of Linux, bugs are
categorized based on their respective subsystems, such as core, driver, network, FS, arch, or other.
The study utilizes BugZilla's message text for various open-source components, employing
vectorization techniques for automatic bug classification. In a similar vein, Xiao et al. [34] proceed
with a detailed examination of 5741 Linux kernel bug reports. Their analysis delves into bug
descriptions, comments, and attached files from the Linux kernel bug tracker, BugZilla. The bugs
are further classified as fast-reproducible (Bohrbug), difficult-to-reproduce (Mandelbug), or
context-dependent. Additionally, the researchers define specific categories to which bugs can be
attributed, such as memory errors or unfreed resources, based on their contextual dependencies. In
the present work, we are going to do such kind of analysis. By focusing on cyber-physical systems
rather than Linux kernels, we can uncover specific issues and vulnerabilities that are relevant to this
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particular domain. Utilizing git repositories as the source for messages provides a wealth of data that
can offer insight into the development and maintenance of these systems. By differentiating between
fixing commit messages, we can pinpoint common errors and identify patterns that may indicate
underlying issues within the codebase.

Commits loader

Transformation to
classifier vectors

Commits classifier

Intermediate
storage

Tokenization

Transformation to]
clusterization
vectors

Repres

entation

N

Clusfe

ring

Fig. 1. Architecture of our solution
4. On the implementation

4.1 The structure of the solution

The internal flow and main modules of our solution are presented in Fig. 1. The ideas to implement
the approach are presented in our previous paper [35]. To repeat, this is getting the text of commits,
identifying commits that commit, representing its text in vector form using a “bag of words”,
working with increasing the role of significant words, and further clustering such vectors into
generalizing centroids with the ability to restore close messages from commits for each of the found
centroids. Les us just describe the logical modules.

The Intermediate storage is a module necessary to be able to interrupt the progress of the program
and replace other modules without completely losing the result of the work; it can be presented in
the form of a small database management system.

The Commits loader loads commit information from the git system. This module is necessary
because calculating file changes can be a costly operation, and preloading information allows it to
be done only once.

The Transformation to classifier vectors module obtains commits in a vector representation. For
conversion, both data from the commit information in natural language and in a programming
language are used. Priority in classification is given to control flow graph representation of the
commit diff. The vector data is used only for classification and is not used further in commit
clustering.

The Commit classifier module determines whether a certain commit is a bug fix.

The Selection module makes a selection from the general pool of commits that will be needed for a
specific study. For example, the comment belongs to a specific domain and time period.
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The Tokenization module converts a commit message to a list of keywords. This process involves
removing technical information, converting words to a basic form, and removing unimportant
words.

The Transformation to clusterization vectors module converts a list of keywords to numeric
vectors, and also generates a dictionary for the reverse arrangement of vectors.

The Clustering module defines a certain cluster for a specific commit or assigns it to an outlier
(does not assign it to any of the clusters). It works with the Distance calculation module which
calculates the matrix of distances between all vectors.

The Representation module collects data from different modules, organizes them and presents them
in a user-friendly format.

4.2 Covered issues

In this section, we discuss solving the difficulties that followed attempts to directly apply Linux
kernel repository analysis approaches [35] to new cyber-physical system repositories.

During the analysis, it was noticed that the selected repositories of cyber-physical systems lack in
commit messages a detailed description of the actions taken by developers. Therefore, we have to
rely solely on headlines as the source of data for our analysis. Incomplete and uninformative commit
messages make it difficult to understand development history and effectively track down the causes
of problems. Unfortunately, in the repositories studied, such commits predominate, which
complicates the analysis.

A significant problem also arises from the high IDF values observed in dictionaries. This reflects a
lack of token diversity that prevents key aspects from being isolated in the codebase. As a
consequence, inflated values lead to a number of problems that must be overcome to achieve good
storage analysis.

As a solution to the problems, LSA transformations had to be introduced. LSA is a machine learning
technique used to identify semantic patterns in large text data sets, making it an effective tool for
analyzing changes in domain-specific code repositories.

It was also decided to change the clustering algorithm. DBSCAN offers significant improvements
to the commit analysis process. It detects clusters of different densities and shapes, making it easier
to adapt to different projects.

Analyzing each repository with a small number of commits is a unique task in selecting clustering
parameters (Table 1), and requires careful manual tuning. Manual selection is critical to achieving
optimal results. For example, increasing the “LSA units” parameter can help in cases where the
number of clusters is not enough or too many.

Table 1. Empirically selected parameters for clustering and LSA transformation

Scada Modelica | KeYmaeraX | ardupilot
Min cluster size 5 5 10 15
Eps 0.23 0.23 0.38 0.45
LSA units 100 100 200 300

In cyber-physical systems repositories, the general lack of a sufficiently large number of commits is
a major obstacle because it limits the amount of data available for analysis. This limitation makes it
difficult to effectively identify patterns. Low commit rates may be due to factors such as small
development teams, infrequent updates, or rigorous testing and review processes before committing
changes. Overcoming these challenges requires taking a closer look at available data and exploring
alternative analytical approaches to extract meaningful information from a limited data set.

Differences in commit message conventions create serious problems for the classifier (deciding
whether a fix or a new feature has been committed) when applied across different repositories. As a
result, classifiers trained in one repository may struggle to perform effectively in others, resulting in
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reduced relevance in identifying patches and clustered data. In this set, a classifier trained on the
Linux kernel repository was used, so it was much easier for it to find training data.

N Commits

Scada
Modelica
KeYmaeraX

ardupilot

=)

20,000 40,000 60,000 80,000

[ Fixes

Modelica

e _

ardupilet

Fig.2. The number of commits (top) vs the number of fixes (bottom) in the selected repositories

The accompanying Fig.2 illustrates an interesting observation: the number of identified fixes does
not depend on the total number of commits. This highlights the difficulty of generalizing classifiers
and the importance of considering storage-specific nuances to improve classification accuracy.
To mitigate the impact of problems associated with abstract commit descriptions and low commit
frequency, several strategies are proposed. These include analyzing relationships between
comments, tracking code changes over time, identifying patterns based on sequences of commits,
etc. Additionally, using meta-information such as commit author, timestamp, and associated files
can enhance the analysis capabilities. Combining data from different sources gives us a more
complete understanding of storage dynamics and helps to make more informed decisions.
Every repository, be it Scada, Modelica, KeYmaera X or Ardupilot, has issues that affect the
efficient identification of commit clusters (Table 2). These problems include weak commit
descriptions, low numbers of commits, difficulties in classifying fixes, and low relevance within the
context of the repository's domain. For example, automatic analysis of the Modelica repository is
almost impossible with the proposed methods, since each of the proposed problems is present in it.
Interestingly, repositories with fewer inherent problems require more stringent parameter
specifications to achieve optimal results for them.
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Table 2. Main issues for clustering in selected repositories

Scada Modelica |KeYmaeraX | ardupilot
Weak description + + + +
Low commits count + +
Wrong classification of fixing commits + +
Low relevance + + +

5. Results of analysis of repositories with some known projects of cyber-
physical systems

In this section, we show the results of the analysis of the git repositories of the specified projects by
our software. First, we demonstrate the generalized vectors found, with the words there arranged in
descending order of weight using tf-idf. Next, for each vector, we show examples of the most
relevant messages from commits that match this vector.

5.1 The Ardupilot project
Vector #1: ['apvehicle’, ‘compiler’, ‘float’, ‘override’, 'keyword', ‘old’, ‘airspeed’, 'double’, 'gc’,
'initialisation’, 'serial’, ‘avoid', ‘wrapper', ‘older’, 'return’]

AP PID: compiler warnings: apply is zero(float)

APMrover2: compiler warnings: apply is zero(float) or is equal (float)

Plane: compiler warnings: apply is zero(float) or is equal (float)

AP Compass: compiler warnings: apply is zero(float) or is equal (float)

AntennaTracker: compiler warnings: apply is zero(float) or is equal (float)
This vector represents a fix for the compiler warning when working with floating-point values.
Vector #2: ['hwdef', 'binding’, ‘copter’, 'register’, 'match’, ‘changes', 'update’, 'sub’, ‘optional’, ‘recent’,
‘upstream’, 'manual’, 'i2¢', ‘avoid’, 'lua’]

AP HAL ChibiOS: hwdef add support for Networking

hwdef: add hwdef for SDMODELH7V1

AP HAL ChibiOS: update truenav hwdef

AP HAL ChibiOS: hwdef for Flywoo F405 Pro

AP HAL: move defaulting of HAL DSHOT ALARM into hwdef
This vector represents an improvement to the hardware definition for hardware abstraction
components.
Vector #3: ['hil', "initial’, ‘wrapper', 'implementation’, 'roll', 'tailsitter’, ‘pitch’, 'eliminate’, ‘transition’,
‘ap’, ‘attitude’, ‘call’, 'vtol', ‘timing’, ‘creation’]

ACM: fixed HIL build again

ArduPlane: remove HIL support

AP Compass: remove HIL support

Blimp: remove HIL support

GCS_MAVLink: remove HIL support
This vector deals with support for the Hardware-in-the-loop simulator, which was gradually
removed from the project.
Vector #4: ['define’, 'separate’, 'send’, 'patch’, ‘stability’, 'simple’, 'hold’, ‘alt', 'ability', 'able’, ‘absolute’,
‘abstraction’, ‘ac’, 'accel’, 'acceleration’]

AP RCProtocol: add separate define for AP RCPROTOCOL_PPMSUM ENABLED

AP RCProtocol: add separate define for AP RCPROTOCOL_ST24 ENABLED

AP RCProtocol: add separate define for AP RCPROTOCOL_DSM ENABLED

AP RCProtocol: add separate define for AP RCPROTOCOL_SUMD ENABLED

AP RCProtocol: add separate define for AP RCPROTOCOL_ IBUS ENABLED

This vector deals with define macros in code.
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Vector #5: ['fence', 'without', 'register', 'attitude’, 'pointer’, 'must’, ‘collective’, ‘avoid', 'quad’,
‘horizontal’, 'next', 'tradheli’, 'heli’, ‘term’, 'structure’]

AC_Fence: add polygon fence check to check destination within fence

AC Avoid: add support for stopping at polygon fence

AC Fence: add support for polygon fences

AP 0OSD: Add fence indicator panel

Rover: add fence support
This vector deals with fixes for obstacle avoidance functions.
Vector #6: ['location’, 'adjust', 'vector3f', 'require’, 'accepts', 'send’, 'home’, 'packet’, 'specify’,
‘original’, 'unify', ‘circle’, 'mount’, 'support’, 'usage']

autotest: fixed buildlogs location for *.BIN

AP Math: move line path proportion to Location

ArduPlane: use past_interval finish line and line path proportion from Location

Tweaks to fix Loiter

Changed save location to int32

added some filtering and smoothing

APMrover2: use past interval finish line and line path proportion from Location
This vector deals with fixes for location objects.

Vector #7: ['scheduler’, 'enum’, 'old’, ‘ability', ‘able’, ‘absolute’, ‘abstraction’, 'ac', 'accel’, 'acceleration’,
‘accelerometer’, ‘accept’, 'accepts’, ‘access’, ‘accessor’]

Rover: windvane update called from scheduler at 20hz

AP NavEKF: Scheduler Improvements

Plane: remove update events scheduler shim

AP HAL AVR: Scheduler extensions implemented

Copter: remove shims used in scheduler
This vector deals with fixes for the scheduler.

Vector #8: ['macro’, ‘rewrite’, 'frontend’, ‘flag’, ‘ability’, ‘able’, 'absolute’, ‘abstraction’, 'ac’, ‘accel’,
‘acceleration’, ‘accelerometer’, 'accept’, ‘accepts', 'access’]
all: use CLASS NO_COPY () macro
Copter: Obey RANGEFINDER ENABLED, AUTOTUNE_ENABLED and AC_TERRAIN build macros
AP HAL SMACCM: fix to goofed PPM MAX CHANNELS macro
HAL ChibiOS: use EXPECT_DELAY () macro
AP InertialSensor: use EXPECT DELAY () macro
This vector deals with various code fixes in macros (specific to C/C++ projects).
Vector #9: ['script’, 'reset’, 'last’, 'install', 'readme’, ‘folder’, 'dronecan’, 'style’, 'multiple’, 'optflow’,
‘byte’, 'iofirmware’, 'lua’, 'jshsim’, 'enumeration’]
AP HAL ChibiOS: fix script for HerePro
AP HAL F4Light: fixed some support scripts
AP Scripting: add arming check for failed scripts
HAL ChibiOS: moved to generated loader script
AP Scripting: add checksum of running and loaded scripts with arming check

This vector deals with fixes for built-in scripts.
Vector #10: ['quadplane’, ‘adjust’, 'ability’, 'able’, 'absolute’, ‘abstraction’, ‘ac', ‘accel’, ‘acceleration’,
‘accelerometer’, 'accept’, 'accepts’, ‘access', ‘accessor', ‘accessors'’]

Plane: Quadplane: use uintl6 t for output motor mask

Plane: added QTUN logging for quadplane

AC WPNav: converted to use AP AHRS View

Plane: Quadplane remove THR MIN PWM and THR MAX PWM

Plane: allow for NAV_LOITER UNLIM and NAV_LOITER TIME in quadplane

This vector deals with fixes for working with QuadPlane, which is a combined fixed wing and
MultiCopter aircraft.
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5.2 The Scada-LTS project

Vector #1 ['settimeout’, 'state’, 'commonjs’, 'pointpropertiesapi’, 'eventtextrenderer', 'translate’,
'interface’, 'messagesms’, ‘localization’, ‘'validate', 'copy’, 'plcalarmsdac’, 'messages’, 'adapter,
'miscdwrdolongpoll]

#2111 Fixed wusing setTimeout in common.js - added multi thread tests:
MiscDwrDoLongPollAlarmsMultiThreadTest, MiscDwrDoLongPollMultiThreadTest;
corrected MiscDwr.doLongPoll, without copy state

#2111 Fixed using setTimeout in common.js - use setlInterval

#2111 Fixed using setTimeout in common.js 3 - setTimeout functionality ported to
java

#2111 Fixed using setTimeout in common.js - validate uiPerformance, added 'Very
high' option (1000ms)

#2111 Fixed using setTimeout in common.js - corrected refresh points with
statistics, for request that run longer than the Interval Time

This vector is a fix for the timer function - executing code by timeout in JS.

Vector #2: ['patch’, 'vue', 'views', 'tests', ‘ability’, 'able', 'abstract', 'abstractbeforeafterworkitem’,
‘accept’, 'access', 'accetable’, 'acknowledge’, ‘acl’, ‘action’, "active’]

patch removed newline

patch MangoTextContent.java

Refactor Vue Unit Tests #1533

#1641 ADD [NotFinished] VirtualDataPoint Vue
#1894 Views caching - corrected

This vector represents patches for views (that is, representing the states of objects on the screen).

Vector #3: ['correction’, ‘commit’, 'display’, 'partial’, 'isalive2’, 'viewdao', ‘clean’, 'eventdetectorapi’,
'not’, ‘eventlist', ‘component’, 'number’, ‘ability’, 'able’, 'abstract']

Correction of commit number display. #1502

#2051 Visual corrections (component shrink)

EventDetectorAPI corrections #1532

#2051 Add corrections to the IsAlive?2
SLTS-40 Add correction to ViewDAO

This vector represents various corrections associated with the display of information and events in
the system.

Vector #4: ['slts13', 'testdao’, ‘annotation’, ‘cleanup’, 'scriptdao’, 'direct’, 'rewrite’, 'navigation’, 'link’,
‘controller’, "ability', ‘able’, ‘abstract', 'abstractbeforeafterworkitem’, ‘accept’]

SLTS-13 Added FlexProjectRowMapper and remove @SuppressWarning annotation
SLTS-13 move expectedException to TestDAO

SLTS-13 Rewrite ScriptDAO

SLTS-13 controller's clean-up

SLTS-132 Implemented direct link navigation.

This vector represents fixes for DAO (data access object).
Vector #5: ['log4j', 'pointdetails’, 'slts34', 'logger’, ‘ability', 'able', ‘abstract’, 'abstract before after
workitem', 'accept’, 'access', 'accetable’, ‘acknowledge', ‘acl’, 'action’, ‘active']

#1982 - log4j update

#1982 - log4j update

SLTS-97 Add logger for log4j. Correct PointValueService.
WORKSAVE New PointDetails ideas

SLTS-34 Add DataSourceServiceTest

This vector represents logging fixes using log4j (log for Java).
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5.3 The Modelica project
Vector #1: ['proper', 'word', format’, 'use’, 'number’, 'leakage’, 'accordingly’, ‘individual’, 'usersguide’,
'magnetic’, 'electrical’, ‘work’, 'ha’, 'implementation’, '09']

Use proper number formats

Proper word

Use proper number formats
Proper word

SymmetricPolyphaseWinding: moved individual leakage from magnetic to electrical
implementation: it works!

UsersGuide has to be adapted accordingly.
This vector represents fixes for formatting messages with the correct number format.

Vector #2: ['unify', 'time', 'ccr, 'event', 'enhancement’, 'cleanup’, 'drive', 'controller', 'some’,
‘powerconverters', 'partial’, 'interface’]

refs #1627: Fix detection of (scaled) time events

refs #1627: Fix detection of scaled time events

CCR: corrected error in setState ps
This vector represents fixes for working with time events.

Vector #3: [‘electricaldigital’, 'correction’, 'elementary’, ‘grid’, 'fit', 'mechanicsmultibody’, 'layout’,
‘better’, 'info’, 'svn', 'revision’, "function’]

#799 solved for Electrical.Digital

errors fixed in Electrical.Digital

errors fixed in Electrical.Digital

corrections according to #994 in Electrical.Spice3.Internal.Fet

Correction of info of function Matrices.realSchur

This vector represents bug fixes in the Electrical.Digital component (this library contains packages
to model digital electronic systems based on combinational and sequential logic).
Vector #4: ['due’, 'picture’, ‘complexblocks', 'modification’, 'docu’, ‘referenceair’, 'referencemoistair’,
'mass’, ‘energy’, 'balance’, 'some’, 'static']

Comments added due to #1475

modifications due to ComplexBlocks

due to #407 bugs 2, 3, 4, 5, 7 fixed (docu, pictures)

Some changes due to renaming of ReferenceMoistAir and ReferenceAir.

medium.preferredMediumStates is now false if both mass and energy balances are
static

Attempt to fix issue #3236
This vector represents error fixes for complex blocks with images.
Vector #5: ['dynamicselect’, 'boolean’, ‘comparison’, 'real’, 'individual', 'stray’, ‘implementation’, '09',
'150', '2dtable’, '3rdparty’, '64bit’, ‘abbreviation']

Avoid Boolean comparison with Real in DynamicSelect (#2862)

Avoid Boolean comparison with Real in DynamicSelect (#2879)

corrected implementation of individual stray permeances

This vector represents fixes for proper comparison with real (floating-point) values.

5.4 The KeYmaeraX project

Vector #1: [implement’, 'syntactic', 'derivative', 'index', 'skeleton’, 'skolemization’, ‘counting’,
'magic', 'less', '20150824', '20160308', '20160601', '20160802', '20160816", '2sided']

implement GetPathAll

implement the CreateProblemRequest
implement BranchRoot

implement skolemization

implement more of skeleton
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This vector represents the addition of various functionality to the project in the form of large
commits, for example, the implementation of skolemization (reduction to Skolem normal form is an
approach for removing existential quantifiers from formal logic statements).
Vector #2: ['package’, 'private’, 'change’, ‘'moves’, 'datastructures', 'firstintegrals', ‘fol’, ‘replaceall’,
tooltips’, 'dwplus’, ‘compilability’, 'link’, ‘thanks', ‘cert’, 'sos']

packages

Change package

Change package for compilability.

merge tons of code from kaisar package to experiments package, get bot working

again

Move strategic AxiomIndex to package btactics
This vector represents fixes for rebuilding packages in the logical organization of the architecture.
Vector #3: ['solve', 'axiominfo', 'nilpotent’, 'search’, 'feedback’, 'anyarg’, 'anything', ‘axiombase',
‘output’, 'rescue’, 'diffsolve’, ‘theme’, ‘choice’, ‘consistently’, ‘'speedup']

Nilpotent solve (preliminary)

Nilpotent solve speedup

Re-unification to solve p(.)~>.>=0 , p(.)~>2>=0 issues as in

[x':=2]x">=0<->2>=0 against [':=]

Nilpotent solve: dW only when provable

key/recusor in AxiomInfo
This vector represents fixes for Nilpotent solve (for solving algebraic structures).
Vector #4: ['unification', 'derive’, 'bidirectional’, 'axindex’, 'imply', ‘'monomial’, 'projection’, 'init',
'sign’, 'bit’, ‘variation', 'dot’, 'dbx’, ‘match’, ‘dotterm’]

Colored-dots unification

Improve unification a bit further

Unification support for projection

Unification match: O-indexed colored dots

DiffHelper derive fix (sign error)

This vector represents fixes for the unification algorithms [36] in the theorem prover.

6. Discussion and Conclusion

The results of the clusterer can be considered successful only for the Ardupilot project. For the rest,
there are problems with obtaining both the required number of arbitrarily representative clusters,
and with the quality of the found vectors, so that they actually represent fixes of repeating types of
errors. We see the main problems here in the organization of development of the selected projects,
when developers write uninformative messages about commits. In addition, task management
suffers: code fixes are committed to solve large problems at once, rather than small changes with a
clear justification. The final problem we see is the classification of commits into adding functionality
and fixes: the classifier is based on the code as well as messages of Linux kernel commits and for
other repositories, as it turned out, it does not work entirely correctly.

As for the processed commits, in the Ardupilot project the main errors were specific to the software
domain for unmanned vehicles, such as issues of location processing, obstacle avoidance,
abstraction from hardware and scheduling. For SCADA systems, errors specific to Java applications
and MVC architecture were found, which is not surprising, because such projects visualize
monitoring data of cyber-physical systems. For the Modelica system, the Electrical.digital
subsystem was found, which is prone to errors, as well as other issues there are related to the
conversion of numeric floating-point values. Finally, in the theorem prover for cyber-physical
systems KeYmaeraX (with not a good organization of commits that does not reveal the full
complexity of development), the main logical subsystems for proving cyber-physical models in
which there were many changes in the code were found: skolemization, nilpotent solve and
unification.

44



Craposoiitos H.A., Craponeros C.M. Kiraccupukaiis KOMMHTOB B PEIIO3UTOPUSIX KHOCPOHZHISCKUX CHCTEM ISl HCCIICIOBAHNUS
ucnpaBneHuit onbok B HUX. Tpyowt UCII PAH, Tom 36, Bbim. 2, 2024 r., ctp. 33-46.

The final advantages of our solution are the ability to easily evaluate what is being done in a given
repository (with a sufficiently large number of well-organized commits) and what errors were
corrected in order to learn from examples of the development of this kind of systems with increased
reliability requirements.
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AnHOTamusi. B cratee 00CY)XIAlOTCS BONPOCH! IUIAHMPOBAHUS M YIPABJICHUS pPeCypcaMH B IIpoliecce
TECTHPOBaHHUs IIPOrPaMMHBIX cHcTeM. B pabore npexacrasiex merox ananmmsa ACC, ucnonbe3yemsiit B Google
JUIs ONTUMM3ALUM PACIpeeiICHUs YCUIMHA MO TECTUPOBAHUIO PA3IMYHBIX dacTed cucTeMbl. Pacimpenue
MeToJa IyTeM A00aBlIeHHs 4YeTBEPTOH XapaKTEePHCTUKH - aKTepoB (POIM IOIb30BaTENed CHUCTEMBI) -
Mmo3BoJsieT Oonee THMOKO OLEHMBATh TpeOOBaHMS K OEHCTBUSM M YPOBHH HAaBBIKOB IOJb30BaTeNCH.
WnnioctpaTuBHBIE TPUMEPH! aTpUOYTOB M KOMIIOHEHTOB CHCTEMBI OMOTAIOT MOHATh NPHHIMIIBI MeToqa. B
paboTe mpeanaracTcsl HOBBIM MOAXOM K YHPAaBICHUIO PHCKAMU U yTyYIICHHIO MPOIECCOB B TECTHPOBAHUU
MIPOTPaMMHBIX CHCTEM B MHOTOMEPHOM IPOCTPAHCTBE. D(P(PEKTHBHOCTH MPUMEHEHHS YIIyYIIEHHOTO METO1a
agamm3a ACC ¢ HCIONB30BaHHEM PHCKO-OPUEHTHPOBAHHOTO IIOAX0Ja OblIa IPOAEMOHCTPHpPOBAHA Ha
IIpUMepe CHUCTEMbl YIPAaBJIEHHsS TEXHOJOIMYECKUMH OIEpalUsiMH 10 PEMOHTY 3JIEKTpOJBHUraTenei, s
KOTOpOil OBUIM OIpeAeNeHbl aTpUOYyTHI, KOMIIOHEHTHI, aKTephbl, NPOAHAIN3UPOBAHBI BO3MOXKHOCTH HX
MePECEUCHUs], TIPOBEJCHO TECTUPOBAHKE, YTO IIOMOTJIO YIIyUIIHTh KA4€CTBO CHCTEMBI.

KnroueBble c10Ba: TECTHPOBAHHE; PEECTP PUCKOB; IUIAH TECTHPOBAHHS; TECT-KEHCHI; CHCTEMA YIPABICHHS
TEXHOJIOTHIECKUMH oTteparusimu; Metozonorus ACC; Google+; puck-opueHTHPOBAHHBIH TOIX0/1; BBISIBICHHE
PHCKOB; yiydnieHHe 3((EKTHBHOCTH; OIEHKA PHCKOB; IOBBIIMICHHE MPOU3BOAUTENHFHOCTH; ONTHMH3AIMS
IIPOLIECCOB; aHAIN3 AAHHBIX; IPOrpaMMHAasi HHXXEHEPUsL.

Just uurupoBanusi: Mycrapuna H.U., ITnakcua M.A., Mukuiiesa IT.A. Four-dimensional ACC analysis.
Tpynst UCIT PAH, Tom 36, Bbim. 2, 2024 1., ctp. 47-58 (Ha anrmuiickoM si3bike). DOI: 10.15514/ISPRAS—
2024-36(2)-4.

1. Introduction

Testing is one of the most important processes in software system development. The main goal of
testing is to detect errors and defects in the product being tested, as well as to identify discrepancies
between the product's characteristics and the requirements and expectations of users [1-15]. One of
the main problems associated with testing is the lack of resources for exhaustive testing. A good test
plan should be created at the beginning of a project and may change during the development of the
software product. This makes tasks such as planning and management relevant: the task of best
resource allocation allocated to the testing phase, and the task of assessing the progress made during
testing.

At Google, a special method called ACC analysis [16] is used to address these challenges. It allows
ranking different parts of the developing system using a popular risk-oriented approach today,
providing recommendations on what percentage of efforts should reasonably be planned for testing
specific parts of the system.

The original ACC analysis manipulates three characteristics of a software system: attributes,
components, and capabilities. ACC stands for Attribute, Component, Capability. This article
proposes to expand the method by including a fourth characteristic —actors (classes of system users).
This increases the manageability of the testing process, allows for a different perspective on testing
organization, makes the process more flexible, clarifies requirements for implementing specific
actions, and also the level of user qualification.

The article describes the ACC analysis method used for software testing and its proposed
enhancement. ACC analysis is a risk-oriented approach that ranks different parts of a developing
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system based on the percentage of efforts required for testing. The original ACC analysis considers
three characteristics: attributes, components, and capabilities. The proposed enhancement adds a
fourth characteristic: actors (roles of system users). It increases the manageability of the testing
process, provides a different perspective on testing organization, makes the process more flexible,
clarifies requirements for implementing specific actions, and considers the level of user
qualification. The text also provides an example of applying the improved ACC method for
analyzing a Repair Shop system. The enhancement allows for better distribution of testing resources,
prioritization of testing based on risk levels, and consideration of user roles and qualifications.

2. The original ACC method

Since ACC analysis is not well known enough, first a description of the traditional methodology is
provided, followed by our proposed enhancement. The results of applying ACC to analyze the
system for repairing electric motors are then presented.

As an illustration, the application of ACC analysis for testing the system for controlling
technological operations in the repair of electric motors (Repair Shop) is described. The system
operates according to the following scheme:

o Users of the Maintenance and Repair Shop can be divided into roles: worker, master,
workshop supervisor, director, and Maintenance and Repair Shop administrator. Several
individuals can belong to each category, except for the director.

o During engine repair, various "operations" are performed. Each operation belongs to one
of the "operation groups."

e A broken engine is brought to the company for repairs. The workshop supervisor registers
it in the Maintenance and Repair Shop: creates a "card" for it, assigns a unique number to
the engine, and determines the list of necessary operations. Subsequently, as the repair
progresses, the card will be marked with the completion of each operation.

e The card is placed in the "In Progress™ list. The card is visible to all users of all types.
o The workshop supervisor assigns a master responsible for the engine repair.

e The master assigns workers to perform each operation, is responsible for the start and end
of the work, makes notes in the engine card about the completion, suspension, and
completion of the operations as the repair progresses.

o After the completion of the last operation, the engine card is automatically moved from
the "In Progress" list to the "Completed" list.

e The Maintenance and Repair Shop administrator: adds, edits, and deletes users, assigns
them a category; adds, edits, and deletes operations and operation groups, assigns an
operation to a group; adds, edits, and deletes customers;

e The director has the ability to generate reports that provide information on which worker
performed a specific operation, and how much time was spent.

The system model created using ACC analysis significantly differs from traditional models such as
functional, structural, flow, and parametric. From an ACC perspective, the system is represented as
a matrix, where columns correspond to system attributes, rows to components, and cells contain the
capabilities that the system provides to the user. This matrix is constructed as follows.

First, key characteristics of the system are identified, qualities that are important to the user and in
which the developed software system should stand out from analogs. In the context of ACC, these
are called attributes and are typically expressed as adjectives. Their number is small.

As an illustration, the following list of attributes for the social network Google+ is provided: Social
(allows users to exchange information and thoughts), Expressive (users use the product's features
for self-expression), Simple (users easily understand how to do what they want), Relevant (shows
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only information that interests the user), Expandable (integrates with other Google resources, third-
party sites, and applications), Confidential (user data will not be disclosed).

For our illustrative Repair Shop system, the following attributes were identified: "Simple" (offers
users only intuitive actions), "Convenient" (minimizes time for frequently performed actions),
"Accessible" (allows users with different roles to connect), "Secure™ (protects information from
external threats).

The second step of ACC analysis involves identifying "components.”" The concept of components
in ACC differs from the traditional understanding. Components are the structural units of the system,
not in terms of program structure but from the user's perspective. Components are the key parts of
code that make the program what it is.

For the social network Google+, components include Profile, People, Feed, Circles, Notifications,
Interests, Posts, Comments, Photos. For our illustrative Repair Shop system, components include
Search, Repair Card, In Progress, Completed, Reports, Users, Groups, Operations, Customers.

The third stage of ACC analysis involves describing the "capabilities of the system™ - actions that
the system can perform at the user's request. As expected for actions, they are expressed using verbs.
In the ACC model, capabilities do not exist on their own. They are linked to components and
attributes. It is considered that each capability is implemented by a certain component with the aim
of providing a certain quality of the product (a certain attribute). For example, for the social network
Google+, the component "View Page" interacts with the attribute "Accessible™ in three capabilities:

o make the document accessible to employees;
o allow employees to edit the document;
o display the employee's position on the page.

This results in a matrix where columns correspond to attributes, rows to components, and capabilities
are recorded in the cells. Fig. 1 shows the matrix model for Google+ from [16, p.132].

Fig. 1. ACC Table for Google+

A matrix of "attributes-components-capabilities” for our illustrative Repair Shop system is shown
in Tables 1 and 2.

There can be many capabilities (tens or hundreds). They provide the result for which the user uses
the system. Therefore, the correctness of their implementation should be verified. This means that
each capability should be tested at least once.

Already, this matrix is useful as a source of information for building a testing plan "components-
attributes-capabilities".

e Each capability requires at least one test. Therefore, the number of capabilities in a table
cell indicates the minimum number of tests associated with that cell. It is easy to identify
cells, rows, and columns that require maximum testing efforts.
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e Each row and each column represent a certain logical integrity. All cells in a row
(column) are connected. Therefore, it is logical to test them together. Therefore, each row
and each column can serve as a test session assignment. This way, we eliminate
duplication and ensure a high level of coverage.

However, the ACC analysis goes further. To increase the informativeness of the model, it involves
a risk-oriented approach. This is done as follows.

So far, we have considered all capabilities equal in terms of testing. But in reality, this is not the
case. Some capabilities are more significant, while others are less significant. It is necessary to test
the more significant capabilities first. (There may not be enough resources to test everything
indiscriminately.) The question is: how to determine the significance of capabilities from a testing
perspective? ACC proposes to assess the risk of their failure.

Two characteristics are evaluated for each capability: the probability of failures and the degree of
criticality of failures. The probability is assessed on a scale of "very rare - rare - sometimes - often."”
The criticality of failure is assessed on a scale of "minimal (the user may not even notice) - minor -
significant - maximum (a blow to the product's reputation; will make the user stop using it)." In both
cases, an even number of values is deliberately set on the scales. This is done intentionally to deprive
the tester of the opportunity to choose an average option.

There can be many capabilities (tens or hundreds). They provide the result for which the user uses
the system. Therefore, the correctness of their implementation should be verified. This means that
each capability should be tested at least once.

Already, this matrix is useful as a source of information for building a testing plan "components-
attributes-capabilities™.

o Each capability requires at least one test. Therefore, the number of capabilities in a table
cell indicates the minimum number of tests associated with that cell. It is easy to identify
cells, rows, and columns that require maximum testing efforts.

e Each row and each column represent a certain logical integrity. All cells in a row
(column) are connected. Therefore, it is logical to test them together. Therefore, each row
and each column can serve as a test session assignment. This way, we eliminate
duplication and ensure a high level of coverage.

However, the ACC analysis goes further. To increase the informativeness of the model, it involves
a risk-oriented approach. This is done as follows.

So far, we have considered all capabilities equal in terms of testing. But in reality, this is not the
case. Some capabilities are more significant, while others are less significant. It is necessary to test
the more significant capabilities first. (There may not be enough resources to test everything
indiscriminately.) The question is: how to determine the significance of capabilities from a testing
perspective? ACC proposes to assess the risk of their failure.

Two characteristics are evaluated for each capability: the probability of failures and the degree of
criticality of failures. The probability is assessed on a scale of "very rare — rare — sometimes — often."
The criticality of failure is assessed on a scale of "minimal (the user may not even notice) — minor —
significant — maximum (a blow to the product's reputation; will make the user stop using it)." In both
cases, an even number of values is deliberately set on the scales. This is done intentionally to deprive
the tester of the opportunity to choose an average option.

After evaluating the probability and criticality of failures for each capability, the risk value (the
product of probability and criticality) is calculated and added to the "components-attributes-
capabilities" matrix. For better visualization, the matrix is presented as a "heat map": 1-2 — green
risks, 3-4 — yellow, 6-9 — orange, 12-16 — red (5, 10, 11 cannot be).

(When there are multiple possibilities in one cell [16], it recommends averaging their risks. In the
opinion of the authors of this article, this recommendation is strange. In our opinion, either the
maximum or the sum should be taken.)
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Table 1. ACC table for the attributes simple and user-friendly for Repair Shop
1/ Simple: Intuitive actions 2/ Convenient: minimizing operations for frequently
performed actions
g??&';fg;g;gﬁylh:;fm Q??Lgfg;‘?;%rr di-r i;arch Administrator: 1. O_n each tab, you can search
A and email (probability — [repair number (probability (JOb?' groups, operations, reports, customers) by
o L key information (probability — very rarely,
Search very rarely, criticality — very rarely, criticality A
2 L criticality minimal)
minimal) minimal) Risk 1
Risk 1 Risk 1
1. The order
Master: 1. Adding a automatically moves
B/ description to the order from the completed list
Repair Ma (probability — very rarely, to the finished list
P P criticality low) (probability - very rarely,
Risk 2 criticality significant)
Risk 4
All: 1. Display selected number of current tasks
c/ (probability — very rarely, criticality minimal)
In progress ; ’
Risk 1
Director: 2. Send email
notification of task
D/ completion
Completed (probability — rarely,
criticality minimal)
Risk 2
Director: 1. Check how \I/Dvgi‘r:ltg;aitm\gw;re
Director: much time a worl_<er performed by specific
spent on performing the :
E/ 1. Download report . o workers during a
L L operation (probability — s .
Reports (probability — rarely, criticality low) sometimes, criticality specified period
Risk 4 low) ! (probability — sometimes,
Risk 6 criticality low)
Risk 6
Administrator: [Administrator: |Administrator: " .
1. Add users 2. Delete users  |3. Edit users fd\r/?;wsst;zg;d number Administrator:
= (probability—  |(probability — (probability — o.f user records 2. Dismiss users
very rarely, very rarely, very rarely, o (probability - very rarely,
Users e e e e (probability - very rarely,| 1"~
criticality criticality criticality criticality low) criticality low)
significant) significant) significant) Risk 2 Yy Risk 2
Risk 3 Risk 3 Risk 3
Administrator: [Administrator: |Administrator:
1. Add groups  |2. Delete groups |3. Edit groups  |Administrator:
G/ (probability —  |(probability —  |(probability —  |1. Adding operations to a group from a pre-formed
Groups very rarely, very rarely, very rarely, list
P criticality criticality criticality (probability — rarely, criticality significant)
significant) significant) significant) Risk 6
Risk 3 Risk 3 Risk 3
Administrator: [Administrator: |Administrator:
1. Add 2. Delete 3. Edit
operations operations operations
H/ (probability —  |(probability—  |(probability —
Operations |very rarely, very rarely, very rarely,
criticality criticality criticality
significant) significant) significant)
Risk 3 Risk 3 Risk 3
Administrator: eSS Administrator:
1. Add customers % DEIER 3. Edit customers . P .
( 'robabili t_  |customers (-robabili i 1. Automatic notifications are automatically sent to
I/ vzr rarel y (probability — v?er rarel y mail on email for completed tasks
Customers [ UL very rarely, (7 UL (probability — rarely, criticality significant)
criticality L criticality .
L criticality L Risk 6
minimal) minimal) minimal)
Risk 1 Risk 1 Risk 1
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Table 2. ACC table for the attributes accessible and secure for Repair Shop

3/ Affordable: allows connecting users with 4/ Secure: protects information from
different roles to connect against various threats
All:
A/ 1. Search by job number and customer in
Search current and completed work
(probability - very rarely, criticality minimal)
Risk 1
All:
B/ 1. View repair completion status
Repair Map (probability — very rarely, criticality maximum)
Risk 4
All:
c/ 1. View all works in active and suspended states
In progress (probability- rarely, criticality maximum)
Risk 8
All: Administrator:
1 \./iew the list of completed works, their 1. Cannot change master and workers aﬁer work
D/ cé)mpletion date, customer, repair nl‘meer has started, which helps prevent scheduling
Completed (probability -ve’ry rarely, ’criticality minimal) conflicts_ - A Frovn (Frere
Risk 1 ! (probability- very rarely, criticality significant)
Risk 3
Director:
E/ 1. Keep reports confidential
Reports (probability - very rarely, criticality maximum)
Risk 4
Administrator:
F/ 1. Assign roles with limited access rights
Users (probability- rarely, criticality maximum)
Risk 8
Administrator:
G/ 1. Keep operation groups confidential
Groups (probability- very rarely, criticality maximum)
Risk 4
Administrator:
H/ 1. Keep operations confidential
Operations (probability - very rarely, criticality maximum)
Risk 4
Administrator:
I/ 1. Keep customers confidential
Customers (probability — very rarely, criticality maximum)
Risk 4

The informativeness of the matrix sharply increases. It provides information to answer questions
such as:

e How to distribute the resources allocated for testing among different functions and
components of the system? Which functions and components should receive more
attention, and which less? What should be tested first?

e What is the criterion for completing testing? When do we have the right to say, "We have
tested everything"?
Further, the description of the enhancement introduced by the authors in the ACC analysis begins.

3. Our suggestions for improvements of ACC analysis

A fourth dimension - actors, classes of system users - was added to the three dimensions of classical
ACC analysis (attributes-components-capabilities).

All users of the Repair Shop system are divided into five classes (playing one of five roles): director,
workshop manager, master, administrator, worker. Each role has its needs, its goals in using the
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Repair Shop system. Each action performed by the system (each capability of the system) is executed
upon request of one or several roles. That is, each role has its own set of capabilities.

"Entering the fourth dimension" immediately provided a new perspective on the system, allowing it
to be viewed from the user's standpoint. Another basis for grouping capabilities and assessing their
risks emerged. What does this provide? Firstly, it is logical to conduct test sessions as the work of a
specific role. Secondly, different users may have different qualifications. There should be a
correspondence between the user's level of qualification and the level of riskiness of actions
performed by them. Performing highly risky actions by low-skilled specialists increases the
likelihood of failures. On one hand, there is an opportunity to specify requirements for implementing
a specific action of the system (an action intended for low-skilled specialists should have low
"riskiness™). On the other hand, "risk assessment" of actions allows determining the "riskiness
assessment™ of each role. Thus, defining requirements for the level of qualification of users
performing that role (highly risky actions should only be performed by highly qualified specialists).
Ideas for further development of the method.

The fourth dimension — it does not necessarily have to be actors. Depending on the project, it can be
something else.

We have moved from three-dimensional space to four-dimensional space. The logical next step is
multidimensional space. It is possible to introduce consideration of the fifth, sixth, and further
dimensions. The limitations here will be associated with the increasing complexity of the model. To
combat this complexity, it is logical to use automation.

4. The example of applying improved ACC method for analyzing the repair
shop system

As mentioned earlier, a total of 4 attributes, 9 components, and 41 features were identified that
intersect attributes and components. The probability and criticality of failures for the features were
evaluated, and risk levels were calculated based on these assessments. User roles were assigned to
the features that were accessible to them. Most features were accessible to one role, a few to all
roles, and one feature had no role assigned as the corresponding action was performed automatically.
The features were sorted in descending order of risk level. Overall, there were 5 red-level risks (three
at level 16 and two at level 12), 6 orange-level risks (two at level 8 and four at level 6), 17 yellow-
level risks, and 13 green-level risks.

The total sum of all risks was 231. This number can be considered as the overall risk level of the
entire system.

The features were grouped by components, attributes, and actors. The total weights of the features
by groups are presented in tables 3, 4 and 5 (The column "Sum after testing" will be explained later).
The discipline of session testing was chosen for testing.

Table 3. Component and risk sum table

Component Description t;Sum of ris_ks Sum of ri'sks
efore testing after testing
Search Search strings on different application tabs 4 4
Repair Map Card with repair information 40 19
Work in List of active and suspended repair cards 25 17
Completed List of completed repair cards 34 26
Reports Tab for viewing working hours and order information 20 20
Users User data administration tab 30 26
Groups Work group data administration tab 28 28
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Operations Possible engine operation administration tab 22 22

Customers Customer work data administration tab 28 28
Table 4. Attribute and risk sum table

sumste || Samorras

Simple Intuitive actions 124 99

Convenient Minimization of operations for frequently performed 66 54

Accessible Allows connection for users with different roles 14 14

Secure Protects information from various threats 27 23
Table 5. Role and risk sum table

Role Sum of ris_ks Sum of ri_sks

before testing after testing

Administrator 120 116

Master 42 21

Workshop Manager 32 16

Director 22 22

All 15 15

The question arose of how to organize sessions based on what principle. Traditional ACC analysis
suggests using rows and columns of a table, i.e., conducting testing "by components™ or "by
attributes”. This is convenient for tracking the completeness of testing (it is sufficient to mark
"closed" rows and columns). In our case, this order turned out to be not very convenient. The point
is that each user should authenticate when logging into the system. This takes time. In the table,
capabilities related to different roles often reside in the same row and column. So, to test one row
(one column), it will be necessary to log in and out of the system several times. To avoid this, it was
more convenient to conduct testing "by roles". Although this complicates tracking the completeness
of testing (capabilities of one role are scattered in the table in different places). Another argument
in favor of testing "by roles" was the simplicity of building test scenarios. When testing "by roles",
it's easy to do this (unlike testing "by components" and "by attributes").

At the same time, the question of the order of checking "actors" arose. It is noticed that Table V
leads to an incorrect decision. The thought arises that it should be checked based on the reduction
of the sum of risks related to the actor. This is incorrect. A large sum can be obtained not because it
includes the most significant risks, but because it includes many less significant risks. This is
precisely the situation reflected in Table IV. The role of Administrator carries the greatest weight
here. However, the Administrator does not have any "red" risks. In terms of "red" risks, the roles of
Master and Workshop Manager take the lead. The former has three "red" risks (16 + 12 + 12 = 40),
and the latter has two (16 + 16 = 32). However, another factor intervenes in determining the order
of "role testing": the order of filling the information base. According to this factor, the role of
Administrator was brought to the forefront. Testing the capabilities of all other actors required a
filled information base (operations, operation groups, users performing different roles). Therefore,
it was decided to first check the Administrator's actions to fill and adjust the information base, and
only after that to check the riskiest capabilities. Thus, the table "components-attributes-capabilities"
was used as the basis for building the testing plan.

Another role played by this table is the basis for building the testing completion criterion. The
criterion chosen was the change in the level of system riskiness, i.e., the total sum of all risks. We
proceeded from the assumption that as a result of testing, the probability of system failures would
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decrease. And this means that the magnitude of risks would decrease. (Testing will not be able to
affect the criticality of failures.) The criterion for ending testing was chosen as a 15% reduction in
system riskiness.

A total of 13 errors were found during testing. As these errors were corrected, the probability of
failures was reassessed, and the level of system riskiness was recalculated. The new risk values are
shown in Tables 3, 4 and 5 in the column "Risk Sums after Testing". After correcting the thirteenth
error, the level of system riskiness decreased by 18%. This means that the criteria for ending testing
were satisfied.

Table 5 shows that the most progress was achieved for those roles to which the riskiest capabilities
were attributed. The sum of risks for the Master decreased from 42 to 21, and for the Workshop
Manager from 32 to 16.

In comparison to other testing methodologies such as RUP and IEEE, which focus more on test
formatting advice, ACC addresses both the structure and content of the information system.
Additionally, using a risk-oriented approach helps in creating efficient tests due to prioritizing
capabilities based on their failure probability and criticality, considering the frequent time
constraints.

Conclusion

The article presents proposals for improving the Activity-Components-Component (ACC) analysis
method. In addition to the three dimensions of the traditional ACC analysis - "attributes-
components-capabilities,” it is proposed to add a fourth dimension - "actors" (roles). This provides
a new perspective on the system — a user-oriented view, providing another opportunity for
organizing testing.

The application of the enhanced ACC method is demonstrated in organizing the testing of a specific
software system - a system for monitoring the technological operations of repairing electric motors.
The addition of the "actors” dimension facilitated the optimization of test sessions organization. The
main focus was on testing the riskiest capabilities. During testing, 13 errors were identified and
corrected, leading to an 18% reduction in the overall system risk level.

Further development of the ACC method may involve either replacing the "actors" parameter with
another parameter or continuing to increase the number of dimensions, making ACC analysis five-
dimensional, six-dimensional, etc. This will make the method more complex and raise questions
about its automation.
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O6 aBTOMaTU4YECKOM reHepaLuumn MoaynbHbIX TECTOB AnA Java-
NPUNOXEHUN, UCNONb3yLWKUX PperMMBOpPK Spring

KA. Hluwun, <kirill.a.shishin@gmail.com>
U.B. Mypaswés, <muravjovilya@gmail.com>
E.K. Kynuxos, ORCID: 0000-0002-8313-0227, <egor.k.kulikov@gmail.com>
Canxm-Ilemep6ypeckuii 20cy0apcmeeHHbLIL YHUgepcumen,
Poccus, 199034, 2. Canxm-Ilemepbype, Ynusepcumemckas nab., 0. 7/9.

AnHoTamus. [laHHas paboTa MOCBSIIEHAa aBTOMAaTHIECKOH reHepanuy MOIYJIFHBIX TECTOB JUIS IIPUIIOKEHHUH
Ha s13bIKe Java, HCIoNB3yIoMHX hpeiiMBopK SPring. XoTs B MOCIEAHNE AECATUICTHS OBLIO CO3MaHO HECKOIBKO
MHCTPYMEHTOB aBTOMAaTHYECKON TeHEPAIMU TECTOB IS «4UCTOi» Java, crennduyueckiue 0COOSHHOCTH 3TOT0
¢peiiMBOpKa, Kak MPaBHIO, HE NPUHUMATNCH BO BHMMaHHe. TeM He MeHee, SPring HCIOMB3yeTCs MpH
pa3pabOTKe MHOTHX IIPOMBILIICHHBIX IPUIOKEHUH Ha Java. Vicronb3oBaHue GppeiiMBOpKa B IIPUIIOKCHHUH, UL
KOTOPOr0 HEOOXOIMMO CIeHEepUpOBATbh TECThI, HAKJIA/IBIBACT JIOIOJHHUTEIbHbIE TPEOOBAHMSA HE TOJIBKO K
HCTIONB3YeMBIM METOJaM aHalu3a Koja, HO M K BHUIY IpEAiaraeMblX TECTOB. [JIaBHBIM HCTOYHHKOM
uH(POPMAIMH O THUIIAaX U CBOHCTBaX 0OBEKTOB B SPriNg-NpHII0KEHHH ABISIETCS €r0 KOHTEKCT. B nanHoit pabote
IIpe/UIaraeTcsi MEXaHW3M aHajli3a KOHTEKCTa HPHIOKEHHS, KOTOPBII B HEKOTOPBIX CIIydasX MO3BOJIIET
TeHepHPOBATh TECTOBHIE CLEHAPHUH, COOTBETCTBYIOIIHE DPEAIPHOMY HCIIOJHEHHUIO IPOrpaMMBbl, H30eras
U30BITOYHOTO MOKHMpPOBaHu. [Ipy 5TOM MoJIHAs MHULMAIN3ALHS KOHTEKCTa IIPHIIOKEHHUS B IIPOIecce aHAM3a
HE IIPOUCXOJIHT, YTO AENIACT TeHEePALMIO TECTOB 6e30MacHO! I TTOJb30BaTEIbCKUX JaHHBIX. IIpeoKeHHbIH
HHCTPYMEHT aHauM3a KOHTEKCTa SPring mpriioykeHws: ObUT MHTETPUPOBAH B MHCTPYMEHT aBTOMATHYECKOM
redepanuu tectoB UnitTestBot Java. B 3akiroueHne MPUBOISATCS TPUMEPHI TECTOB, CTEHEPUPOBAHHBIX IS
HEKOTOPBIX IIPOEKTOB C OTKPHITHIM UCXOIHBIM KOJIOM.

KuwoueBbie cioBa: TecTHpOBaHHE MPOrPAMMHOTO 00ECIICUCHHs; aBTOMATHYECKasi TeHEpalysi MOIYIIbHBIX
TecToB; (hpeitMBOpK Spring; mokuposaunue; UnitTestBot Java.

st mutupoBanus: Illnmma K.A., Mypaseés U.B., Kymukos E.K. O6 aBTomMarmyeckodl reHepanuu
MOJLIYJIBHBIX TECTOB VIS Java-MPHIIOKEHHH, HCMONB3yromuXx (ppeimBopk Spring. Tpyast ICIT PAH, tom 36,
Bl 2, 2024 1., ctp. 59-72 (na anrsmiickom s3bike). DOI: 10.15514/ISPRAS-2024-36(2)-5.

1. Introduction

Software testing is an important and essential part of any project. While manually written tests often
cover only a small percentage of program execution paths, their development usually requires
significant effort and time from developers and testers. That's why solutions for the automated test
generation have been actively developed over the last decades. They are intended to help their users
to significantly increase the test coverage of a program, reducing many times the efforts spent on
writing tests. There is a well-known experiment [1] on the Coreutils® project, showing how effective
and useful automated test generation can be. Although this project has been developed for many
years and tests have been written manually all the time, the test automation tool created by the
authors of the experiment managed to significantly increase code coverage with tests in just a few
hours and found some defects that had been unknown for more than 15 years. The relevance of
automated test generation is also confirmed by the annual competitions of test generation tools [2].
At these competitions, participating tools test real projects (e.g., Guava?, Seata®, Spoon?, etc.). As a
result, winners are identified in several categories, including the efficiency of code defect detection,
the percentage of program lines covered, and the human-readability of the generated tests.

! Coreutils project. Available: https://www.gnu.org/software/coreutils/

2 Guava: Google Core Libraries for Java. Available: https://github.com/google/guava
3 Seata: Simple Extensible Autonomous Transaction Architecture. Available:
https://github.com/apache/incubator-seata

4 Spoon. Available: https://github.com/INRIA/spoon
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Among the automated test generators showing good results at competitions, we would like to
mention the open-source project UnitTestBot Java®, which is being developed at Huawei Russian
Research Institute. In 2022, the tool performed well in the competition [3], and in 2023, it was ranked
first in the human-readability of generated tests and second overall in all categories [4]. UnitTestBot
Java is a command-line tool and a plugin for IntelliJ IDEA, which aims to generate unit tests for
Java applications. The methodological basis of the project is two code analysis techniques: symbolic
execution and fuzzing.

UnitTestBot Java is good at generating tests for code in “pure” Java, that is, without the use of
special frameworks. However, such frameworks are used quite often and impose additional
requirements on the analysis of user code and the format of generated tests. One of the most popular
frameworks today [5] is Spring®. It is used in the development of many Java projects. Therefore, it
is important for UnitTestBot Java to be capable of generating specialized tests for applications that
rely on this framework.

Spring is a diverse framework. However, one of its main features are Dependency Injection (DI) and
Inversion of Control (10C). Spring has a DI/IoC container” that stores managed objects — beans.
The configuration of this container can be defined in various ways: through annotations in user code,
special configuration classes, or XML files. In addition, the user can also choose a profile that
defines how the application will be configured. More than that, the framework offers a mechanism
for implementing the MV C pattern, distinguishing between services and controllers, each of which
requires a distinct testing approach as agreed by human testers. It is important that the generated
tests must be not only correct, but should also follow the commonly accepted guidelines for testing
Spring applications [6-8]. These and other features of the framework make automated testing of
Spring applications a very challenging task.

When creating unit tests, we usually test a component in isolation from the external environment
(other microservices, databases, authentication mechanisms). Therefore, many complicated features
of the Spring framework do not have a significant impact on the unit test generation mechanisms
and will be important only in the case of creating integration or end-to-end tests, meaning that “pure”
Java testing techniques can be used. However, when it comes to virtual calls, in a “pure” Java
program, there is no reliable way to determine which implementation should be called in tests. In
contrast, in a Spring application, there is a configuration that determines which concrete classes will
be used in place of abstract types at runtime. Using this type substitution information, it is possible
to generate tests that are better aligned with the actual behavior of the program and test those
scenarios that can occur during application use.

It is also important to note that since unit testing does not involve launching an application and
initializing its context, and usually means testing a component in isolation, it is expected that full
context initialization will not take place during the automated test generation, which includes
analysis of the user configuration. Otherwise, test generation may be dangerous for user data: for
example, during context initialization, environment variables may be unexpectedly set, some data
may be loaded from third-party services, etc. This creates additional challenges when solving the
task of test generation for applications written with Spring.

2. Spring-based test generation

Let's consider a minimalistic example in which the type information from the application
configuration allows generating tests better representing the real behavior of the program.

Assume the task is to generate tests for the get Species () method fromthe SpeciesService
class, for example:

5 UnitTestBot. Available: https://www.utbot.org
6 Spring framework. Available: https:/spring.io
" The loC container. Available: https:/docs.spring.io/spring-framework/reference/core/beans.html
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public class SpeciesService {

private Animal animal;

public String getSpecies () {
return animal.getSpecies();

}

where Animal is the interface having the following form:

public interface Animal
String getSpecies();
}

Suppose that we have two implementations of this interface in the project.

public class Cat implements Animal ({
public String getSpecies () {
return "cat";

public class Dog implements Animal {
public String getSpecies () {
return "dog";

}

However, in the application configuration, only one of them — Cat — is used to create the Animal
bean.

public class AnimalConfiguration {

public Animal animal () {
return new Cat () ;
}

Assume that we develop tests for this method manually. One possible approach is mocking the
virtual call of getSpecies () method.

public void testGetSpecies () {

SpeciesService speciesService = new SpeciesService();

Animal animalMock = mock (Animal.class);
when (animalMock.getSpecies ()) .thenReturn ("mouse") ;

speciesService.setAnimal (animalMock) ;

String actual = speciesService.getSpecies();
assertEquals ("mouse", actual);
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Such a test is formally correct, but far from checking the actual behavior of the program and
therefore is hardly valuable in practice.

At the same time, when developing tests, we have an opportunity to investigate the application
configuration and to find out that only Cat implementation is used for a given interface and to write
a test that much more closely resembles the real behavior.

public void testGetSpecies () {
SpeciesService speciesService = new SpeciesService();

Cat animal = new Cat();
speciesService.setAnimal (animal) ;

String actual = speciesService.getSpecies();
assertEquals ("cat", actual);

}

Now, let's consider the scenario of automated test generation. If we do not extract type information
from the Spring application configuration indicating which of the Animal implementations is
preferred, we can either generate the already mentioned test with a mock or choose any of the
Animal interface implementations arbitrarily. In this way, another formally correct but valueless
test using the Dog implementation can be generated. However, if the application configuration is
analyzed and the test generation tool is provided with the information that only the cat
implementation is used for the Animal interface, then the generated test will accurately represent
the actual behavior of the program.

Despite the fact that the type concretization described above cannot always be done (due to possible
ambiguity of the possible types choice) and it is not always necessary to do it, in some cases,
concretization allows for generating more expressive tests for Spring applications that verify real
execution scenarios. Therefore, the ability to generate tests with type concretization is a desirable
option for the test generator.

3. Overview

3.1 Existing tools

There are a number of tools that to some extent solve the problem of automated testing of programs
in Java. All of them use one or several basic code analysis techniques: symbolic execution, fuzzing
or machine learning [9]. The most famous open-source solutions are EvoSuite®, UnitTestBot Java®
and Randoop'®. Among the commercial tools let us mention Parasoft Jtest'!, Diffblue Cover'? and
Machinet®3.

Among these tools, only a small subset can generate tests for Spring applications. For example,
Parasoft Jtest generates only test method templates. Of course, this reduces the total time required
to write tests, but the scope of the covered code depends on the user, who needs to substitute
arguments with values in the code of the generated test method templates.

8 What is EvoSuite? Available: https:/github.com/EvoSuite/evosuite
% UnitTestBot Java: Automated unit test generation and precise code analysis for Java. Available:
https://github.com/UnitTestBot/UTBotJava
10 Randoop: Automatic unit test generation for Java. Available: https://randoop.github.io/randoop
1 parasoft Jtest for Java Unit Testing. Available: https://
www.parasoft.com/products/parasoft-jtest/java-unit-testing
2 What is Diffblue Cover? | Diffblue. Available: https://www.diffblue.com
13 Machinet: Al Assistant for Developers. Available: https://www.machinet.net
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The code snippet below shows an example of a generated test template for a Spring application using
Parasoft Jtest. It is taken from the official Parasoft website!“.

public void testGetPerson () throws Throwable {
MockedStatic<ExternalPersonService> mocked =
mockStatic (ExternalPersonService.class);

mocks.add (mocked) ;

Person getPersonResult = null; // UTA: default value
mocked.when (

() —-> ExternalPersonService.getPerson (anyInt())
) .thenReturn (getPersonResult) ;

// Given
PeopleController underTest = new PeopleController();

// When

int 1id = 1;

Model model = mock (Model.class);

ResponseEntity<Person> result =
underTest.getPerson (id, model);

// Then

assertNotNull (result) ;

assertNotNull (result.getBody());
}

Another example of a tool that can generate tests for Spring applications is Diffblue Cover. It is able
to generate tests that take into account the Spring application specifics.

Below is an example of the test generated for a Spring application using Diffblue Cover.

(classes = {SpeciesService.class})
(SpringExtension.class)
class SpeciesServiceUnitTests {

private Animal animal;

private SpeciesService speciesService;

void testGetSpecies () {
when (animal.getSpecies()) .thenReturn("");
assertEquals ("", speciesService.getSpecies());

verify(animal, atLeast(l)) .getSpecies();

14 Accelerate Unit Testing of Spring Applications With Parasoft Jtest \& Unit Test Assistant. Available:
https://alm.parasoft.com/hubfs/New\_Pages/Whitepaper:\%20Accelerate\%20Unit\%20Testing\%200f\%20S
pring\%20Applications\%20with\%20Parasoft\%20Jtest\%20and\%20Unit\%20Test\%20Assistant. pdf
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However, such tests do not follow the test writing guidelines for Spring applications mentioned in
the introduction (for example, it is rather unconventional to use a class under test for context
configuration) and the tool does not offer a mechanism to deal with excessive mocking.

Thus, none of the test automation tools we are aware of offer mechanisms for generating tests based
on the application configuration.

3.2 UnitTestBot Java

UnitTestBot Java is a part of the UnitTestBot tool lineup for automated unit test generation. The tool
uses two mechanisms to generate test scenarios: a symbolic engine and a fuzzer.

The symbolic engine is one of the implementations of the symbolic execution paradigm [10]. It
performs an analysis of the possible execution paths of a program by mapping a set of path
constraints to each branch of execution. These constraints are expressed in terms of the logic of
predicates, and then using the SMT solver Z3% their satisfiability is determined. Obtaining the
possible paths of program execution, as well as their prioritization, comes from the control flow
graph that is constructed from the byte code of the program. The byte code is preliminarily
transformed into Jimple representation using the Soot'. With this transformation, the byte code
takes a simpler representation having fewer instructions.

The fuzzer used in UnitTestBot Java applies the greybox fuzzing technique, which involves
generating random input values for a concrete execution of the methods under test. After each
concrete execution, the fuzzer obtains feedback about the change in execution path. Based on this
feedback, it mutates the input values for the next iteration of its work.

More detailed information about the implementation of the symbolic engine and fuzzer in
UnitTestBot Java can be found on the official website of the project or in the documentation in the
repository on GitHub?’.

Both of these code analysis techniques are usually combined for maximum efficiency. In
UnitTestBot Java, by default, 95% of the time allocated for test generation is given to the symbolic
engine, and the fuzzer is used as an additional auxiliary tool.

4. Implementation

This section provides a Spring configuration analyzer implementation and describes a modernization
of the UnitTestBot Java symbolic engine, which allows types to be concretized during test
generation based on the information obtained from the configuration analyzer.

4.1 Spring configuration analyzer

The engine obtains Spring-specific information for type concretization from the user application
configuration analyzer. This information is collected using Spring's own instruments during the
initialization of the application context.
Spring context initialization consists of several steps:
1. Collecting bean definitions. During this phase application configurations are parsed and
analyzed. As a result, in particular, bean definitions are created. They include information
about the class of the bean, its properties and its relationships with other beans.

2. Configuration of the bean definitions (BeanFactoryPostProcessor'®). Once the information
about beans has been collected, Spring can modify these definitions before they are used to

15 73. Available: https://github.com/Z3Prover/z3
16 Soot. Available: https://github.com/soot-oss/soot
17 UnitTestBot Java documentation. Available: https://github.com/UnitTestBot/UTBotJava/tree/main/docs
18 BeanFactoryPostProcessor. Available: https://docs.spring.io/spring-framework/docs/current/javadoc-
api/org/springframework/beans/factory/config/BeanFactoryPostProcessor.html
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create the beans themselves. Configuring bean definitions involves setting dependencies,
specifying scope, configuring lifecycle and other parameters specific to the bean.

3. Creating the beans and configuring them. This stage involves creating and further
configuring the bean instances based on their definitions. Class instances are created and
initialization methods are called.

While the steps of collecting and configuring bean definitions are safe for the user application, the
step of creating the beans may cause changes to user data. For this reason, we decided to embed
ourselves in the Spring context initialization process and implement our own
BeanFactoryPostProcessor. It collects all necessary and available to the analyzer information about
beans at the stage of setting up the bean definitions, destroys bean definitions, and then stops any
further application initialization. Thus, the creation of the beans is prevented. The general pipeline
of type information collecting during Spring application context initialization is shown in the Fig.
1.

To analyze beans from a user application with our post processor, we start a “hybrid” Spring
application whose classpath combines the classpaths of both the original user application and our
Spring analyzer module. It is important to note that the Spring analyzer module has minimal
dependencies, which helps avoid dependency conflicts with the user application. In particular,
Spring analyzer does not depend on a specific version of Spring and utilizes reflection to handle any
popular Spring version bundled with the user application. When starting such a “hybrid” Spring
application, we first determine whether Spring Boot is used and, based on that, choose an appropriate
application starter class. Furthermore, we dynamically patch annotations to make the started
application use the desired Spring configuration (Java- or XML- based) and profiles.

In this way, we get an algorithm for configuring our own Spring application, shown in the Fig. 2,
while the entire process of collecting Spring-specific information for type concretization by the
configuration analyzer is represented with the chain of actions shown in the Fig. 3.

The beginning of context Collecting Configuring bean definitions . .
I T iy A - Creating beans
initialization bean definitions (BeanFactoryPostProcessor)

Stopping furthe:
The analyzer extracts initialization of the context
bean definitions

Fig. 1. The initialization stages of the Spring context

4.2 Modernization of symbolic engine

The core idea of the symbolic engine modernization is to change the mechanism used for selecting
symbolic object types. Whereas the symbolic engine previously selected an arbitrary type,
determined by the SMT solver as satisfying the symbolic path constraints, it now tries to consider
only those types that are used in the application configuration chosen for test generation.

Let’s discuss the example of test generation for the getSpecies() method from the SpeciesService
class, presented in Section 2. In the past, when generating tests, the Dog implementation of the
Animal interface could be chosen because it satisfied the symbolic path constraints. However, tests
using the Dog class were not particularly useful because they did not test the actual behavior of the
program. In contrast, now, the Cat class is deterministically chosen as it is specified in the
application configuration.
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4.3 Integration of symbolic engine and configuration analyzer

The Spring configuration analyzer is launched in a separate process from the symbolic engine.
Firstly, this allows running the configuration analyzer on the extended classpath without any
difficulties. After that, it prevents a possible crash of the entire test generation in case of an error
during the analysis of custom configurations. For example, running a Java Spring application based
on a custom one on the UnitTestBot side may cause the JVM crash if the custom application is poorly
designed.

The symbolic engine and user configuration analyzer processes, like all other processes in
UnitTestBot Java, communicate using the RD*® framework.

5. Results

As aresult of this research, we managed to propose an approach to the analysis of Spring application
configurations, which sometimes allows generating tests that correspond better to the actual
behavior of the program. The developed configuration analyzer was integrated into the well-known
tool of automated test generation UnitTestBot Java.

In particular, the modernized tool is able to generate a test that checks the actual execution of the
getSpecies () method from the SpeciesService class of the running example given in
Section 2. To go further, we also provide tests generated with the modernized tool on real open-
source projects Java Blog Aggregator: Boot?® and Mall?.

5.1 Java Blog Aggregator: Boot

We paid attention to the Java Blog Aggregator: Boot project because it is mentioned, for example,
in the article [11] as one of the recommended projects to study for beginners in the Spring
framework.

Considerthe Al1CategoriesService class that has the autowired CategoryService field.

public class AllCategoriesService {

private CategoryService categoryService;

public Integer[] getAllCategoryIds () {
List<Category> categories = categoryService.findAll ();

Integer[] result = new Integer|[categories.size()];

for (int 1 = 0

result[i]

i < categories.size(); 1i++) {
categories.get (i) .getId();

o~

return result;

19 RD: Reactive Distributed communication framework for .NET, Kotlin and C++ (experimental). Inspired by
JetBrains Rider IDE. Available: https://github.com/JetBrains/rd

20 Java Blog Aggregator: Boot. Available: https://github.com/jirkapinkas/java-blog-aggregator-boot

21 Mall. Available: https://github.com/macrozheng/mall
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The signature of the CategoryService class has the form:

public class CategoryService

The CategoryService class has the annotation @Service, which means that this class is used
to define a bean.

As a result of test generation wusing the modernized UnitTestBot Java for the
getAllCategoryIds () method fromthe Al1CategoriesService class, we get a test:

public void testGetAllCategorylIds() throws Exception {
AllCategoriesService allCategoriesService
= new AllCategoriesService();

CategoryService categoryService = new CategoryService();

CategoryRepository categoryRepositoryMock
= mock (CategoryRepository.class);

when (categoryRepositoryMock.findAll ())
.thenReturn (new ArrayList<>());

setField(categoryService,
"cz.jiripinkas.jba.service.CategoryService",
"categoryRepository",
categoryRepositoryMock) ;

setField(allCategoriesService,
"cz.jiripinkas.jba.service.AllCategoriesService",
"categoryService",
categoryService) ;

Integer[] actual = allCategoriesService.getAllCategoryIds();
assertEquals (0, actual.length);

assertEquals (new Integer[0], actual);

}

Instead of mocking the CategoryService class, its concrete implementation is used in this test.
It makes the test more expressive. In particular, we can observe that the CategoryService
interacts with the database. Also, the user can adjust the behavior of the mock related to database
access if necessary.

5.2 Mall

We also generated tests for the Mall project, which is very popular, having over one hundred
thousand forks and stars on GitHub. Let's discuss the test for the delAdmin () method in the
UmsAdminCacheServiceImpl class, that the modernized UnitTestBot Java has generated
based on Spring application configuration analysis.
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public class UmsAdminCacheServiceImpl
implements UmsAdminCacheService {

private UmsAdminService adminService;

private RedisService redisService;

public void delAdmin (Long adminId) {
UmsAdmin admin = adminService.getItem(adminId);

if (admin != null) {
String key = REDIS DATABASE + ":" + REDIS KEY ADMIN
+ ":" + admin.getUsername () ;

redisService.del (key) ;

}

This class has two autowired fields: UmsAdminService and RedisService, which have
corresponding beans in the application configuration.

The test generated for the de1Admin () method of the UmsAdminCacheServiceImpl class
is as follows:

public void testDelAdmin () throws Exception
{
UmsAdminCacheServiceImpl umsAdminCacheServiceImpl
= new UmsAdminCacheServiceImpl () ;

UmsAdminServiceImpl adminService = new UmsAdminServiceImpl () ;

UmsAdminMapper adminMapperMock = mock (UmsAdminMapper.class);
when (adminMapperMock.selectByPrimaryKey (any()))
.thenReturn(null);

setField (adminService,
"com.macro.mall.service.impl.UmsAdminServiceImpl",
"adminMapper",
adminMapperMock) ;

setField (umsAdminCacheServiceImpl,
"com.macro.mall.service.impl.UmsAdminCacheServiceImpl",
"adminService",

adminService) ;

umsAdminCacheServiceImpl.delAdmin (null) ;
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In this test, instead of mocking the abstract type UmsAdminService, its concrete implementation
UmsAdminServiceImpl is substituted according to the application configuration. Initialization
of the second autowired field did not occur because it is not required in the tested program execution
path. Although there are no assertions in this test because the method has void return type, it is still
valuable. Since the tested method takes a nullable value as an argument, a scenario in which
adminId is null is possible and is a kind of edge case that often causes
NullPointerException. The generated test ensures that no such exception actually occurs in
the method under test. When writing tests manually, similar scenarios are often not taken into
account.

6. Future work

Unit tests are often used to verify the logic of Spring application components, so high-quality
automatic generation of such tests is important. However, some bugs can only be detected by
integration and end-to-end tests that interact with real data storage and other microservices, as well
as take into account the diverse features of the Spring framework (e.g., authorization and
authentication). For this reason, developing an integration test generation tool is a prominent
direction for future work. Such a tool will likely also need to initialize a modified Spring application,
meaning that the “hybrid” Spring application starter developed in this work may find additional uses.
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1. Introduction

The object of the proposed research is a generative model of artificial intelligence (GAI). The subject
is the use of GAI for risk management of software projects.

The purpose of the research is to study the possibility of using GAI to manage risks arising during
the implementation of software projects.

The study has the following results:

1) A conclusion on the possibility of using GAI in risk management of software projects has
been provided.

2) A methodology for using GAI has been developed, and a sequence of prompts that can be
used for this aim has been proposed.

3) A comparison of several publicly available GAI chatbots has been conducted.
The relevance of the research is determined by two factors:

1) In the modern world, neural networks are becoming an integral part of everyday life.
Generative artificial intelligence stands out as a powerful tool capable of significantly
simplifying and accelerating the solution of many tasks, the scope of which is yet to be
defined. At the same time, the use of GAI tools fundamentally differs from the use of all
other software systems. All other — “traditional” — software systems are initially created to
solve some specific tasks. A “traditional” computing system behaves like an automaton,
controlled by a set of commands known in advance (although it can be quite complex).
There are instructions that describe how exactly to control such an automaton. The use of
these software tools is stable in the sense that the same human actions cause the same
reaction and lead to the same results. In contrast to “traditional” software systems, the
behavior of GAI is extremely unstable. Repeating the same human actions can lead to very
different consequences. There is no instruction that would define in advance what exactly
should be done with GAI systems to achieve this or that result. Humanity has invented a
new entity that behaves in some independent way and communication with which is yet to
be learned.

2) Risk management is an important part of information system development management.
To assess the relevance of improving risk management methods in informatics, it is enough
to look at the results of research on the success of software projects [1]-[5]. The success
statistics of software development projects can be roughly represented as a (slightly
skewed) normal distribution curve. At one end will be successful projects, i.e., those that
were completed on time, stayed within the planned budget, and implemented all the
declared capabilities. The share of such projects according to the results of various studies
fluctuates around 25-35%. On the other side will be projects that failed and were never
completed. There are about 20% of such projects. In the middle are “controversial” projects
that were completed, but either exceeded the planned deadlines, did not fit into the budget,
or did not implement all the planned capabilities. The share of such projects is about half.
This picture changes somewhat in studies of different years. Especially if the study takes

into account the size of the project. But overall, it remains quite stable.
The low level of success indicates that the management of most projects is not able to identify all
the risks threatening the project and react correctly to them. Risk management remains more of an
art than a craft. The identification and analysis of risks are largely the result of using expert methods,
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such as the Crawford method [6], affinity diagrams [7], Ishikawa diagrams [8], fail stories, diversion
analysis [9], rough models (Fermi method) [10], etc. In computer science, there are no yet accepted
standardized methods, similar to the FMEA method [11], which has proven itself in mechanical
engineering and several other industries. Therefore, any research aimed at turning risk management
of software projects from art into technology is considered useful.

2. The MSF risk management process
This study uses a risk management methodology that is a part of the Microsoft Solution Framework
for Agile (MSF) technology [12].
According to MSF, the continuous risk management process consists of six stages:

1) Identifying risks.

2) Analyzing and prioritizing risks.

3) Planning risks (assigning prevention and response plans for risks and comparing different

plans for the same risk).

4) Monitoring risks.

5) Implementing risk responses (adjusting the project in response to realized risks).

6) Learning lessons (learning about risks).
We will be interested in the first three stages: risks identification, the analysis and prioritization of
risks, and developing plans.
MSF defines risk as “any event or condition that can have a positive or negative impact on the project
outcome”. Risk is characterized by the probability of a risk event occurring and the impact that the
fact of this event will have on the project. To combine these two characteristics together, the concept
of risk magnitude is introduced. The risk magnitude is calculated as the product of the risk
probability and its impact.
MSF technology provides for the construction of two plans (a risk prevention plan and a risk
response plan):

o the prevention plan includes actions aimed at reducing the likelihood of a risk occurring
and reducing its potential threat to an acceptable level. These actions must be performed in
advance;

¢ the mitigation plan includes responsive actions that need to be taken if the risk could not be
prevented and the risk event occurred. This plan is put into action if a certain predetermined
condition (risk trigger) is met.

3. Requirements and project selection

It was necessary to select software projects to conduct the research. There were only two
requirements for the projects: they must have a brief description and they must be noticeably
different from each other. The brevity of the description was determined by the quantitative
limitations of the listed chatbots. The need for noticeable differences in projects was dictated by the
fact that we were interested in the extent to which the GAI chatbots would consider the features of
a particular project in their recommendations.

Thus, the study examined five small software projects:
o “Designing data visualization tools based on a language-oriented approach”;
e “Trade and information software system for managing vending machines”,;
e “System for printing photographs and magnets from company Lomobil”’;
e “Mobile application “Virtual parking”;
e “Searching for optimal advertising for business according to specified parameters”.
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The selection of projects for the study was conducted almost by chance (“they happened to be at
hand”). Two descriptions were compiled for the projects: a brief one and a more detailed one. It
turned out that the level of detail of the project description plays a role. In the case of more detailed
descriptions, the chatbots used information about the project details in their responses. As a result,
chatbot responses were more exact and meaningful.

4. Methodology of using GAI for risk management

4.1 Overview of the Crawford’s method

The Crawford method [6] is used to identify risks. This is a modification of brainstorming in which
special measures for avoiding the anchoring effect are taken. In real life it looks like this.

A group of experts (7-10 people) is formed. Each of them receives a pack of numbered cards. On
the first card, each expert writes down the risk that he considers the most important for the project
being analyzed. The presenter collects the completed cards.

After this, on the second card, each expert writes down the most important of the remaining risks
(the second most important risk). The completed cards are collected again by the presenter. And so
on for a specified number of times.

After this, risks are discussed and grouped. Different experts may describe the same risk in different
words. These facts are revealed during the discussion. Same and similar risks are grouped.
Physically, this is expressed in the formation of so-called affinity diagrams (the grouped cards are
fastened with tape into a vertical strip) [7]. The length of the tape clearly demonstrates the
importance of this risk from the point of view of the expert community. First, all risks of the first
rank are discussed, then all risks of the second rank, etc. As a result, a set of risks is formed and
sorted by importance. The importance of a risk is determined by the number of times that risk is
mentioned by different experts.

4.2 Assigning a chatbot a role
The GAI chatbot acts as the manager of project that needs to be analyzed. The first instruction looks

like: “You are an experienced project manager. You have been entrusted with the leadership of the
next project...” The following is a description of the project.

4.3 Providing a description of the project

The project description can be given at different levels of detail. The level of detail plays a role. The
more detailed the project is, the more details the “experts” will be able to use when evaluating it.

4.4 Formation of a group of experts

Experts are generated by the chatbot as members of a team, which it manages as a project manager.
For each expert, his specialization is indicated. The composition of the team of experts is determined
by the subject area to which the project relates. For software projects, these were business analysts,
programmers, testers (quality assurance specialists), “human-computer” interaction specialists, and
logisticians (specialists in the deployment of software systems). The specifics of the project may
require the involvement of particular experts from other fields.

The qualifications of an expert can be described at different levels. One may limit oneself to phrases
such as “experienced professional”, “has work experience of more than ten years” (or vice versa
“less than three years”). Alternatively, one can provide a detailed listing of the expert’s knowledge,
skills, certificates, etc.

NB! A more detailed description, as a rule, does not provide any benefit compared to a brief
description such as “more than ten years of work experience”. There is a fundamental difference
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with the project description. There the detail of the description plays a role, here it does not. The
reason is unknown.

To obtain a detailed description of the expert’s qualifications, one can use the same chatbot or
another. It is enough to give it a request: “You are the project manager. You need to hire three
business analysts: a junior, a middle and a senior. List what knowledge, skills and abilities each of
them should have”. But — we repeat once again — we did not find any sense in such detail.

An instruction for generating a team of experts may look, for example, like this: “Your team consists
of experts: two business analysts, two programmers, two economists, two lawyers. The first expert
in each pair has at least ten years of experience, the second — no more than three”.

Experts can be given names: “Anna is an experienced business analyst”, “Boris is an experienced
programmer”, etc. After that, one can call them by name: “Let Anna do this”, “Let Boris do this”,
etc. This can be useful since one have to contact the same expert several times.

4.5 Survey of experts
After describing the experts, they are interviewed according to the following scheme:
1) “Let the expert name the characteristics of the project that seem significant to him”.

2) “Let the expert name the risks of project implementation that are associated with these
characteristics and justify his opinion”.

3) “Let the expert evaluate the probability of the risk occurring on a given scale and the
damage from the realization of the risk on a given scale” (at the same time, specific numbers
in the chatbot’s responses cannot be trusted).

4) “Let the expert name the means to reduce the likelihood of the risk occurring and to reduce
the damage if it occurs”.

5) “Let the expert name indicators by which it can be judged that the danger of this risk
occurring is increasing” (it has not yet been possible to get a good answer to this question
from the chatbot).

4.6 Grouping of risks

Since in Crawford’s method the importance of a risk is determined by the number of times it was
named by experts, one can ask the chatbot to classify risks by similarity of wording: “Group similar
risks. Indicate which expert named each risk and how exactly it was formulated”.

5. Interesting points in building a methodology of using GAI for risk
management

Next, some interesting aspects of communicating with GAI chatbots are discussed.

5.1 Ways to organize a collective survey of experts

The Crawford card method is a method of collective examination. The question about how to
organize the collective work of a group of experts using one GAI chatbot arose. One chatbot had to
speak on behalf of several (in our case, first nine, and then ten) experts. A contradiction arose: it was
necessary to communicate with one chatbot and at the same time communicate with ten experts.

This contradiction could be resolved in three ways:
e division in time;
o division in space;
e division in structure.
The time separation implied that the dialogue with the chatbot would be repeated several times.

Moreover, each time the bot will be given the task of presenting itself as a new expert. The spatial
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separation meant that the dialogue would be run on several different computers with multiple
instances of the bot. It was not clear whether these several instances would behave differently “on
their own” or whether each of them would have to be given some kind of input. The division in the
structure assumed that a certain structure would be built. That structure would allow to communicate
with one interlocutor (assign only one role to the chatbot), but at the same time receive answers from
several different experts.

The latter option was attractive due to its efficiency. It was the one chosen. We took advantage of
the fact that the examination process is conducted collectively, and this process has a leader. It was
the presenter who was chosen as our interlocutor. He was asked to carry out the entire procedure
“inside the chatbot” and immediately provide us with its results.

5.2 A way to achieve a variety of expert opinions

After this, the question arose about the formation of an “expert group”. Initially, the request simply
referred to “experts” without any specification. But this approach did not provide a diversity of
opinions. The answers given by different experts were often repeated (more precisely, the first three
experts named nine different risks, and all the remaining experts repeated the same nine risks in
different combinations). And the basis of the Crawford method is precisely that different experts
will have different views on the same problem. An attempt was made to solve this problem head-
on. The chatbot was asked to name thirty different risks (more precisely, the request was
supplemented with the following requirement: “Consider the fact that each expert has different
professional experience and knowledge. During brainstorming, they generate a variety of ideas. That
is, risk formulations cannot be the same among experts, but may imply one and same risk”). Which
is what the bot did. And thus, again came into conflict with Crawford’s method. According to
Crawford, the importance of a risk is determined by how many experts name it. That is, it is
impossible to prohibit different experts from calling the same risk (possibly describing it in different
words). But each expert had to name the risks in accordance with his expert vision.

The next solution was found. We abandoned the idea of “experts in general” and decided to clarify
the specialization and experience of each expert. As a basis for determining the nomenclature of
experts, a development team based on the Microsoft Solution Framework for Agile technology [12]
was taken. For greater variety, the work experience of each expert has been added.

As a result, the beginning of the request to the chatbot took the form: “You are the manager of a
software project that is planned to be implemented. It is necessary to identify the risks that exist
during its implementation. For this you have a group of 10 experts. Two of them are business
analysts, two are programmers, two are QA specialists, two are user experience specialists, two are
software product deployment specialists. The first specialist in a pair is experienced (at least 10 years
of work experience), the second is a beginner (up to three years of work experience). Let each expert
name the characteristics of the project that seem important to him. The following is a description of
the project”.

5.3 Instability of responses

In ordinary consciousness, a computer is perceived as an automaton that operates according to a
certain algorithm, converting input data into output data. Under these conditions, it is logical to
expect that the same answer will be given to the same request (or — taking into account the experience
of searching for information on the Internet — the answer received when repeating the request will
be close to the answer to the first request).

It turned out that this is not the case for the GAI. The answer received when repeating the same
request could differ significantly both in content (the same experts began to list other risks) and in
form. For example, a couple of times the YandexGPT [13] responded to a request with the following
phrase: “I’m not in the mood today. Come back another time!”
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5.4 Chatbots are confident in their knowledge

GAI chatbots are sure in their know-it-all nature. In several dialogues, a following sentence was
added to the request: “If any expert does not have enough information to make a decision, let him
ask for the missing information”. None of the chatbots responded to this proposal. There was always
enough information for all the “chatbot experts”.

A traditional expert system is able to understand that it is missing some information and request it.
A search engine (a la Google) may indicate that during a search it did not find certain words from
the query or did not find an answer to the question at all. GAI chatbots are confident that they have
all the necessary knowledge to answer any request. With the exception of the boundaries of political
correctness that are unacceptable from the point of view of the chatbots’ authors (but this is another
aspect of GAI).

5.5 Loss of dialogue context

Theoretically, each chatbot undertakes to remember a certain number of previous replicas and
respond to the next replica, considering this context (e.g., one session of dialogue with a BING Al
[14] can consist of no more than 30 requests). In practice this is not always the case. Such problems
arose especially often when communicating with ChatGPT [15].

Related to the issue of loss of context is the issue of the size of the information provided by the
chatbot. The output volume of all chatbots is limited. Some chatbots can request “continued
issuance”. Some of them must be asked to do this “manually”. At this moment, a loss of context and
a violation of the form of information delivery often occurs. To bypass these restrictions, it makes
sense to change the request to the chatbot and split it into several replicas.

5.6 The degree to which project specifics are reflected in risks

Links that reflect the features of the project are quite rare. Here is an example for a project
“Designing data visualization tools based on a language-oriented approach” (quoted from a
conversation with BING Al, risks identified by a developer, links to project features are in italics):
1) “Lack of time to implement the project. (Rationale: The project is complex and takes a long
time to develop, especially since there is only one person on the team)”.

2) “Lack of experience in working with domain-specific languages. (Rationale: Working with
domain-specific languages requires specialized skills and knowledge that may be in short
supply)”.

3) “Difficulty in creating interactive chart customization. (Rationale: Creating interactive
charts is a complex task that requires a deep understanding of user needs and data
visualization technologies)”.

But from the point of view of “area fire” chatbots work well. As a criterion, we took the classic list
of risks of software projects [16]. It turned out that the GAI closes this list by 70%.

In one of the experiments, risk identification was carried out first by people “manually”, and then
using a chatbot. The relationship turned out to be as follows. A total of 14 risks were identified: 9
were identified by both humans and the chatbot, 1 by only humans, 4 by only the chatbot.

5.7 Correctness of risk grouping

How correctly does the GAI group the responses of different experts? Differently. The association
was purely formal, almost meaningless. There were collections of risks that were identical in
meaning, but with different names. There also was a grouping of risks associated with one problem
but understood by different experts from different points of view. This is another example of chatbot
instability.
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6. Chatbot Overview

In this study, four publicly available chatbots were used as GAI tools: YandexGPT 2 [13], BING Al
(Copilot) [14], ChatGPT [15], and GigaChat [17]. All of these are capable of generating human-like
text based on context and past conversations.

As a result of the analysis, no significant differences were found among the chatbots in terms of the
tasks we solve. Subjectively, BING Al appeared to be more effective, followed by ChatGPT in
second place, YandexGPT in third, and GigaChat in last place. Therefore, further research will be
based mainly on the example of BING Al.

Nevertheless, the reader may wonder why the most popular ChatGPT is not ranked first. The reason
is that it often lost context in our experiments. In contrast, BING Al showed more stability in its
responses, possibly due to the use of the exact generation mode. However, it should be emphasized
again that this rating is subjective. Under other conditions, the opinion could be different, as bots
show variability, instability in their answers, which also leads to the impossibility of creating
objective criteria.

7. Evaluation of Approach effectiveness

The main limitations that must be considered when applying GAI (both in risk management and in
any other area):

1) GAI does not understand the meaning of the task proposed to it. Its answers are the result
of some probabilistic algorithms. This is important to keep in mind, since during a dialogue
with a chatbot it is easy to create an illusion of the reasonableness of some of its answers.
The probabilistic nature of the GAI's responses leads to very high instability of its work.
The same human actions can generate completely different reactions from the chatbot.

2) In particular, this means that the effectiveness of using any communication methods with
GAI chatbots is not guaranteed.

3) GAI knowledge is very limited (despite trillions of parameters and a phenomenal number
of texts loaded into the neural network). In reality, a person receives a huge amount of
information in non-verbal form. This information is not available to neural networks.

4) GAl is not aware of the boundaries of its knowledge and ignorance. It will never understand
that it doesn’t know something. A chatbot is sure that it knows everything.

5) GAl is not able to rationally explain the answers it produces.
6) Moreover, GAI can give completely incorrect answers (‘“hallucinate™), but categorically
insist on their truth.

7) GAI has some information “in general” but does not have information about each specific
project. This means that the neural network is not able to consider the specifics of each
certain project. More precisely, this accounting depends on three factors:

o the details of the project description that a person will provide to the chatbot;
o the size of the context that the chatbot takes into account when preparing a response;
e the probabilistic (i.e., unpredictable) nature of developing an answer. Therefore, the
chatbot’s responses can be perceived in terms of “area fire”, but not in terms of
describing a specific situation.
The main advantages of GAI in terms of identifying and analyzing risks:

1) Extensive knowledge in a given subject area (taking into account the lack of understanding
of the specifics of a particular project, a specific situation, and the fact that this knowledge
still needs to be able to be extracted). Experience has shown that chatbots do a good job of
identifying risks at a “fundamental level”.
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2) Extensive knowledge of subject areas related to the project. Opportunity to evaluate the
project from different points of view.

3) The ability to quickly involve many experts of different specializations in the work and
obtain group expertise of the project.

4) The methodology, originally developed for software projects, was adapted to apply it to
economic and organizational projects of significantly different scales, from small to federal.
To assess the latter, indicators of national security of the Russian Federation were used.
The transfer was successful [18]. The technique works in other subject areas too. Naturally,
each field requires its own set of experts.

8. Conclusion

During the study, the use of GAI in the process of risk management of software projects was tested.
The study demonstrated the fundamental suitability of the GAI for this task, despite the disadvantage
of operational instability. However, the authors have not yet ensured that the GAI takes the features
of a particular software project seriously enough into account. It is more about “area fire”. And the
GAI copes well with this and is not inferior to other sources of risks information.

A methodology for organizing a group examination, simultaneous survey of a “group of GAl-
experts” using the GAI chatbot was proposed. The article provided the texts of the relevant requests
and examples of their execution. Their advantages and disadvantages were discussed.

In addition, the proposed methodology turned out to be suitable not only in relation to software
projects, but also in other subject areas (e.g., risk assessment of economic projects).
Directions for further research have been identified:

o to ensure that the specifics of the projects are taken into account when identifying risks;
¢ to improve the virtual “community of experts”;

o to ensure that the expert provides a verifiable justification for the likelihood and impact of
the risk;

e to improve the quality of risk indicators proposed by the experts;
o to continue expanding the proposed methodology to other subject fields.
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AnHoTanusi. Breibop oOpa3oBarenbHOW NPOrpaMMbl — BaKHBIi MOMEHT B JKM3HHM MOJIOABIX JIFOJCH.
B ycnoBusix aedunura BpeMeHH MOCIE YK3aMEHOB aOUTYPUEHTHI OOBIYHO HE YCIIEBAIOT MPOAHAIN3UPOBAThH
BO3MOXKHBIE OOpa3oBaTeNibHble MapiipyTsl. Kpome Toro, 3To TpeOyeT TIIATENLHOrO H3y4eHHs YyueOHBIX
IU1aHOB. JlJaHHOE FCCIIeI0BAaHME TIOCBAIIEHO 3TOH IIPo0IeMe U IIpe IaraeT alrOpUTM aHaIN3a yIeOHBIX IUIAHOB
Ha OCHOBE 00pabOTKH eCTeCTBEHHOTO SI3bIKA Ha3BaHUH KypCOB MIIM KOMIIETEHIIUH, IIEPEUNCIEHHbBIX B yIEOHBIX
wraHax. OmHcaHa apXWUTEKTypa WHTEIUIEKTYaJbHOW IIPOrpaMMHOI CHCTeMBI. lcmonb3yeMblif MeTon
MPOTECTHPOBAH Ha YYEOHBIX IUIAHAX, B3ATHIX C YHUBEPCUTETCKHX CaWTOB. [l XpaHEHUS COAEp KaHMS
y4eOHBIX IUIaHOB OBUTO pa3paboTaHO XpaHWIIMIIE JaHHBIX. Ha IaHHBIT MOMEHT TeMa HCCIIeIOBaHUS IJI0XO
m3yueHa. CyIlecTByIOIHE CTaTbU JIMOO OMUCHIBAIOT PaHHHE CTAJUM Pa3pabOTKH, JUOO CKYAHBI Ha JETalH
peanusanuy. OHM KPaTKO PacCMOTPEHBI B JTAHHOI cTaThbe.
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1. Introduction

Adolescence is a pivotal point in life. It is during this period that people shape their talents [1].
Therefore, after finishing secondary school, young people need a pathway to follow their calling.
For the majority of teenage Russians, a typical way to do so is to obtain a university education.
Due to time pressure and stress, school-leavers can make an incorrect choice regarding an
educational program due to a lack of information. The situation is common—it is estimated that
nearly half of school-leavers are said to experience difficulties in choosing an educational
program [2].

As a consequence, students are often dissatisfied with higher education [3]. This could be avoided
if university entrants were more familiar with undergraduate programs, especially their curricula.
Data-driven decision making has already proven its usefulness in the business world, but is not
widespread in the education sector. An intellectual system designed to decompose and visualize
different parts of learning plans could alleviate the situation and bring about a change.

The curricula of HSE University and ITMO University were scrapped for the research. To store the
retrieved data, a data warehouse was implemented. After that, the algorithm for the detection of
similar courses was invented and tested.

2. Problem Statement

The issue addressed in this paper is the lack of digestible information about university programs.
Curricula are not easily digestible for those unfamiliar with academic management because they
contain a large amount of heterogeneous information. The main hypothesis is that the situation might
be soothed by a business intelligence software system devised to provide consultancy to young
people choosing an academic program.

The objective of the study is the construction of a research prototype of an intelligent system for
inquiry into university curricula analysis. To achieve it Natural Language Processing and Data
Warehousing methods are to be implemented. Course names and competence definitions listed
in learning plans might be used to find similar courses of different programs.

The functional purpose of the system is to allow the user to compare curricula of educational
programs by searching for the most similar courses, highlighting the competencies developed during
the training, calculating and comparing the number of classroom hours in different programs.

3. Related Works

Currently, Russia applies a competency-based approach to higher education [4]. Modern Russian
educational standards do not contain lists of compulsory courses (except for liberal arts and physical
education). This gives universities relative freedom in designing curricula, but imposes the
responsibility for proper planning of students' learning activities. The ability to compare educational
programs can be a useful tool in the implementation of this concept.

In previous research a combination of Bag of Words and Support Vector Machine was proposed for
legal document classification [5]. This approach was subsequently criticized for its insufficient
accuracy.

The current task has similarities with the previous one, both focusing on Natural Language
Processing, however the main distinction lies in the training data. Legal document classification was
based on a predefined dataset whereas the analysis of curricula requires data scraping. It is also
a similarity detection task rather than a classification task.
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To improve the quality of text processing vector embeddings [6] could be used. They represent the
parts of speech in the numerical form, preserving the semantics for effective text comparison and
summarization. Among the existing models which could be used to produce the embeddings are
Word2Vec [6] and BERT [7], both based on neural networks. The key difference is that the former
generates context-independent vectors, whereas the latter produces contextualized embeddings [8].
The Graph Theory methods were implemented to evaluate learning plans [9-11]. The model
proposed consists of nodes (courses) and edges that measure the distance between vertices. To
calculate the distance, the following formula (1) is provided:

(X cred)
2N

where: w is the distance between courses v and u,
>cred is the overall sum of credits in learning plan,
N is the number of courses in curriculum,

cred(x) is the number of credits for course X,
{comp(x)} is the set of competences for course x.

w(v,u) = X (cred(v) + cred(u)) X |[comp(v) N comp(u)|, @

The quality of the curriculum is then evaluated using graph density and modularity. It is assumed
that the optimal model should have moderate modularity and high density.

However, the proposed distance measurement is not a proper algebraic metric since w (x, x) is not
equal to zero and the triangle inequality is violated. Even though the zero distance is interpreted as
the absence of link between courses the motivation behind the formula is ambiguous.

One of the references of the previously explored articles is the study [12], which proposes a method
for the formation of an individual educational trajectory using a dynamic equation model. The model
is applicable to a student who has already chosen a program.
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Therefore, it is not appropriate for the research objectives. Furthermore, the paper does not provide
test cases which verify the model's performance.

4. Curricula Structure and Data Warehouse Modelling

In Russia, Higher Education is regulated by the respective Federal Law [13] and Education
Standards [14]. These documents were analyzed to create the Entity-Relationship model (Fig. 1).

Then it was transformed to a Data Warehouse Star-Schema (Fig. 2).

Competence
+ ID: Integer
Cougse
+ Competence Code: String =
i % s — = ID: Integer
+ Compelencs IName: Sig = .
2 Curricula + Course Name- String
+ Competenca Type: String o =
+ ID: Integer + Course Type: String
Progr. + CoursaID- Integer ot +Added: Date
+ID- I.uttg:; | = CompetencelD: Integer + Removed: Date
P R ¥ + ProgramID: Integer
+ Program IName: sinng
— +Fieid Code: Strine - Ficld of Study |

+ Dezree Code: Integer

Degree j + DegreeID: Integer + Field of Study Grovp Code: Sting (Mullable) D
4 + UmversnylD): Integer — + Field of Study Code: String ‘

+ Degree String +FacultyID: Integer P +Ficld Name: String

+ EnrollmentYzar: Integer

University ~Year: Integer Faculty
+ ID: Integer — + ClassroomHours: Integer (Nullablz) + ID: Integer
+ Unrversity Name: String + Credits: Infager + Facnlty Name- String

Fig. 2. Data Warehouse schema

Table 1. Modules and functionality

Module Functionality
Webpage User Interaction
API Gateway Load distribution
Data Access Layer Request handling and access to learning plans data
Data Warehouse Storage for learning plans data
ETL Module Data scraping, processing, transformation to SQL and loading
Machine Learning Model Advanced analytics

Since the graphical interface is requires for user’s convenience, a Single Page Web Application is
implemented. In order to access data from the warehouse REST API [15] was developed and
deployed in Docker Container [16].

Furthermore Nginx [17] proxy server is used for load distribution since the scalability is required
due to the seasonality of university enrollment. ETL module is devised for data scraping. Due to
different formats of curricula (pictures, tables, pdf-files) the process is not unified yet.

5. Course Similarity Measurement
In order to find similar courses, the following algorithms might be used:
1. Choose two educational programs and obtain their learning plans.
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2. For each course in the learning plans assign the competences it improves, find their
description (the code will not suffice) in the educational standard.

Using pretrained model, vectorize each competence description.
For each course compute the mean vector using formula.

o~ w

Normalize the mean vector to unit length.

6. Find nearest neighbors using L2-norm or cosine similarity.
The course names themselves could be used instead of or combined with competence descriptions
for steps 2-4 to find the similar courses.
For the experiment the SBERT model [18] was used. As an example, the Software Engineering and
the Business Informatics programs taught at the Perm Campus of HSE University were selected.
Their curricula were scraped using Selenium [19] and used for the test (Table 2).
The cosine measurements computed for course names and the sets of competences assigned to them
are uncorrelated (Pearson and Spearman correlation coefficients equal to -0.11 and -0.13,
respectively).

Table 2. Most similar courses

Software Business
Engineering Informatics course Cosine Similarity (names) | Cosine Similarity (comp.)
Course
Top 5 similar by competences
. Strategic
Group Dynamics Management 0.08 0.69
. Theory and History
Group Dynamics of Management 0.14 0.69
Group Dynamics Decision-making 0.04 0.69
Software Design IT-business 0.40 0.65
infrastructure
Databases Accounting 0.10 0.65
Top 5 similar by names
Web Programming | Web Programming 1.00 0.44
Safe Living Basics Safe Living Basics 1.00 0.35
Discrete Discrete
Mathematics Mathematics 1.00 0.10
Research Seminar Research Seminar 1.00 0.46
Programming Programming 1.00 0.11

To evaluate the models, expert assessments are used. For that 150 random samples are chosen and
ranked manually. Competence-based measurements correlate weakly with expert assessments
(Pearson coefficient 0.12), while Name-based measurements show a moderate correlation (Pearson
coefficient 0.65).
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It is evident that comparison of courses by name gives an imprecise match due to lack of detail, as
it favors the general courses (such as History, Law and Economics) or the course with the same
name. The name may change over the course of time, but the model would mark them as two
different courses. In similar way, it could be taught under various names (e.g., on several educational
programs). Though it might be used to provide the overall rough estimate of resemblance.

For this the ratio between the quantity of similar courses (we consider the course similar if the cosine
similarity between respective embeddings is higher than 0.65) and the total number of courses for
two programs could be computed.

It should be noted that the competence-based approach is inadequate if the data contains
inconsistently assigned competences. For example, the above-mentioned Business Informatics’
Linear Algebra course is said to develop "positioning products in the global marketplace™ (which
certainly does not reflect the essence of Linear Algebra).

6. Conclusion

The scientific novelty of the study lies in the use of information technology to analyze curricula. It
should be stressed that the project is an investigation into an area of study which is still under-
researched. Preliminary research shows that the average number of lessons decreases with the year
of study.

Natural language processing methods have been used to compare courses using their names and
competences assigned to them.

There were 200 learning plans scraped in purpose of the research. It is planned to scale the project
using data from other universities, such as Moscow State University. In future work the other data
(such as descriptions of courses and historical data) and methods (such as expert systems) could be
used to identify similar courses.

Future work should focus on developing an intuitive user interface based for exploratory search [20].
A guide summarizing the domestic education system and its regulation could be created to improve
the user experience.
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Abstract. Recently, there is a surge of interest in employing neurocomputer interfaces for a control contours
implementation, especially for different infrastructures of Internet of Things. However, due to a low-level
nature of such devices and related software tools, neurointerface integration with a large variety of 10T devices
is quite a tedious task, and the one that requires a lot of knowledge in the neuroscience and signal processing
to boot. In the paper, we propose an ontology-driven solution for facing the upcoming challenges of unified
integration of brain-computer interfaces into 10T ecosystems. We demonstrate an adaptable mechanism for
integrating brain-computer interfaces into the Internet of Things infrastructure by introducing an intermediate
layer — a smart mediator that will be responsible for communication between the environment and the
neurointerface. The mediator’s software is generated automatically, and this process is driven by a managing
ontology. The proposed formal model and the system's implementation are described. The approach we have
developed enables researchers and engineers without strong background in brain—computer interface to
automate the integration neurointerfaces with different infrastructures of Internet of Things.

Keywords: Internet of Things; brain—computer interface; ontology engineering; ontology-driven solution;
smart mediator.

For citation: Labutin I.A., Chuprina S.l. Ontology-based neurointerface 0T integration approach. Trudy ISP
RAN/Proc. ISP RAS, vol. 36, issue 2, 2024. pp. 91-108. DOI: 10.15514/ISPRAS-2024-36(2)-8

Acknowledge ments. The authors express their deep gratitude to the Educational and Scientific Laboratory of
Sociocognitive and Computer Linguistics, Faculty of Philology, Perm State University, for the provided
equipment and support for the research.

OHTONOrM4YecKkum Noaxon K MHTerpaumm HempouHtepcgencos B
MHPACTPYKTYPY MHTEpPHETa Belyewn

H.A. Jla6ymun, ORCID: 0000-0001-6858-1479 <linuxrf@gmail.com>
C.U. Yynpuna, ORCID: 0000-0002-2103-3771 <chuprinas@inbox.ru>

Tepmcxuil 20cyoapcmeentvlil HAYUOHATLHBIL UCCTEO08AMENbCKULL YHUBEPCUMEN,
Poccus, 614068, 2. [lepmw, ya. Bykupesa, 0. 15.

AnHoTanus. B nocnennee BpeMs HaOJOAaeTCs BCIVIECK HHTEPECa K HCIIONb30BAHHIO HEHPOKOMIIBIOTE PHBIX
uHTepdeiicoB Ul peanM3aliM  KOHTYPOB — YIPaBJeHWS, OCOOCHHO MU pas3iMdHBIX  YCTPOWCTB B
uH}ppacTpyKType wuHTepHeTa Bemeld. OJHAKO M3-32 HM3KOYPOBHEBOW NpPHPOABI TaKHX YCTPOHCTB WU
COOTBETCTBYIOIIMX MPOrPaMMHBIX CPE/ICTB MHTETpalms HeHponHTepheiicoB CO MHOKECTBOM Pa3HOOOpPa3HBIX
10T-ycTpoICTB sABISETCS TOBOJBHO TPYHOEMKOH 3amadei, TpeOyIomel onpeleNeHHbIX Npod)eCcCHOHAb HBIX
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3HAHMI B 00NIaCTH HeHpoHAyKM W 00paOOTKH CUrHajoB. B naHHOW paboTe MBI MpenjiaraeéM OHTOJOTHYECKH
yIpaBsieMoOe pEIICHUe [N pealr3alid HMHCTPYMEHTAJbHBIX CPEACTB YHHU(QHULMPOBAHHOW HHTErpaluu
uHTEp(ECOB MO3r-KOMIBIOTEP B JKOCHCTEMY HMHTEPHETAa BelIeH. MBI IEMOHCTPHpYEM KakK JOCTHTaeTcs
amamrarpsi K OCOOEHHOCTSM Tpomecca KOHKPETHOM WHTETpalM 33 CYeT BBEACHWI B CHCTEMY
NPOMEXKYTOUHOI'O YPOBHS — UHTEJUIEKTYaJbHOIO INOCPEHUKA, KOTOPBI OTBEUaeT 3a B3aUMOJCHCTBUE MEXITY
OKpyXarmei cpemoil u HeiiporHTepdeiicom. I[IporpammHOoe oOecriedeHHe TOCPEIHMKA TE€HEPUPYETC s
aBTOMAaTHYECKH, U 3TOT MPOLECC YmpaBisieTcs oOHronorued. OmmchiBaroTcs mpeuiaraemas (opMaibHas
MOJZIeIb U peajm3alysl CUCTeMbl. Pa3paOoTaHHbI HAaMU OHTOJOTMYECKH YIPaBISEMBIN BBICOKOYPOBHE BBIil
HOZXOJ] TIO3BOJIIET MCCIICAOBATEISIM M MIDKEHEpaM, He MMEIOIIMM OOJBIIOro ombITa paboThl ¢ HHTEpdeiic oM
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HHTEpHETa BELICH.
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BnaromapHocTtu. ABTOPH BBIP2XAIOT TJIyOOKYI0 TPH3HATEIHHOCTh  Y4eOHO-HAYYHOW J1abOopaTOpHH
COLMOKOTHUTHBHOW ¥  KOMIIBIOTEPHOH  JIMHIBUCTHKHM  (rtonormdeckoro  ¢akynpreta IlepMckoro
TOCY/IapCTBEHHOTO HAIMOHAIBLHOTO HCCIIEOBATELCKOr0 YHHBEPCHTETA 3a TPEeIOCTABICHHOE O00OpYyIOBaHHE
U TIOAJICPXKKY.

1. Introduction

Due to the widespread digitization and an active expansion of the application areas of Internet of
Things (loT), virtual reality and augmented reality, methods and tools for managing software
systems based on neurointerfaces are developing rapidly. Of crucial concern here is that there is no
universal standard for the integration of different loT infrastructures nowadays. The diversity of
existing protocols and standards for device interaction in the 10T, as well as their lack of
compatibility, leads to communication problems between devices within a single infrastructure.
Therefore, the call for development and implementation of a new unified concepts and refinement
of existing ones to increase the lewvel of interoperability of devices seems to be quite an essential
one, especially when it comes to the task of embedding neurointerfaces into already existing
software systems.

In the current state of the art, issues related to creating unified methods and tools to automate the
process of integration of neurointerfaces into the 10T ecosystem with a goal of controlling its
components (target systems and subsystems) are still insufficiently studied, although the literature
recognizes the need to develop such methods and approaches [1-4].

In most cases, neurointerface equipment is able to function properly only with a narrow range of
proprietary software provided by the manufacturer. Therefore, employment of neurointerfaces inthe
scenarios and pipelines not accounted by a manufacturer poses quite a challenge, if ever possible,
and requires a deep knowledge in fields of both neuroscience and computer science.

In this paper we present the concept of ontology-driven system for integration of neurointerfaces
into 10T ecosystems and the approach to its implementation. The general idea — automated
generation of a firmware for a smart mediator connecting together an 10T infrastructure and a
neurointerface — was introduced in our previous work [5]; in this paper, we focus on proposing a
formal model and describe its implementation.

We shall note here that a general overview of neurocomputer interfaces is out of scope of this work;
interested readers can be advised to familiarize themselves with an excellent summary paper [6].

2. Use case scenarios

Before buildingthe systemmodel in question, itis necessaryto understand the user’s general portrait
and possible scenarios of his interaction with the system.
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It shall be noted that there are two categories of potential users of our system in relation to the fields
of neurointerfaces, loTand ontological engineering: non-specialists and specialists.
Non-specialists will use the systemin the form provided to them by specialists; non-specialists don’t
have the expertise to (and, ideally, should not) configure and extend the system as they may have
no relevant competencies. In essence, non-specialists will employ the system “as is” as a set of
available tools for solving their own personal problems related to integrating neurointerfacesinto
specific loT infrastructure.

Specialists, onthe other hand, in addition to the aforementioned employment of the system, can also
extend and reconfigure it by adding new modules and their ontological descriptions.

It is important to distinguish these two groups of users as the former ones may need a complete and
convenient high-level interface; while the latter can use a lower-level means of interaction with the
system to increase flexibility and efficiency of task solving.

The main non-specialists’ scenario for the platform’s employment will be using a high-level visual
user interface to create a formalized description of a “smart assistant’s” internal composition and
employing some special means to automatically generate its source code based on this formal
description. The generated code then becomes a part of the software of such assistantand unifies the
integration of user selected modules. Based on our previous work [7] we propose to use the tools of
SciVi platform to tackle this problem.

SciVi is Russian scientific visualization and analytics platform enabled describing the pipeline of
analytical data processing by means of data flow diagrams and generate the source code in related
programming language. This was made possible due to SciVi being an ontology-driven solution.
This scenario is presented in Fig. 1 as a use-case diagram, where two usage scenarios related to
employing the platform by non-specialists are illustrated. First scenario— composing DFD diagram
in SciVi environment. Secondscenario —generating code for the smart assistant based on previously
created DFD diagram.

Creating
Data Flow Diagram

Generating

Nonspecialist software code

User

Fig. 1. Use cases for non-specialists

For specialists, an additional scenario is added that involves extending the system with new
components. Aside from components of interest they also need to add their ontological descriptions
(manually crafted or generated by some tooling) into the system’s repository. This is illustrated on
Fig. 2 with three use cases related to employing the platform by specialists. Compared with Fig. 1,
there is an additional third scenario — filling the system repository with ontological descriptions of
new modules available for potential inclusion in code for the smart mediator.

Note here that this is by no means is not an exhaustive list of potential ways to interact with the
system; on practice, other interaction scenarios are possible, which are not covered in the paper.
Their discovery and analysis are the topic of a further study. In this paper, we focus on providing
users who belong to the category of “specialists” with the necessary tools for integrating
neurointerfaces into arbitrary loT infrastructure.

To this end, we propose the ontology-driven solution inwhich the so-called “smart mediator” plays
a key role.
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Ontology
repository
expansion

Creating
Data Flow Diagram

Specialist
User

Generating
software code

Fig. 2. Use cases for specialists

3. Ontological approach towards integration

In the context of computer science, ontology is seen as a formal representation of knowledge about
some domain in a form of sets of concepts and relations between them, as well as associated
axiomatic. One of the founders of ontological engineering, Thomas Gruber, defined ontology as
“explicit specification of conceptualization” [8].

Following [9] we will define a formal model of ontology O an ordered triplet of the form:

O=(XR, @), (1)
where:
e Xisa finite non-empty set of concepts (notions, terms) inthe domain area represented by
ontology O;
¢ Ris afinite set of relationships between concepts;
e ®isafinitesetofinterpretationfunctions definedonthe concepts and relations of ontology
O (axiomatic).
Furthermore, [9] points out that in an ontology-based system model, there are three ontological
components:

1) Metaontology, which contains general concepts and notions independent of the domain
area.

2) Domain ontology (one or several), which describes aspecific domain area.

3) Task ontology (one or several), which contains types of tasks to be solved and their
decomposition into subtasks.

Regarding our goal, we will be mainly interested in domain ontologies. Metaontology for our
purpose is not strictly required due to a clearly defined (at least on this stage of research) domain
area. For similar reasons, we do not see aneed for task ontologies: as it was noted above, the system
shall support only a narrow range of use cases, therefore instead of an ontological description of
tasks, knowledge about them and ways of interpreting supported types of relationships should be
built into the inference engine.

This seems to be the most effective solutionin the context of current research, because in such a
case it is possible to use so-called “lightweight” ontologies [10].

Here and further, if nothing else is specified explicitly, under the term “ontology” will be understood
only “lightweight” ontologies, which do not contain axiomatic (that is, in 1 ® = @). Their
interpretation falls entirely on the implementation of inference engine. We suggest to create
ontologies using environment of our visual ontology editor named ONTOLIS [11-13]. ONTOLIS is
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aimed at ordinary users and at the same time allows developers uniformly storing a wide range of
attributes in the nodes and arcs of the ontology graph in a unified form which is necessary to take
into account the specifics of solving specific tasks during inference [13]. This allows the user to
expand the possibilities of interpreting ontologies to someextent, providing an inference engine with
additional information in simple machine-readable format, which gives the opportunity to modify
its behavior (including referencing external tools).

4. Requirements for the system and the “smart mediator”

Before describing the formal model of the system, it is necessary to define a set of requirements that
both the system itself and its results should meet.

Functional requirements for the “smart mediator” logically followfromthe purpose of his existence.

1) The smart mediator must receive a signal from the neurocomputer interface.
Consequently, the smart mediator should include a module responsible for
communication with the neurointerface.

2) The smart mediator must process the received signal. Processing signals is a nontrivial
issue per se and is not the subject of this work. It is assumed that the mediator should
include several modules responsible for this task. The question of suitability of these
modules lies on the shoulders of the user of the system (as was said above, we are talking
about a competent user). Within the framework of this work, a set of modules is
implemented, sufficient for demonstrating the proof-of-concept of suggested approach to
unified integration of the smart mediator into the loT infrastructure.

3) The smart mediator must provide access to the result of signal processing to other devices
inthe loT infrastructure. This can be done in at least two ways (see section V); the choice
of a specific mechanism also depends on requirements imposed by the user of the system.

The main non-functional requirements for asmart mediator — flexibility, reliability, predictability —
are described below.

1) Flexibility means that the algorithm of the “smart mediator” is not cut in stone once and
for all: it can adapt according with changing user needs or surrounding infrastructure.
Within the proposed solution this means the need for regenerating the code of the
mediator based on a formalized description of the changed infrastructure.

2) Reliability implies that the mediator should have a certain degree of robustness to errors
that inevitably occur during interaction between software systems. A detailed error
typology is beyond the scope of this work, so from here we assume that the requirement
for reliability is inherently implemented at the design stage of modules from which the
“mediator” is composed of?.

3) Predictability guarantees that the mediator will perform only the task prescribed to it by
the formal model. This requirement can be received “for free” to some degree if we
strictly stick to the paradigm of open-source and free software?.

5. System development concept

Based on our experience in the field of ontology-driven human-machine interfaces [11-14], we
propose a mechanism for integrating brain-computer interfaces (BCI) into the Internet of Things

L strictly speaking, it was also worth to take into account problems arising during interaction between modules of the
mediator with each other. The problem of organizing interaction between modules of the mediator among themselves is not
a key issue in this paper and is left for the specialist who composes formal representation for further generation of code of
the mediator.

2 0of course, openness and freedom per se do not guarantee full absence of random or deliberate defects leading to
unexpected behaviour, but they at least minimize risks associated with them through the “thousand eyes effect” that
declares a positive correlation between the quality of the software and the number of people who have access to its code.
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infrastructure by introducing an intermediate layer — a smart mediator that will be responsible for
communication between the environment (bci:Context in the terminology of [15]) and
neurointerface (bci:Device in [15]). The mediator’s software is generated automatically, and this
process is driven by a managing ontology. In addition, to perform such a generation some extra
resources will be required:

e Ontology of semantic filters [16] that describes the necessary transformations of data
received from the neurointerface. Parts of this ontology were borrowed from SciVi and
used in this work. In addition, it was extended with additional modules specific to
neuroscience (for example, with a description of amodule for inverse Fourier transform).

e Ontology of target platform that reflects the characteristics of the environment or device
that will support the execution of the mediator. This ontology was created from the scratch
but taking into account the quirks of SciVi platform.

e Component ontology [17] that provides a complete description of the characteristics of the
neurointerface sufficient for establishing communication with it and exchanging data. This
ontology was also created from the scratch.

It is important to emphasize in the proposed approach the key role of the mediator, which is
consideredand implementedas a software module running on one of the devices in the infrastructure
of the Internet of Things. In essence, it represents a microservice that receives raw data of a
biological nature from a neurointerface and provides access to the results of processing that data to
other devices in the IoT infrastructure in one of two possible ways:

1) The smart mediator publishes results of data processing by some protocol, and other
network nodes independently and periodically call into receive information about some
aspects of cognitive state of a human. For example, a “smart™ lighting bulb can
automatically obtain fatigue level data and regulate the light intensity taking into account
this information.

2) The smart mediator generates adirect control signal affecting one of loT infrastructure
devices. For example, mediator may define the state of concentration of a personand
send it via MPRIS protocol® to mediadevice playing multimedia (video / audio)
command to pause playback.

The mediator itself may execute either on a specialized device (such as development board for
ESP32 microcontroller), fully utilizing all its resources, or ona preexisting infrastructure node (for
example, a router or even a personal computer). Inthe latter case such amediator can be considered
“virtual”. The only significant requirement is a physical ability to connect the neurointerface to an
equipment on which the mediator works.

As noted abowe, software code of mediator is being generated following the managing ontology,
contents of which is vital for correctness of the mediator functioning. A very important features of
ontologies are their transparency, documentability and readability both for human and program
agent. This is a significant trait that allows reusing external ontological resources.

Despite of existence of automatedtools for creationand validation of correctness of ontologies [18],
[19], in reality most practical approaches to choose and quality assessment of ontologiesstill rely
on experts and knowledge engineers (ontology engineers). The other popular approach is to deduce
a correctness of built ontology from the result of correctness evaluation of ontologically driven
solution.

From our point of view ontological descriptions of various neurointerfaces are not obliged to be
integrated in a framework of one domain ontology. It seems viable to develop an interface for so-
called smart repository for conveniently search and reuse ontologies of other neurointerfaces or/and

3 https://specifications.freedesktop.org/mpris-spec/latest/

96



JlaGytun M. A., Yynpuna C.1. OHTOIOTHYECKHIi ITOJIX0/ K MHTETp alliu Help ouHTep (heiicoB B MH(G P acTp yKTypy HHTEp HeTa Beleil. 7pyos
HCII PAH, 2024, Tom 36 BBIIL 2, c. 91-108.

their parts. Work of such a repository shall be controlled by metaontology (highest-level ontology),
i.e., ontology that is storing knowledge about all domain ontologies stored in the repository.
Naturally, at same time it is required to ensure coherence and consistency of ontologies [20], [21],
but with moderately small sizes of ontologies this condition can be met with a relative ease.

Fig.3 demonstrates ageneral overview of proposed integration mechanism for neurointerfaces into
lIoT ecosystem. Here bci:Device is denoting the neurointerface, bci:Context describes environment
to be integrated with, BCI-O — main managing ontology, mediator — mediator itself, adapter — a
system that implements an integration mechanism integration for a specific neurointerface into an
10T ecosystem.

The ontological device description (bci:Device) is being automatically united with the ontology
describing infrastructure (bci:Context) in one common domain ontology, using which a system
(“Generator”) generates software for smart mediator.

To perform anintegration of aneurointerface into existing loT infrastructure (for example, a “smart
home” ecosystem) it’s necessary to execute following steps (through suggested algorithm
description every mention of creation of ontologies assumes that this can be performed employing
ontology learning tools for automated creating of ontologies):

1) Either select an existing ontological neurointerface description from the repository of the
SciVi platform [22] or create anew one in the visual ontology editor ONTOLIS saving it
to the SciVi repository.

2) Choose a preexisting or create new ontological descriptions of semantic filters for
preprocessing input/intermediate/output signals based on the task requirements, similar to
how this is implemented in our colleagues’ work dedicated to the SciVi system for
scientific visualization and visual analysis.

3) Either select an existing ontological description of the specific loT ecosystem from the
repository of the SciVi or create a new one consistent with BCI-O and 10T-O [23].

4) Use services of the proposed system for an automatic construction of adapters for
neurodevices and an automatic generation of the smart mediator’s firmware from obtained
ontologies; this firmware will be responsible for integration of neurointerface in the
infrastructure of loT.

bci:Device Mediator hci:Context

7 T p

Ontological Firmware
gevmg . Ontological
escription - {é})‘ Infrastructure
= . Description
f Firmware {§}
' Generator '
L] T 1
' ; Domain :
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'
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Fig. 3. Proposed integration mechanism

A mechanism for ontology-driven generation of firmware’s source code for IoT ecosystem was
previously developed by our colleagues as a part of a project aimed at creating and improving the
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scientific visualization and visual analysis platform SciVi [22]. We reuse similar concepts when
solving tasks related to integrating neurointerfaces into an already existing, or created from scratch
ecosystem of loT.

The proposed solution allows to unify the process of integration of neurointerfaces in aspecific loT
ecosystem. Building an ontology describing a particular neurointerface must be performed only
once, after which it is added to the corresponding repository of ontologies and can be repeatedly
reused for automatic regeneration of mediator’s firmware with the goal of integrating it with
different environments.

Thus, unification of integrationtools is achieved by reusing ontologiesand the ability to adapt an
ontology-driven system to solve specific problems through replacing ontologies without the need to
make changes in previously developed source code for other components of the system [12-14].

6. Formal model of a system

In this paper we propose the following formal model of the system described in set-theoretic
notation:

E=(Q, A,Ob, OF, Oi, I, M, E, A,OL, S), (2)
where:
e Qisthe operator for generating source code for mediator, Q: Op — S;

e Ais the operator for building an ontology of module connections, A: Op x O x Oj x D —
Ov;

e Op is the ontological description of the domain areg;

e Opisthe ontological description of aspecific neurointerface;

o Or = UK,0y the set of k ontological descriptions of modules that implement data
transformation;

e O is an ontological description of the infrastructure, management of which is assumed to
be implemented (module for controlling this infrastructure);

e O is an ontological description of the links between modules included in the mediator’s
firmware;
e Alis the operator for building an ontology from parts, A: Op x Of x O;j x OL — Obp;
e T'isan interactionoperator,I': Ex M — D;
e Misa setof supported control elements;
o Eisasetofsupported user actions;
o Disauser-createdformal descriptionof the interconnection of modules inthe formof DFD
diagrams in SciVi toolbox;
e Sis the source code for the mediator’s software.
Let’s note that I, M and E are out of scope of this paper and are based on reusing results obtained
by our colleagues within the framework of the SciVi platform [12-14, 22].
A A operator responsible for building an integrated domain ontology is described at Algorithm 1.

7. Basic concepts and relationships of ontological descriptions

In order to maintain a compatibility with the SciVi system (in particular, for reusing the operator I",
which is responsible for providing users with an easy-to-use interface for building a formal
description of module interaction) inthis work we largely reused a set of basic concepts and types
of relationships that SciVi supports. Such modules and relationship types are highlighted in italics.
A A operator that builds an ontological representation of connections between modules is described
at Algorithm 2. It reuses a Merge function from Algorithm 1.
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Algorithm 1 A operator

procedure Merge(0,, O;)
for all n €Nodes(0;) do
if n £ 0, then
AddNode (0,, n)
end if
end for
for all r €Relations(0;) do
if r £ 0, then
AddRelation(0,, r)
end if
end for
end procedure
Op « 0@
Merge(0p, Oy)
for all Oy € Of do
Merge(0p, Of;)
end for
Merge(0Op, 0;)
Merge(0Op, O.)

Algorithm 2 A operator

Merge(0Op, Oy)
for all Oy € Of do
Merge(0Op, Of;)
end for
Merge(0Op, O;)
0« @
root_out <« FindNode(O;, ’Output’)
for all block € D do
name « Name(block)
start « FindNode(O;, name)
outputs <« GetAdjacentNodes(0;, {start, root_out})
for all dfd_out € Outputs(block) do
ont_out « outputs[Name(dfd_out)]
if ont_out £ L then
AddNode (L, ont_out)
end if
for all dfd_conn € Connections(dfd_out) do
t_name « Name(Target(dfd_conn))
ont_in « FindNode(O;, t_name)
if ont in £ L then
AddNode(L, ont_in)
end if
r « Relation(ont_in, ont_out, ‘use’)
AddRelation(L,r)
end for
end for
end for

The basic (root) concepts of the ontological model of the system include:
e Root-root node, required by SciVi for the proper operation of I" operator.
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e Module—aconceptreflectingaspecific software module potentially available for inclusion
in the firmware.

o Type —data type.

e Entry—entry pointinto the module.

e Input—input data of the module.

e Output—output data of the module.

e Array—subtype of “array” data introduced to simplify the implementation of an inference
engine.

Relationship types supported by the system:

e is_a—inheritance relation.

e has—relation of ownership.

e use — relationof employment. In the context of the system, it means “consumes” in the
sense ‘the input parameter A of procedure P1 consumes the output parameter B of
procedure P2.”

The system allows for the existence of other basic concepts and types of relationships in ontologies,
but does not try to interpret them. This architectural solution was also dictated by the desire to
maintain compatibility between ontological descriptions with a representation understood by
operator I'. However, some relationship types, which are not strictly necessary, were excluded for
maintaining readability of ontologies — for example, the “base type” relation used by operator I to
display array element type to user during building of formal description D.

Examples of an ontological description of the module and link between modules using
aforementioned concepts and relationship types are shown on Fig. 4 and Fig. 5, respectively. The
Testl module illustrated on Fig. 4 has a ‘“testl_process”entry point and three parameters: al, a2
(input) and a3 (output). Parameters al and a3 have an integer type int, while parameter a2 — the
integer type short. The fragment of ontological description of link between module parameters on
Fig. 5 reflects the following dependencies: parameter a2 gets its value from a parameter k2,
parameter al —from k1, and a3 —from g3.
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Fig. 4. Example of ontological description of module
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Fig. 5. Fragment of ontology describing link between modules

8. System development and implementation

Within the framework of current research, a system prototype was developed and implemented
based on the proposed approach. The system allows its users to:

e create a formal description of the relationship between ‘smart mediator” modules
employing the user-created ontological descriptions of these modules, then

e automatically build an overall domain ontology using merging strategy [12], [13] without
performing the “alignment” procedure, describing the structure of a firmware for a smart
mediator, and finally

e generate code that connects modules into awhole program component.
On Fig. 6, the architecture of the developed system is presented. Green color is used to highlight
components implemented within the scope of this research. SciVi platform here acts as an ontology

repository and is used by a user for creating a formal description of connection modules in the form
of DFD diagram.

SClVl ‘ DED Editor | Data Flow Diagram
|
[ Ontology repository ] Ontologies
System Ontology merge module }4—

Relation transformation module }(

Code generation module ’

D Author's component
|:| Third-party component

Fig. 6. Architecture of the developed system
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General user-specialist workflowwith system presented on Fig. 7. First (if necessary), all required
program modules are created and their ontological descriptions are built. Then a DFD diagram
describing connection these modules is created in SciVi environment. Based on this diagram and
ontological descriptions of modules a general domain ontology is created, and after that a smart
mediator code generator is executed.

System input data are a set of ontological descriptions of program modules available for inclusion
inmediator’s firmware and a formal description of connectionthese modules. As a result, the system
generates a source code of asoftware module in C programming language, which after compilation
and linkage with software modules chosen by user become a firmware for a “smart mediator” with
goal to solwe task of integrating a neurointerface into Internet of Things ecosystem.

Ontological Data Flow Domain Firmware
Module :
S module diagram ontology code
creation R < : i
description creation generation generation

Fig. 7. System usage

Ontological descriptions of program modules are composed from a set of relations and basic
concepts described in section VII. These ontological descriptions act as input data for the system,
being combined into awhole general domain ontology that becomes the basis for further mediator’s
firmware code generation.

In addition, these ontological descriptions are used by SciVi platform to provide user with an
interface of constructing formal description of program module connection.

Ontological descriptions aligned with program modules code are created (automatically or
manually) and placed in SciVi repository fromwhere they will be loaded during system’s operation.
The systemuses the JSON-based format of ontological descriptions—ONT. It’s a proprietary format
for representing ontologies supported by ONTOLIS [24], [25] and SciVi platform. Choosing it
ensures interoperability between two systems.

Formal description of connection of modules is produced by a user in SciVi platformin formof a
data flow diagram. Example of such description is presented on Fig. 8.

Pipeline presentedabove was designed for the task of brain activity analysis for processing recorded
data and used in another work of the authors [7].
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Fig. 8. DFD diagramexample

After formal description is built it is exported from SciVi platform for further employment. This file
uses the proprietary format based on JSON (JavaScript Object Notation) and should be integrated
with ontological descriptions of modules mentioned above. This task is performed by a system’s
module that executes that transformation by accepting as input aforementioned file of proprietary
format together with ontological descriptions of modules. It extracts information about parameters
of modules and their connection, after which it creates ontology describing dependencies between
data of modules which in turn is the result produced by this module.
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The obtained ontology reflecting relations between parameters of modules gets combined with
ontologies describing separate modules and general domain ontology is built describing internal
structure of a smart mediator. This ontology represents different modules to be included into a
firmware as well their data interconnections and in fact represents applied ontology for the task at
hand.

On Fig. 9 example fragment of such ontology is presented.
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Fig. 9. Example of domain ontology

This ontology gets transferred to the input of the code generator. Generator uses information about
modules and their interdependencies extracted from ontology and builds a direct graph describing
modules interconnected by data transfers. This graph is processed using topological analysis
methods is then transformed such that a following partial order is established: vertex Vi describing
module M; precedes vertex Vj describing module M; only when there is no path from vertex V; to
vertex Vi. If for some module pair establishing such an order is not possible (it means there is a data
cycle dependency between modules) generator stops processing and displays an error message. In
case of a successful transformation generator proceeds to generate a source code calling modules’
entry points in the order defined by dependencies graph taking into account types of parameters and
their direction (input / output).
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As a final result the system produces a file with a source code in C language. This file contains
instructions which ensure interaction between ontologically described modules according to given
ontology. Example of such generated code is provided in Fig. 10. We’d like to point out that while
sucha codeis by no means can be considered complexby a seasoned system programmer, for a user
with little to no background in programming writing such a glue can pose a significant challenge.
Automated generation allows us to provide the less acquaint users with tools to solve their tasks in
a more efficient way.

float* eeg_buffer;

int channel_count;

int sample_count;

float* samples;

int bands_num_o;

float* bands_avg_power_o;
float* bands_std_dev_o;
int concentration_o;

void eeg settings(float** eeg_buffer, int* channel_count, int* sample_count);

void med_sampling(float* buffer, int med_sample_count_i, int med_channel_count_i,
float** samples);

void band_powers(float* eeg samples, int channel_count_i, int sample_count_i,
int* bands_num_o, float** bands_avg power_o, float** bands_std_dev_o);

void conc_predict(int bands_num_i, float* bands_std_dev_i, float* bands_avg_power_i,
int* concentration_o);

void enable_led(int enable_led i);

eeg_settings(&eeg buffer, &channel_count, &sample_count);
med_sampling(eeg_buffer, sample_count, channel_count, &samples);

band_powers(samples, channel_count, sample_count, &bands_num_o,
&bands_avg_power_o, &bands_std_dev_o);

conc_predict(bands_num_o, bands_std_dev_o, bands_avg_power_o, &concentration_o);
enable_led(concentration_o);

Fig. 10. Example of generated code

Conclusion and future work

The paper is devoted to the urgent problem of automating the process of integrating different types
of neurointerfaces into the loT infrastructure and focuses on the development of methods and tools
for unifying the ways of integrating neural interfaces with third-party systems on the principles of
adaptability using ontology engineering methods.

The presented conceptand formal model of the proposedsolutionare characterized by novelty, since
a new ontology-driven method of firmware generation for the so-called “smart mediator” is
proposed, which plays a major role in integrating a specific neural interface into arbitrary loT
infrastructure. The proposed approach makes it possible to reuse third-party ontological resources
(BCl ontology) as a basis for building new ontologies of neurointerfaces and expands the existing
functionality and ontological resources of the SciVi platform. The proposed approach has been
tested on several real-world tasks and has proven its viability, as evidenced by the existing act on
the successful implementation of the developed tools in the practical activity of the Educational and
Scientific Laboratory of Sociocognitive and Computational Linguistics of PSU. The certificate of
ROSPATENT Ne 2023612016 [26] on the state registration of the developed software has been
received.
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As a direction of further research, we aim to concentrate on improving usability of implemented
tools and expanding their abilities; one such point is introducing a recurring dependency between
program modules of the smart mediator.
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1.BeedeHue

IIpu pereHuu 3agad YUCICHHOTO MOJAEIMPOBAHUS (PU3NYECKUX MIPOIIECCOB TPEOYeTCs] OTPOMHBII
00BeM  BBIYHCICHHH, 00ECHEeYMBAEMbIX BBICOKOIPOM3BOIUTEIBHBIME  BBIYHUCIUTEIHLHBIMU
cucremamu (BBC). Cospemennsie BBC, mpennHazHaueHHBIE AJIS peIIEHUs 3a/1ad YUCICHHOTO
MOJIeNIMPOBAHMS, MIPECTABISIOT COO0I MHOXKECTBO BBIUMCIUTEIBHBIX Y3JI0B, CHCTEMY XPaHEHHUS C
MapajyIeIbHBIM JTOCTYIIOM M CEPBUCHBIE MOJCUCTEMBI, 00BETMHIEMbIX BEICOKOIPOU3BOIUTEIbHON
KOMMyHHuKannoHHo# cpenoit [1]. IIpu mpoektupoBanun Takux BBC 3aki1abIBaloTCs] 0XKUIACMBIC
XapaKTEePUCTUKH IO ITPOU3BOANTEIHHOCTH BBIYHCIICHUH, OCHOBAaHHBIE Ha (PM3MUECKUX ITOKA3aTeNIAX
UCTIONB3YEMBIX 3JIEMEHTOB M HcHonb3yeMod apxurektype BBC. Onnako, kak NHOKa3bIBaeT
MpaKTHKa, mepexo oT ogaoii BBC k apyroii ¢ Gombineil 3asBICHHON MPOU3BOAUTEIEHOCTHIO HE
rapaHTHPYeT KPaTHOTO COKPAIIEHHUs CPOKOB peIIaeMbIxX 3aiad. Jlaxke TpaJuiMOHHO TPUMEHSEMBIH
B peiituare Cynep-OBM TOP-500 [2] Tect High Performance Linpack (HPL) [3] yxe He
MOJTBEPAKIACT 3adBICHHYIO Mpou3BoauTenbHocTh BBC, Tak kak ero MaTeMaTHUecKuil ammapaT
CKOpee THUIHMYEH JUI BBIYMCIUTEIBHBIX CHCTEM Hadaja Hamero Beka. [loaTomy BO BceM MHpE,
nomuMo Tipezmiokentoro JI. Jlourappa sHoBoro tecta HPCG [4], ucmons3yromero Asst pereHust
CHCTEM JMHEWHBIX  anreOpaWyecKuX ypaBHEHWH METOX  CONPSUKEHHBIX  T'PaJMEHTOB,
pa3pabaThIBarOTCS CHEIMAIN3HPOBAHHBIE MTAKETHl TECTOBBIX IMPOTPaMM, PEaTU3YIONINe pa3IHIHbIe
YHCIICHHBIE AITOPUTMBI U MO3BOJIIONINE OIEHUTH NPOM3BOAUTEIHHOCT BBC mpuMeHHTeNnsHO K
JTAaHHBIM AJITOPUTMaM.

OnmHuM 3 MepBbIX NMOAOOHBIX makeToB MokHO cuutath NAS Parallel Benchmark (NPB) [5],
CoJIepIKalliii HA MOMEHT ero co3/1aHus 8 mapauieNbHbBIX MPOrpaMM, MPEACTABISIFOUINX PA3IHYHbIC
YHCICHHbIE aNrOpUTMbl M ucnonb3yromux MPI [6] mns pacmapamienuBaHus. DTOT Maker
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NPOAOIDKACT Pa3BHUBATBHCS, PACLIMPSACTCS HAOOP MPOrpamm, AOOABIAIOTCS HOBBIC aIrOPUTMBI U
HOBBIe cnocoObl pacnapamienuBanus (OpenMP [7], CUDA [8]). CrenyrommM maroM MOXHO
cuuTath HAOOp TECTOBBIX Tporpamm MmuHHcTepcTBa dHepretuku CIIA, WCMONb3yeMbIX OpH
cosmanun Cymep-DBM ASC Purple u crepyromux 3a Heir Cynep-ODBM [9], comepskarmuii
YIIPOILICHHBIC BEPCUH IIPOU3BOACTBEHHBIX IporpamMM. CyLIeCTBYIOT U G0liee COBPEMEHHbIE BEPCHH
0T00HBIX TECTOBBIX Tporpamm, Harpumep, HPC (High Performance Computing) benchmarks [10].

B Poccun, Ha npennpusATHAX TOCYAapCTBEHHON Kopropanuu «PocaTom», Takke BeIyTcs pabdOTHI
M0 CO3/IaHMIO MAaKEeTOB TECTOBBIX MPOTPaMM, MaKCHMAIFHO MPUOIIKEHHBIX K HCHOJIh3yEMBIM Ha
STHX NPEANPUATHAX TPOTpaMMaM YHCICHHOTO MOJCIUPOBAHHUA PAa3IHIHBIX (PH3HUECKIX
mporeccoB. B pesymprare pa3paboTaH KOMIUIEKC TECTOB, IPHUMEHSEMBIX IIPH CO3JaHUHA U
MPOBEICHUH MIPUEMOYHBIX UCTIBITAHUAX pa3nuiHbix BBC, BKiIrodaromux B ceds HapsOy C psSaoOM
tectoB m3 NPB (LU, SP, BT) u ASCI Purple (sPPM, I0OR) mMetoanueckne TeCTOBBIE TIPOTPAMMBI,
paspaborannbie B POAL-BHUNI® u POSL-BHUUT® [11].

B naHHOW cTaThe NPUBOMUTCS ONMCAaHHE HAOOpa METOAWYECKHX TECTOBBIX IPOTPaMM,
pa3paboranabix B POSL-BHUUT® u BXomsmmx B OOLIHII KOMIDIEKC TECTOB TOCYIApCTBEHHOMH
Kopropauuu «Pocatom».

2. O6was xapakmepucmuka MemoAuYyecKux mecmoebix npozpamMm

Habop Merogudecknx TECTOBBIX HPOTpaMM MPEACTAaBISIET IMIMPOKHHA KIACC BBIYHUCIUTEIBHBIX
ITOPUTMOB, HCIOJB3YEMBIX IIPU YHUCICHHOM MOJEIMPOBAaHMU (DU3NYECKUX IPOLECCOB H, B
COYETAaHUMU C APYT'MMH TECTOBBIMHU IIpOrpaMMaMy, IO3BOJISIIOIIMX IIPOTHO3UPOBATH IOBEACHUE
pEeaJIbHBIX IPOrPaMM YUCIEHHOT'O MOJECIUPOBAHHUS.

TpeboBaHus K METOIHYESCKHUM TECTOBBIM MPOTpaMMaM y3aKOHEHBI B POCCHIICKOM craHmapte [12],
npunsaToMm B 2019 roxy.
MeTomuyecKie TECTOBBIC MIPOTPAMMBI YIOBJICTBOPSIOT CICAYIOLIUM YCIOBUSIM:

® HCHOJB3YIOTCS S3BIKM IporpamMmupoBanus Poptpan u Cu (Cutt);

® HCIIOJIb3YeTCs MHOTOYPOBHEBOE paciiapaiutenuBanue: OpenMP BHYTpH BBIYHCIUTENEHOTO
y31a u MPI mexny y3namu;

e IIpPOrpaMMBI TOTOBAT HEOOXOIMMBIE HaudalbHBIE JaHHbIC AT IPOBEICHHS pacueTa |

BBINOJHSIOT pacyeT TECTOBOM 3a7auu;

o MaCHITa6I/Ip0BaHI/Ie 3aJa4ur B IporpaMMax MpOU3BOAUTCA KaK METOJOM ACJICHUSL (CI[I/IHaSI
BBIYMCJIIUTCIIbHAsA Harpy3ka Ha BCC TIIOTOKM BBIINOJHCHUA B IMpCaciiax OAHOTO
BBIYUCIIUTCIBHOTO ysna), TaK U METOJAOM YMHOXCHUA (BI)I‘II/ICJ'II/ITGJ'II)HaH Harpyska
YBECJIMYMBACTCA KPATHO YBCJIMYCHUIO KOJIWYECTBA IMIPOLECCOB IMPHU HUCIIOJIB30BAHUU
MHOXXCCTBA BbIYHUCIUTCIBbHBIX y3J'IOB);

® [pOrpamMMbl BepUBHUIHUPYIOT ITOJy4eHHBIE PE3YIIbTAThI;

® [IpOorpaMmbl OIPEACIIAIOT MOJTYUCHHYIO HPOU3BOAUTCIIBHOCTL B OICpalUAX WU APYTUX
CANHUIIaX.

3. OnucaHue MemoAuYecKux mecmoebix Mpo2pamMm

3.1 Tect SLON

[Mapannenshast nporpamma SLON pemaer 1ByMepHOEe cTanMoHapHOE ypaBHEHHE IepeHoca ISt
cepryeckux CHCTEM B OJHOCKOPDOCTHOM KHHETHYECKOM NPHOJNMKEHHH, 3aliCaHHOEe B
IMHAPHYECKOH CHCTEMe KOOPAWHAT W BBIYHMCISIET KPUTHYECKWH mapamerp A. Ilporpamma
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npeaHasHaucHa jisd IMPOBCACHUS I/ICCHGHOBaHI/Iﬁ MPpOU3BOAUTCIIBHOCTU U 3(1)(1)CKTI/IBHOCTI/I
pacnapauieIMBaHusa Ha MHOT'OIIPOLECCOPHBIX OBM ¢ pacnpeﬂeneHHOI‘/i n O6H16171 IaMsATBIO.

3.1.1 MaTemaTnyeckasa moaenb

Martematudeckas MOJCIIb mporpaMMbl IIPEACTABIIACT coboit peuicHue OHHOPOHHOﬁ KpaeBoﬁ
3ala4yu.

G
L P 1
Aiv(@iNg) + (0 + Ny =5 Zl fn B,y Nyd2
g =

Ny= Ng(r,z,u,lp)|r = 0, npu on <.

re:
I, Z — MWINHAPIYECKIEe KOOPAUHATHI TOUKH, B KOTOPOH pemaeTcs 3a/1a4a;
[' — rpanuiia cucTeMbl, B KOTOPOU peliaeTcs 3a1a4a;

Ny (7, z, 4, ) — unucio HeHTPOHOB, NETAUINX B HANPABIECHUH BEKTOPA €IMHUYHON JuTiHbI L2 (1, P);
Uy — CKOPOCTh HEHTPOHOB IPYTINIBI § OTHOCHUTENIBHO BEMIECTBA;

g — UHJIEKC TPYIIIIBL;

G — KOJMYECTBO pPACCMATPUBAEMBIX TPYII, YHCIO TPYON 3aJaeTCsl Kak IapaMmerp
pacrapaieMBaHus IPH CYETe 3a/1a4H, CKOPOCTH B TPYIIAX OJHHAKOBEIC,

ay = ay(r,z) — KOOQPUIMEHT NOTIOIEHHU HEUTPOHOB;

By g = By 4(1,z) — KO3 urment paccesHus HEHTPOHOB U3 TPYNIIBL g~ B TPYMITY g

7 — HOpMaJlb K CTOPOHE SIUCHKH;

Y- yron mexay ' ¥ ochl0 T;

0" = &, + uil,— npoexuus (2 Ha WIOCKOCTS (T, Z);

u=cos,§ =cospJ1—pu?n=siny1—u?

0 — yron mMexny {2 ¥ 0CBIO Z.

Jist ykazaHHO# 3a/1a4¥ CyILIECTBYET HOJIOKHUTENbHAs coOCcTBeHHast hyHKIMs N *, COOTBETCTBYIOILAs
XapaKTEPUCTHYECKOMY YHCITY A, KOTOPOE [0 MOJLYJIIO GOJIBIIE JAPYTHX XapaKTEPHCTHUECKUX YHMCE
Ak Pelienue ofHOpOIHO# HecTalMOHAPHOH 3a/1auu (0€3 HCTOUHUKOB U C HYJIEBBIMH I'PAHUYHBIMU
ycnoBusiMm) nipu ¢t = 00 Gy et nponopunonansHo Nyet, 1. e. A npencrasnser coGoii BpeMeHHYT0
MOCTOSIHHYIO pa3MHOXKeHUsI HeilTpoHoB [13]. YpaBHeHue mepeHoca pemaercs SN-METOAOM MO
DDST-cxeme [14] Ha 4eThIpexXyroyibHbIX ceTKax. Ha BHYTpEHHHUX HTEpalusX MO HHTErpaty
CTONKHOBEHHH Hcnonb3yercss Metoa Kemwtora [15]. Ha BHEIIHUX HTEpalUsAX UCIIOJIB3YETCS METOL
Herorona-Padcona (Mmoandukanus merona HerotoHa [16]).

IIporpamma Hammcana Ha si3eike FORTRAN u comepxut 4 ypoBHS pacmapayuieTUBaHHUS IO
napamerpam (a3oBOro NpPOCTPaHCTBA 3aJayd, PEajM30BaHHBIX Ha pPAaCIpEeiICHHOW NaMsITH
cpeactBamMu MPI 1 Ha o61ei namsitu cpencrBamu OpenMP. PaccMoTpuM 0CHOBHBIE 0COOCHHOCTH
Ka)XJIOT0 YPOBHSI pacnapajieMBaHus U UCIIOJIb3yeMbIe IPH ATOM JEKOMITO3HIHH.

3.1.2 lekoMno3numusi N0 3HepreTUYeCKUM rpynnam

MHOrorpyInmoBoi pexuM MOJEIHPYETCS ¢ TIOMOIIBI0 Pa3MHOKEHHUS 3a1a4du 1o nporeccam MPI,
6e3 M3MEHEHUs] CKOPOCTH IIoJIeTa HEHTPOHOB. Takoi MOAXO0J COXpaHseT Bce apru(METHUECKHUE
orepanyy, HeoOXOAUMBIE TSl peayu3aliy Pa3HOCTHOW CXEMBI M MO3BOJISIET OLEHUTh HAKIIAQJTHbIC
pacxomsl Ha MEXKIIPOIECCOPHBIE OOMEHBI MaHHBIMH. [Ipum 3TOM ecTecTBEHHBIM 00pa3oMm
HCTIONB3YEeTCSI METOJ yBEJMUYEHHS 3a7adM, MOJTHOCTHIO cOaTaHCHpOBaHHBIM Mo mpoueccam MPI.
Cucrtema HEUTPOHHO-sIepHbIX KoHcTaHT B nporpamMe SLON He ucmonb3yeTcs, peuieHus Ha
Ka)JJOM TIpOIiecce AyOIupyoTCs.
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3.1.3 FeomeTqueCKaﬂ OEeKoOMNo31LUuA No o6nacTaM CUCTEeMbI

VYpoBeHb peanuzoBaH cpenctBamu MPI, ucmonb3yeTcss METOJ] YBEIWYCHUS, PCATU30BAHHBINA C
MOMOIIBI0 YBEIMYCHUS YKCIAa TOYEK B CHCTeMe. B 3TOM ciiydae moj00JIacTh CHCTEMBI B OJHOM
nporecce MPI 6ynem HasbiBaTh O110k0M. [[11s cCOBIaieHUs PELICHUS TaKO# 3a1a4K B MapaslieIbHOM
PSKUME C pEIICHHEM B IOCICIOBATCIBHOM pexXHMe TpeOyeTrcs Oonbline urepanuid. Merton
o0ecreyrBaeT MPUMEPHO OJMHAKOBOC YHCIO apU()METHUYCCKHX OMEpAIMii B KAXKIOM CUCTHOM
0JI0Ke, YTO MO3BOJISET BEIUUCIATH 3P ()EKTUBHOCTE pacnapallieIUBaHUs JOCTATOYHO TOYHO.

3.1.4 PacnapannenvBaHue no HanpaBfeHUsAM B NPOCTPaHCTBe noseTta
HEeNTPOHOB

YpoBeHp peanm3oBaH MeTOANOM npobnenwms, cpenctBamu OpenMP  Ha oOmieit mamsatu
BeIMCIHTENbHOTO y3ma BBC. Ilo3Bossier BBecTH mpakTH4eckd JHoOYI0 KBaapaTypy IUId
yBEJNHNUCHHUS apuPMETHUECKOM HArpy3KH Ha y3en [17].

3.1.5 Menko3epHucToe pacnapannenmBaHue

YpoBeHb peann3oBaH 3a CUET MOMONHUTEIHHOH TeOMETPUYECKOH MEKOMITO3UIMA METOIAOM
npobnenuns 61oka cpenctBamu OpenMP mst kaxmoro MPI mpomecca. biok cuctembl Ha KaKaoM
MPI mporecce pa3buBaeTcss Ha JOMOTHUTEIEHOE YUCIO CUSTHBIX 00JIAaCTel ¢ COXpaHEHNUEM YHCIIa
ToueK B Ooke. OOMEH TrpaHUYHBIMH YCIOBHSIMHU MEXITY COCETHIUMH 00TIacTIMHU MPOU3BOIUTCS BO
BpeMs cueTa urepaiun. J[aHHbIH YpOBEHb paciapaUIeIHBaHUS PEANOaracT pelicHrue Ha OJHOM
OpenMP moToke ypaBHEHHsI IEPEHOCA I OJTHOM CUCTHOM 00JACTH U YaCTH HAIPaBJICHUH moJjieTa
HEHTPOHOB, YTO MO3BOJISICT MEHATh KOH(PUTYPAIHIO CYSTHOTO cerMeHTa (ha30BOro MPOCTPAHCTBA U
HCCIICI0OBATh BO3MOYKHOCTh HAWITYUIIIETO MO aHus 3a/1a4i B OBICTPYIO AMSTh y3Jia.

3.1.6 Nony4yeHne OTYETHLIX NOKa3aTeneun

B kauectBe oTyeTHBIX TOKazarenedl B TectoBoil mporpamme SLON wucnone3yroTcs cienyronue
M3MepsieMbIe TapaMeTphl:

® 3(pdeKTHBHOCTH pacrapauIeINBaHUs;
® IIPOM3BOAUTEIHHOCTH 3a/1a4M B BEIIECTBEHHBIX U LENBIX OMEPAIUIX B CEKYHAY.
[Tpu 3TOM BpeMsi HCIIOJIHEHHS IPOTPaMMBI ACIHUTCS Ha 2 dTana:

e 1-ii 5Tam — MOATOTOBKA HAYaJbHBIX JAHHBIX M YHOPSAJOYMBAHUE CHCTEMBL. Bpewms
UCIIOJIHEHUSI ATOrO 3Tana He YYUTBIBACTCS NPH U3MEPEHUH 3(PPEKTHBHOCTH, HOCKOJIbKY
3¢ GEeKTHBHOCTh pachapauieluBaHus Ha 3ToM dtane coctaBisier 100% (oOMeHOB MexXTy
nporeccaMy HeT) W, MPU HeOONBIIOM 4YHCIe UTepaluil Ha 2-M 3Tame cyera, MOXKeT
HEOIPaB/IaHHO 3aBBICUTh d((PEKTHBHOCT paclapalIeIUBaHuUs 3a/1auH.

e 2-ii 3Tan — cuet urepanuii. BpeMeHa BBINOIHEHUsI 2-T0 Tala Ha OJHOM BBIYHUCIUTEILHOM
y3Ie W Ha MHOXECTBE VY3JOB HCHOJB3YIOTCS U BBIYHACICHUS J(PPEKTHBHOCTU
pacmapamtenuBanus. OObaHO 3amaercs wucno wurepauuii = 100, 4yto oOecneumBaet
CXOAMMOCTh YeThIpeX 3Havalmmx mudp mapamerpa A. B ciryuae HE0OXOAMMOCTH YHCIIO
UTEpaIid MOXKHO YBEIHYUTH JJO CXOIUMOCTH PEIICHHUS.

3.2 Tect GROM

[Mapannenshas nporpamma GROM umncneHHo penaeTr AByMepHOE HecTallMOHAapHOE KBAa3WIIMHEHHOE
YpaBHEHHE TEIUIONPOBOAHOCTU JUIS IIOCKOTO CiIydash WM Clydas C OCEBOM CHUMMeTpuel ams
3amaun [18-19], koTopas UMeeT aHAIUTHYECKOE pelieHHe B Buiae Oeryieil BoiHsl IIporpamma
GROM no3BouisieT IPOBOIUTH pacyeThl Ha BEIYUCIUTENBHBIX CUCTEMAX, KaK B OIHOMPOILIECCOPHOM,
Tak W B MapajulelbHOM pexume. [Iporpamma mpemgHasHadyeHa Uil NMPOBEACHHS HCCIEIOBAHUIN
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NIPOM3BOUTENBHOCTH M 3 dexTrBHOCTH pacnapaienuBanus Ha BBC ¢ pacripenesnenHoii u o61ei
MaMSTBIO.

3.2.1 MaTemaTtnyeckasa moaenb

B nBymepHoii obnactu 7 € [0;7,],z € [0; 2], t € [t t™] paccmarpuBaeTcs KpaeBast 3ajada s
JIBYMEPHOTO YpaBHEHUs TEIUIONPOBOAHOCTHU 6€3 yueTa He3aBUCUMOI'0 HCTOUHHKA:

63_ 1 [6 <R 6T>+ 0 <R 6T>]
at _prlar\" %or) T9z\" 4oz
rae:

I, Z — IKapTOBbI KOOPIUHATHI,
R=1 — nnockuii ciayyaii;
R=r— oceBas cummeTpusi (Z — 0Cb CAMMETPHUH);
T(tr,z) — Temneparypa;
 — TUIOTHOCTH;
&(p,T) — BHYTpEHHSIS SHEPTHS;
20, T) — K03 (HUIHEHT TETIIOMPOBOTHOCTH.
B paccmatpuBaemoii 3agaue p = 1,e =T, y = ;(OT“, e ¥, > 0,00> 0,
U paccMaTpHBaeTCs ¢ Ha4aJbHBIMHU YCIOBUSMHU:
T(t%7,2) = T(r,2)

U TPAaHUYHBIMH YCJIOBUSAMHU (TEIUIOM30IMPYIOLIAst CTCHKA):

ac? e
T(t,r,z=0)=|—-t
X

0
rae C — CKOpPOCTh PAacIpOCTPAHEHHUS TEIUIOBON BOJIHBL
3ajaua ©MeeT aBTOMOJIEIBFHOE PEIlieHHe, PpeICTaBIsomnIee coboit 6erymuryto Bosiny [18]:

1
ac a
T(t,r,2) = l—(ct—z ,z < ct,
0

0,z=>ct

de . . . .
YpaBHenue 3t anmpoOKCUMHUPYETCsT HEsIBHOM, O€3yCJIOBHO YCTOMYMBON KOHEYHO-Pa3HOCTHOM

cxemoii «POMBy» [18,19,20]. [ns pemieHus] MOAy4aeMoOil CHCTEMbI Pa3HOCTHBIX YpaBHEHHIt
MPUMEHSETCS UTEPAL[MOHHBIA MeTOJ O cTabmwimn3upyomei momnpaskoit (MMCIT) [19], koTopsrii
CBOAWT MHOTOMEPHYIO PAa3sHOCTHYHO 3aJady K COBOKYIHOCTH KBa3HOJHOMEPHBIX MO0/33jad,
penraeMbIX MPOroHKamu o kaHajiam. tepaunu merona UMCII coBMeInaroTest ¢ HTepalMsaMH 10
HeJIMHEeHHOCTH . [10 HeIMHEIHOCTH § IPUMEHSETCS METO] IPOCTON UTepanuH (L-uTepamnu). ToT
METO/I [TO3BOJISIET BECTH CUET C KPYITHBIM IIaroM 110 BpEMEHH, ITPH 3TOM cxeMa 00J1a/IaeT CBOWCTBOM
NoJHOM anmnpokcumanuu. CueT Ha OJIHOW UTepaluy | pa3duBaeTcs Ha JBa dTana. Ha nepBom sTare
cyeT BejieTcs BJOJb KaHaloB j + 1/2 = const, Ha BTopoM — Bjoib KaHaloB i + 1/2 = const.
[Tpuyem Bropast cucTeMa MOXKET OBITH pellleHa TOJILKO MOCIIE PEIICHHUS TIEPBOH.

3.2.2 NporpammMmHan peanusauus

B nporpamme GROM cuetHas 06siacTh pa3/iesisieTcsi Ha MPSIMOYTOJIbHBIE B TOIIOJIOTHYECKOM ILIaHEe
moo0macT, Kakaas mojobmacte oOpabartbiBaercss oTnenbHEIM MPI mpomeccom. Ilockombky
mabmon wmeronukn «POMbB» crponTcst B paMKax ~OFHOH  SYEHKH, HCIIONB3YIOTCS
Hemepecekaronecs nogooaactr. OOMEHBI JaHHBIMH ITPOUCXOIAT JIUIIb MEXKIY «cocexHuMu» MPI
nporeccamu. B ympasisiomem ¢aitie nporpammel GROM mop30BaTests 3a1aeT KOHGUTYPALHIO
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pazouenust NumrxNumz cuernoii obmactu, rne Numr u Numz — xoinuecrso MPI nponeccos o
ocu I U Z coOTBETCTBEHHO. [IpuM 3TOM paHHBIE paBHOMEpHO pacupenenstorcss Mexay MPI
npoueccam. CXeMaTHYHO JIEKOMIO3UIMIO CUETHOW O0JacTH MOXHO IPEACTaBHTh TaK, Kak
MoKa3aHo Ha puc. 1.

r

* * 8 90 @

Puc. 1. Jlexomnosuyusi cuemmuoii obracmu
Fig. 1. Calculation area decomposition

IIporpamma GROM pacmaparieneHa 1mo 1ByM YpOBHSIM:

o [lepBblit ypoBeHb — reOMETpHYECKas AEKOMITO3HLUS 10 IPOCTPAHCTBEHHBIM MIEPEMEHHBIM.
Jus 3toro cuctemMa pasOuBacTCs Ha MOMO0OIacCTH TaK, KaK YKa3aHO BBIIIE.
PacnapannenuBanue mo momo0iacTsM NPOM3BOJIUTCS HAa PACIPENENICHHOW MaMsTH
cpeactBaMn MPI. Ha kaxmoMm sTame uTepalMu N0 HEJWHEHHOCTH Ko3(h¢uumeHra
TEIUIONPOBOJAHOCTH TMPOMCXOAUT OOMEH MAacCHUBaMHU TPAaHUYHBIX YCIOBUI MEXIy
cocelHUMHU TmonoOyacTsaMu. Uucnao mopobnacteil sBISeTCS 3aJaBaeMbIM IapaMeTPOM.
KonmuectBo nmonobdnacreii [OHKHO ObITH KPaTHO YUCITY 3a71eHCTBOBAHHBIX B pacueTe y3JI0B
BBC.

e Bropoii ypoBeHb pacnapaiieanBaHus — COBOKYIHOCTb KaHaloB j + 1/2 = const uim i +
1/2 = const B 3aBUCUMOCTH OT 3Tana. J[aHHbIi YPOBSHb pacnapaiicIHBaAHUS PeaIi30BaH
Ha o01el mamsitu pu momoriu 6udmorexu OpenMP. Huciio moTOKOB SBJISETCS BXOAHBIM
rapamMeTpoM M He JIOJDKHO MPEBOCXOAUTH YHCIIA SIAEp OJTHOTO y37a, Tectupyemoro BBC.

BEKTOPI/IC’)aL{I/IH BBIYHCIICHHUHN — HEsABHAsA, CPEACTBAMU UCIIOJIB3YEMOI'0 KOMIIUIIATOPA.

3.2.3 Nony4yeHue oTYETHbIX NOKa3aTenen

IIporpamma GROM mnpennaznaueHa s TectupoBanus pasnumgaslx BBC. Ilpu tectmpoBannu
3a7al0TCA MapaMeTpbl 3a/lau, KOJIWYECTBO y3J7oB, KonmdectBo MPI mporeccoB m kommuecTBo
MOTOKOB Ha BHIYMCIUTEIEHOM Yy3JI€ B YIpaBIIstomeM ¢aiiine KoHpUryparuu nporpammel. [1pu stom
U3MEPSIEMBIMU ITApaMETPaMHU SBISIOTCS!

o 3(1)(1)€KTI/IBHOCTL pacnapajuiCIuBaHMsI,

e TPOM3BOAMTEIHLHOCTE DBM B omepaiusx B CEKyHAY HaJ BEIIECTBEHHBIMH YHCIAMH C
JIBOMHOM TOYHOCTBIO.

3.3 Tect MHT

Tecrosas nporpamma MHT (Monte-Carlo High Performance Computing Test) npeanasnauena st
oumenku mnpousBoautensHocTH BBC. Ilporpamma MHT wucmons3yeT IBYXypOBHEBYIO CXeMY
pacnapajuieMBaHus: MEeXIy y3namu ¢ momomsio MPI, BHyTpm y3ma — Ha oOmmIed mamsTH ¢
MOMOIIIBIO MIOTOKOB CTaHAapTHOU OubanoTekn C++11. I'eoMeTpust CUCTEMBI IPEACTABIISIET COOO
TPEXMEPHYIO CETKY M3 HMPOU3BOJIBHBIX IMIECTUTPAaHHUKOB. OCHOBHBIM PE3yNbTaTOM pabOTHI TecTa
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SIBIISICTCS YCJIOBHAS MPOU3BOAUTEIILHOCTD, MPEICTABIISIOMIAS COOOH YUCIO MOKOJICHUH B CEKYHIY
(cxOpoCTh cyeTa).

3.3.1 MaTemaTtnyeckasa moaenb

IMporpamma MHT wuMmuTHpyeT pacdeT Ha IPOHM3BOJIBHBIX T'€KCArOHAIBHBIX CETKax C
HCIIONB30BaHUEM METOJa MaKCHMalbHOrO cedeHus. TecrtoBas 3amauva: pacuer Keff-meromom
MOKOJICHUH C (PUKCUPOBAaHHBIM KOJIMYECTBOM TOYEK JICJICHHWS B TOKOJEHWH. Mopenb cpeipl:
NpuOIMKEHUEe CBOOOJHBIX TIOKOSIIMXCS aroMOB. KOHCTaHTBI. CIEKTpaJibHBIC, Ha OCHOBE
ENDF/B-5. CBo6oHBI# TpOGET MOJETHPYETCS Ha MPAMOYTOJIBHON CETKE BUPTYAIbHBIX 00acTeit
20x20x20.

3aBUCHMOCTh MaKCUMAJIBHOTO CEYEHHsSI OT SHEPrUH 33aJaeTcs B BHJE TAOJHIl C JOTapUPMUIECKUM
maroM 1o >Hepruu. Yucmo y3moB 150. B Touke coymapeHwms, MpoM3BOIUTCS HMOUCK TEKyIEi
SIMEHKH, Pa3bIFPHIBAIOTCS TUI M MapaMeTphbl B3aUMOJAEHCTBUA. B mponecce nmoucka ss4eku ceTKu
HCIONB3yeTCsl yeKopsitomasi crpykrypa — KD-mepeBo, paBHOMepHO pa3buBaromiasi IpoOCTPAHCTBO
(puc. 2, 3).

B ee y3max pacmosioxkeHbl 1o 8 sdeek, BOCIPOM3BOSMINX HAarpy3Ky Ha OICpalHIO MPOBEPKH
MPUHAJIE)KHOCTH.

Puc. 2. Pazbuenue npocmpancmea
Fig. 2. Space partitioning
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Puc. 3. kD-0epeso
Fig. 3. kD-tree

J1yst HepaBHOMEPHBIX ceTOK (Hanpumep, JlarpanxkeBo-OHIepoBBIX METOJIUK) K Y3J1aM IepeBa MOXKET
OBbITh TPHUBA3aHO OOJIBIIOE KOJIMYECTBO SUEEK M3-3a TOTO, YTO HMX HEBO3MOXHO DPAa3JIENHUTh C
MOMOILBIO TIPOCTBIX OrPAHMYHMBAOLIKX T (pHc. 4). B 3TOM ciiydae MOXET CYIIECTBEHHO BBIPACTH
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BpeMs, IpHXOIsIeecss Ha paboTy TeOMETPHYECKOro MOAyJs. B Tekyuiedl Bepcuu MmporpaMmbl
KOJIMYECTBO SYECK, MPUBSI3AHHBIX K Y37y, (HKCHpOBaHO W paBHO 8. VMuTanus Harpyskw,
BO3HHKAIOIIEH M3-32 HEPAaBHOMEPHOCTH CETOK, PEan30BaHa IIyTeM UCKYCCTBEHHOTO YBEIMUCHUS
KOJIMYECTBA BBHIIOJIHIEMBIX OIIEPALIU.

Cucrema npencraBisiet co00# Kputuueckyro coopky tuma Godiva [21], okpyKeHHYIO CII0eM BOJIbI
(puc. 5). 3amanue CHCTEMBI TPOU3BOIANUTCS C TIOMOIIBIO YKa3aHHsI MaTEPUAIOB B TUCHKaX CETKH.

Puc. 4. [Ipobrema pazdenumocmu sueex
Fig. 4. Cell separation problem

Puc. 5. 3a0anue cucmemvi
Fig. 5. System definition

3.3.2 NMporpammHas peanu3sauus

IIporpamma MHT Hamucana Ha s3blke nporpammupoBaHust C++, NpH 3TOM HCIOJIB3YETCS
CJIelyIOlIas CXeMa pacrapanieInBaHms:

e 00MeHBI MEXKIY Tpoleccamu cpeacTBamu oudmmorexku MPI,

° pa36HeHHe AJITOPUTMOB Ha MMOTOKU CPEACTBAMU CTaHZ[apTHOﬁ OUONMOTEKH S3BIKA.

3.3.3 Nony4yeHne oTYEeTHbLIX NOKa3aTeneun
M3mepsieMbIMU ITapaMeTpaMu SBIISIFOTCS:
o (Generations/sec — KOJIMYECTBO PACCUUTHIBAEMBIX MOKOJICHHI 32 OJJHY CEKYHAY;

e Generations processed — cymMMapHOe KOJHIECTBO IIPOMO/ICITHPOBAHHBIX TTOKOJICHHIA;
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e Mean calculation time — cpenHee Bpemsi cueTa akTHBHBIX MMOKOJICHUI Ha y3Iie;

e Skipping finished — Bpems, 3aTpaunBacmoe Ha 0TOpoc mepBbix 30 MOKOICHUH Ha KaXIOM
BBIYHCIIUTEILHOM MIOTOKE;

e RND time — Bpems HHUIMATHU3AIMN PACUETA,;

o Calc time — Bpemst paboTsl cueTHOH yacTh (BKiIouaeT Bpems Skipping finished);
e Memory usage — 00bEM aMsITH, 3aHIMAEMBIH TeOMEeTpHUeii;

e Cells count — konu4ecTBO siuceK.

OCHOBHBIM OIIEHOYHBIM PACCUUTHIBAEMBIM ITAPAMETPOM SIBIISETCS KOJMYECTBO PACCUUTHIBAEMBIX
MOKOJIeHHH B cekyHay Generations/sec — ycinoBHasi IPOU3BOAUTEIIBHOCT.

3.4 Tect Machete

TecToBas mapamensHas IporpaMMa MOIEIUPYET IBHKEHUE CIUIOIIHON CPENbl, pemias A 3TOro
CUCTEMY YpaBHEHMH HJCaJIbHOM I'a30BOM JMHAMHMKH B DUIIEPOBBIX KOOpAMHATAaX Ha JlekapToBoi
KyOuueckoii cetke. [Iporpamma nospoisiet mpoBouTh pacyersl Ha BBC, kak B mociieioBaTelibHOM
peKMME, TaKk M C KCHOJB30BAHUEM MPOU3BOJIBHBIX KOMOMHALMI CIEAYIOIIUX I10/IX0/I0B
pacnapauienuBanus: Bekropusanus, OpenMP, MPI. TIporpamma npeaHa3zHadeHa Ui HpOBEICHUs
UCCIIeJOBAaHUH TPOU3BOJUTENBEHOCTH U 3((EKTHBHOCTH pacriapajuleiBaHus 3aJI0’)KEHHBIX B Hee
YHCIECHHBIX aJITOPUTMOB Ha COBPEMEHHBIX BBIYMCIUTEIBHBIX CUCTEMAX.

3.4.1 MaTemaTu4yeckasi mogenb

Jnst MoJaenupoBaHus [BUKEHUS CPEIbl HUCIOJIB3YETCSl CUCTEMa YPAaBHEHUN WJCAIBHOM ra3oBOil
JUHAMUKH B SUIEPOBBIX NEPEMEHHBIX!

9 | div(o) = 0
¢ T AR =0

dpU .
TS + div(pU - U) + grad(P) = 0,

0pE )
o + div(pEU) + grad(PU)

Il
e

rue:

 — TIIOTHOCTH;

U=(u,v,w) — BEKTOp CKOPOCTb;

£— yJenbHasi BHYTPEHHSISI SHEPTUs;

E =&+ 0.507 — ynenbHast nojiHasi SHEPI U,

P— nmamieHue BemecTBa, KOTOPOE CBA3aHO C IDIOTHOCTBIO M SHEPTHUEH cooTHoMeHueM P = P(p,g).
B kauecTtBe TecToBO#l BhIOpaHa 3a7jada «0 TOYEUHOM B3phbiBe». B JaHHON 3amave mMoaenupyercs
cepruecKU-CHMMETPUYHOE TEUCHHE, BO3HHUKAIOUIEe B pe3ylbTare TOYEYHOTO MIHOBEHHOTO
SHEPTOBBIICICHUST B W3HAYAJIbHO XOJOJHOM OJHOPOJHOM ra3e 0e3 MPOTHBOJABICHUS.
AHanuTHYeCKOE pelieHre T fanHo# 3amaun nonydeHo JL.U. Cemoeim [22].

s  ammpoxkcumanuu  nuddepeHNaIbHBIX YpaBHEHHA 007acTh WHTETPUPOBAHHS —3a]laud
pasduBaetrcs paBHOMepHOU KyOmueckoir ceTkoii Ha NXxNyxNz sgeek. KomudecTBo sdeex mo
HaTpaBICHUIO (JIMHCHHBIA pa3Mep CETKH), BPEMCHHOW IAr M KOJIMYECTBO IIarOB B pacyeTe
SIBIIIOTCS.  TTapaMeTpaMu  3aJa4yd, KOTOPBIC BaphUPYIOTCS B 3aBUCUMOCTH OT HCCICIYeMON
XapaKTePUCTHKH U OIIPEIEIIAIOTCS Yepe3 BXOIHbIE TapaMeTphl IPOrpaMMbl. B HadanbHBI MOMEHT
BPEMEHH paclpe/ielicHUe BEJIMYMH B sYeWKax 3amaHo. PasHocTHas cxema Juisi mepexoja Ha
CIIEYIOLIHIA BpEMEHHOM ¢j10# mocTpoeHa Ha ocHoBe FLIC-meTona [22, 23].
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3.4.2 MNporpammHasn peanusauus

[Iporpamma MACHETE nHanucana Ha si3pike nporpammupoBanusi C++. B nmporpamme MACHETE
pea30BaHa BO3MOXHOCTB HCIOJIB30BAaTh TPU YPOBHS pacnapalieIHBaHUs

e Ha pacrpeeieHHOM namstu cpeacreamu MPI;
e Ha o0mieit mamsaTu cpeacreamu OpenMP;
®  BCKTOpH3AIHSL.

[Ipu opraam3annu pacnapaieIuBaHus Ha pacripeeneHHoi mamstu cpeacrsamu MPI B mporpamme
MACHETE wucnonp30BaH NpPUHOMI HPOCTPAHCTBEHHOW JEKOMIIO3MLIMM CUETHOW 00NacTH Ha
nogo01acT OJUHAKOBOTO pa3Mepa. KonndecTBo pa3OMEeHMH IO KaKAOMY M3 HalpaBJICHUI
N,Sx),N ;y ),NIEZ) SABISICTCS TIAPaMETPOM 3a/la4d M OIpeneNnseTcs B KOHQUrypamuoHHOM (afine
TIPOTPaMMEI Uepe3 pa3Mephl cCueTHOi obmactu B ogaoM MPI-tipomecce (mapametp «box_sizey). [Ipu
sToM obmee uucno MPl-mpoueccoB B 3amaue N, = NISX) x N ;y ) x NZSZ). JlauHbIil  MOAXON
MO3BOJISIET MONTY4YaTh pa3OUeHHss OONACTH U IO OZHOMY, M IO ABYM, H IO TPEM HAINpPaBIICHUSIM.
Takass THOKOCTH JaeT BO3MOXXHOCTh HAaXOJUTh IOAXOZAIICE pa3OUCHUE I PasIHYHBIX
KoMOWHanuii THOpUIHOTO pacmnapauienuBanus ¢ ygactueM MPIl. B omHoM ciydae MoxeT OBITH
ONITUMAJEHBIM MHHUMH3HPOBATh 00BEM IMEpechlIacMbIX COOOIICHHH, B OPYrOM — HOAIEPKATh
JOCTaTOYHOE KOJNWYecTBO NHCTOB st OpenMP, B TpeTheM — MaKCHMAaJbHO HCIIOJIb30BATh
TMOCICAOBATCIIbHOCTD YKIIAAKU JAaHHBIX JJId UCIIOJIb30BaHUA HpeI[BI)I60pKI/I.

J3st coracoBaHMiA peIICHUI MEX Iy MPOLECCaMHU HCIIOIb3YETCs TEXHOJIOTHS BUPTYaJIbHBIX SYCEK.
C uenplo MUHHMH3AIMK KosmdecTBa MPI-BBI30BOB BHYTPH OJHOTO BPEMEHHOTO Iara pasMmep
BUPTYaIbHOH 00JacTH WMeeT WWHMpUHY B TpU sueiiku. TakuMm oOpa3zoMm, ecid Ha mpouecce
PaCCUMTBIBAECTCS «IOJIE3HAs» 00NACTh PA3MEPOM Ty X My, X M, AYEEK, TO Pa3MeP IMOCHUTAEMBIX H
NPUHIMAEMBIX Ha Ka)KOM LIare JaHHBIX ONpPEeNeIsieTCS BhIPAKCHUEM

Vsena = Vreer = Nbcell ’ [(nx + 6) + (ny + 6) + (nz + 6) Ny "Ny - nz]
rue:
NBcell =56 6aiiT — 00BEM JaHHBIX, IEPECHITAEMBIX U3 OJTHOM SYCHKH.

BosmoxxHOCTE pacmapaienuBaHus Ha oOmeil mamaru B mporpamme MACHETE peanmsoBana
cpenctBamu OubmmoTexu OpenMP. Hcnonb3yeTcs He3aBUCHMBIA 00XOJ BHEIIHUX ITUKIOB 3-TO
KOOPJMHATHOTO HanpasyieHHs1. KosmaecTBo NCTIONBb3yeMbIX B pacdeTe MOTOKOB SIBIISIETCS BXOIHBIM
IapaMeTpoM M OIpeJIelIsieTcs Yepe3 BXOIHOM napaMeTp 3agaun. JKenaTenbsHo, 4ToObI 3Ta BEJIMUMHA
HE MPEBOCXOJMIa KOJIMYECTBA SUEeK B MOAOONACTH MO Z-HANPABJIECHWIO M JOMYCTHMOTO YHCIa
MOTOKOB Ha OJTHOM BBIYHCIHTEIILHOM Y3IIe.

Bce ocHOBHEIEC cUeTHBIE IIUKITB peann3oBaHHOTO B mporpamme MACHETE anroputma gomyckaroT
aBTOMATHUYECKYIO BekTopu3anuio. s 3 dexTHBHON peann3aniy Takoi BOZMOXHOCTH STUECUHbIE
BEJIMYMHBI YIIAKOBAaHBI B CTPYKTYPHI C IIOCIIEIOBATEIbHBIM XPAaHEHHEM [aHHBIX OTHOCHTEIHHO
BHyTpeHHero unzekca. B nporpamme MACHETE wucnonb3oBanbl oHOMepHbIe N-KOMIOHEHTHBIE
MacCHUBbI, KOTOPBIE B JIOTIOJHEHUE K aBTOMAaTHYECKOM BEKTOPU3AIMHU MTO3BOJISIIOT MUHUMHU3UPOBATD
KOJIMYECTBO OlepallMii Ha OMNpe/eNeHHe aJapecoB IIEPEeMEHHBIX JUIsi XPaHEHUs JTaHHBIX
paccMaTpruBaeMol TOUYKH pa3HOCTHOTO MIa0JIOHA.

3.4.3 NonyyeHune oTYETHLIX NOKa3aTeneun

TecroBas mporpamma MACHETE mnpennaznauena ajist tectupoBanus pasnunudbix BBC. ITlpu
TECTHPOBAaHUH BapbUPYIOTCS IapameTpsl 3agadd, konmdecTBo MPIl-mporeccoB n kommuecTBo
OpenMP 1noTokoB Ha HUX. 3HAYEHHs ATHX BEJIMYHMH 33Jal0TCSI B TEKCTOBOM (aiisie, uMsi KOTOPOro
MOJAETCS B KAUECTBE apryMEHTa OCHOBHOM NMPOrPaMMBl.
M3mMmepsiemble napaMeTphl U METOUKA UX MOJIyUEHHUs:
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e npowusBogurebHOCTE BBC (®rioric).

¢ 3(peKTHBHOCT pacrapajuieIHBaHuUs.
KonmuectBo apudmMernyeckux orepanuii Haj BEIIECTBEHHBIMU YHWCIAMH, BBINOJHIEMBIX
MporpaMMoil 3a OAWH BPEMEHHOH Imar, sSBisIeTcsS (QYHKIHEH OT JMHEHHOTO pa3Mepa 3aladd.

OTC}O,I[a, C Y4Y€TOM IIOJHOTO BPEMEHU BBITIOJHCHUA NPOTPaMMbl W KOJIMYECTBA BBIITOJIHEHHBIX
BPEMCHHBIX 1IaroB, ONpeACIsACTCA NPOU3BOAUTCIBHOCTD IICPEMHOKCHUCM 3TUX BCIIUMYUH.

3.5 Tect HCTest

TecroBas mapamnensHas nporpamma HCTEST momemupyer mpormecc HeMMHEHHOH (JTydHCTOH)
TETUIONPOBOAHOCTH B IMIMHAPHIECKON CHCTEME KOOPANHAT Ha PETYISIPHOIN NPSMOYTOIBHON HITH
HEeperyJsApHON TpeyroasHOU ceTke. IIporpamMma mo3BoisieT mpoBoauTs pacueTsl Ha BBC, xak B
MIOCJIEIOBATENILHOM PEKHMME, TaK U C UCIIOJIB30BAHHEM NPOU3BOIBHBIX KOMOMHAIIMN CIIETYIOIINX
MIOJIXO/IOB  pacrapaUIeIMBaHMs: BeKTOpm3aums (cpexcTBamm Kommwisropa), OpenMP, MPI,
CUDA. IIpu sToM rcnionb3yeTrcs: coocTBeHHas paBHOMepHast paccanka mo NUMA y3imam B pamkax
BBIYUCIIUTEIBHOTO y31Ia.

3.5.1 MaTemaTtnyeckasa moagenb

ﬂﬂﬂ MOACINPOBAHUA HEJIMHESHHOMN TCIJIONPOBOAHOCTH HCIHOJB3YCTCA CHUCTCMaA ypaBHeHI/Iﬁ
TCIJIOTIPOBOJHOCTH I'a3a B IUIMHJAPHUYCCKUX KOOpAUHATAX:

P+ div ® = pQ,
O®+DgradT =0,
a(r, )T — B(r,t)Pn = u(r, t),r € %

rue:

&(p, T) — yaenbHasi BHyTPEHHsISI SHEPTHS;

p(r,T) — MIOTHOCTB;

T(1,t)— Temneparypa;

@(T) — TeroBoO# MOTOK;

D(T)— x03(PUIHeHT TemIompOBOIHOCTH;

a(r,t), B(r, t), u(r, t) — Tpoiika BEIUUNH, 3aa0INX IPAHUYHbIE YCIOBHS;

2'— rpaHuna o0iacTH;

@n — TEII0BOI MOTOK, YMHO)KEHHBIH HAa BHELTHIOIO HOpPMallb K I'PaHHUIIE.

B kadecTBe TecTOBOM 3ajayM BhIOpaHa aBTOMOJENbHAsl 3ajjaya «O0 MTHOBEHHOM TOYEYHOM
UCTOYHMKE». B IaHHOW 3ajadye MOJENMpYeTCs TeueHHE TeIula, BO3HHUKAIOUIee OT TOYEYHOTO
MTHOBEHHOTO TEIIOBOTO HCTOYHUKA [24]. PacuerHas o6macts ot 0 10 3 1o ocu X u ot 0 10 1.5 1o
ocu Y, Toveunblii ucroynuk momemieH B Touky (1.5, 0). KoaddumnueHt TemaonpoBomHOCTH
paccunTtbiBaetcs 1o popmyie D(7T) = 772. B kauecTBe HAYaIbLHOTO MPOQHIS HCHOIB3YETCs TPOPHITH
B MoMeHT Bpemenu t = 0.05, koTopslit n300paxeH Ha puc. 6.

Jus  ammpokcnmanuu U depeHnranbHbIX  ypaBHEHHH 00J1acTb WHTErpUpOBaHUS  3a/laudl
(pacueTHass 00NacTh), MOKPBIBACTCS PETYJSIPHOH MPSIMOYTOJBHON CETKOH WM HEeperyispHOi
TPEyroJIbHON CETKOH (OrpezesnsieTcst BXOJHBIM rnapamMeTpoM). MHOXeCTBO BeeX siueeKk 0003HaunM
3a (), a BENWYMHBI TUEUKN I, € () Oy/ieM 3amuChIBaTh B BUAE T;, . 3aMETUM, Y4TO HEPETYIISIPHAS CETKA
OOJIBIIUX Pa3MepoB, OoJiee JBYX MHJUIMOHOB S4Y€EK, CTPOUTCS 3HAYUTEIHLHOE BPEMS, MOITOMY
HE00X0MMO e€ cTpouTh 0cOo0bIM 00pa3oM. HeperyisipHast ceTka rmosiyqaeTcsi B pe3yJibTare YKIaaKu
HEOOXOMMOTO YHCJIa OJHOTO M TOTO K€ MAacIITaOMpOBAHHOTO KBaapaTHOro Oioka (puc. 7), Ha
KOTOpOM 3apaHee IIOCTPOEHA TPEyrojbHas CeTKa chenuanbHoro Buaa B obmactu [0,0]x[1,1].
CrienMalibHbIi BH]] 32KJII0YAETCS B TOM, 4TO Y3JIbl, JIEXKAIIKe Ha IPAaHUIIE, PACTIONI0KEHBI PETYIISIPHO,
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TO €CTh C OJIMHAKOBBIM IIIaTrOM BJIOJIb. DTO AENAETCS VIS TOTr0, YTOOBI BO BpeMs YKIaJIKu OJOKOB
Y3JIBI, JIeKaIIne Ha TPAHUIIE, COBIIATAIH.
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i

0.85

0.8 ™~

Puc. 6. Hauanwvnoiii npoguns memnepamypol
Fig. 6. Initial temperature profile
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Puc. 7. Ilpumep nocmpoenus nepe2yisapHol mpeyeoibHOU CemKu (@), ROIYYeHHOU 8 pe3yibmame YKIaOKu
HAbOpa 00UHAKo8bIX 610K08 (0)
Fig. 7. An example of irregular triangular mesh building (a), laying set of identical blocks (6)
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Merto[ peneHus] MOKHO 3aIUCaTh B BUAE CICIYIOIIETO alrOpUTMA.
B HavanbHBIE MOMEHT BPEMEHH paclpejelieHHe BEJIMYHMH B siueiikax 3azaHo. J{is mepexona Ha
CIIEAYIONIMHA BPEMEHHOW CIIOW UCIIOJB3YEeTCs WTEPAlMOHHBIA TIpoecC 10 HEJIMHEHHOCTH

> . v _—Tn > +1
BHYTPEHHEH SHEPruH U K09 uuMeHTOB Temonposoanocty: nonoxum Ty = T}, naiinem T; 77,
JUIS1 3TOTO 3alMILIEM YPaBHEHUE UTOTOBOM CXEMBI AJIsl KaXKI0M STYEHKH, TOTYIUB CUCTEMY JIMHEMHBIX
anreOpanyeckux ypaBHeHud (CJIAY), umeromyro Bun Ax = b. Martpuna A u Bektop B
paccUMTHIBAIOTCS HA OCHOBE BEIOpPaHHOM cXxeMbl. Bo BpeMs HTepallmoHHOTO Mpoliecca HEN3BECTHBII
BEKTOp X — 3TO “TIPOMEXYTOUYHBII” MPOQMIb TEMIIEpaTypbl MEXIy BPEMEHHBIMH CIIOSMH, a II0
OKOHYAHHIO, X — 3TO MNpOoQWIb CIEIYIOIEro BPEeMEHHOro cjosi. B mporpamme Ha BbIOOp
HCTIONB3YIOTCS [BA YCIIOBHS OCTAHOBKH PEIIATENIs:

l1Ax, — Bll,2 < tol - ||B]l.2
lAx, — Bll,2 < tol - ||Axy — Bl|.,

rae tol — rounocts pemarens CJIAY.

Cpennaee BpeMsl OZHOW WTEPALMM PELIATENsl 3aBHCUT OT KOJIMYECTBA IIPOJECIAHHBIX HTEpPaIHid.
Yncno BBINONHEHHBIX UTEpauii orpanimyeHo cHusy uncioM 40. /lanHoe 4ncio Ob110 mogodpaHo
JUTSl TECTOBOM 3a/1auyl IPH Pa3HOM pa3Mepe CeTKH, BpEMEHHOM IIIare M Ipyrux apaMmeTpax, a TakkKe
IIPU BBIYUCICHUAX Ha PA3IMUHOM 000pYIOBaHHUH.

B pesymprate pemenns CJIAY OynyT MOIy4eHBI TeMIepaTypbl B IEHTpax sS9eeK Ha HOBOM
uTepanuu Tij:'l. Jlanee npoBepsieTcs yCIOBHE OCTAHOBKH UTEPAI[OHHOTO Ipoliecca:

[T+ =T | = e(1+T;) < 0,in €Qe > 0

Ecnu ykazaHHOE yclIOBHE HE BBIIIOJIHEHO, TOT 1A TOBTOPSEM MPOIEIypy HAXOXKACHUS TeMIIepaTyphl
Ha CIENyolel uTepauu, nonoxus T; =Tif1+1. B npoTtuBHOM ciy4yae, eciaM 3TO ycCIOBHE
BBINOJIHEHO, TOT/Ia 332 TeMIIepaTypy Ha CIIeIyIOIeM BPEMEHHOM CJI0€ T{T‘l“ MIPUHUMAETCS Tl-::’l.

3.5.2 MporpammMmHan peannsauus

st peanu3auuy Ha yHUBEPCaIbHOM HpoLieccope ObLT HCIIOIB30BaH A3BIK MporpaMmMupoBanus C++
¢ MpUMEHCHHEM TeXHoJormid pacmapaurenuBanus OpenMP, MPI u BexTopm3anueii cpeactBamu
KoMnmsATopa. st peani3anin Ha rpadMueckux yCKOPUTEIsIX ucnonb3yercs Texnonorus NVidia
CUDA.

B nporpamme HCTest ucnonbs3yercsi OByXypOBHEBOE pacmapajuiesuBaHue. HIDKHUHA ypoBEHb
OpenMP u CUDA nns HesaBucuMOro 00Xonxa BHYTPH IUKIOB, cpeactBamu OpenMP u CUDA
NVidia coorBercTBeHHO. BepxHuii ypoBenb MPI — ncnone3yercsi reoMmeTpudecKkas JeKOMITO3HLHS
pacueTHOM CeTKH.

BosMoxxHOCTR pacmapaiuienuBaHusi Ha oOmedl mamsata B mporpamme HCTEST peammsoBana
cpencrBamu 6ubmmorekn OpenMP n 6ubnmorekn CUDA. Hcmoms3yetcss He3aBUCHMEBI 00XO07
9JIEMEHTOB BHYTpPHU LIMKJIOB. Jlanee mpencraBiieHa Tadi. 1, KoTopas HarIAHO MOKAa3bIBAET YETHIPE
peXHMa cyeTa U MCIOJIb3yeMble CPE/ICTBA pacrapaiieMBaHus Ha HIDKHEM YPOBHE.

Tabn. 1. Huxcnuii yposens pacnapannenusanus an2opummos Ojisl PelcumMos cuema
Table 1. The lower parallelization level of algorithms for calculation modes

AJNTOPUTMEI MonenupoBaHue npolecca
IToctpoenue
cerKiL TEIIONPOBOAHOCTH, KPOME Pemenne CJIAY
Pexxum cuera © pemienus CJIIAY
CPU OpenMP OpenMP OpenMP
CPUGPU OpenMP OpenMP CUDA
GPU OpenMP CUDA CUDA
HYBRID OpenMP OpenMP / CUDA OpenMP / CUDA
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BoJIBIIMHCTBO OCHOBHBIX CUETHBIX LUKIJIOB peann3oBanHoro B nporpamme HCTEST anropurma
JIOIYCKar0T aBTOMaTHYECKyI0 BekTopuzauuto. i addhexTuBHON peannsaniy Takoi BOZMOKHOCTH
SYECUHBbIC BEJIMYHMHBI YIAKOBAaHbI B CTPYKTYPHI C TIOCJIEIOBATEIbHBIM XpaHEHHEM JaHHBIX
OTHOCHUTEJIFHO BHYTPEHHET0 HHICKCA.

3.5.3 Nony4yeHue oTYETHbIX NOKa3aTenen

TecroBas nporpamma HCTEST npennasnauena aiisi TectupoBanusi paznnuaeix BBC Ha ocHose,
KaK yHUBEpPCAJbHBIX Y3J0B, TaKk W THOPUIOHBIX Y3JIOB C TpauUUecKUMU YCKOPHUTEISIMH
(monmepxuBatomumu CUDA). B xome TeCTHPOBaHHS MOTYT OBITh TIOJYYCHBI CIIEAYIOIINE
napameTphl:

e Bepu(UKALYS OTYIEHHOTO PEIICHHS Ha OCHOBE M3BECTHOTO TOYHOTO PEIICHHUS;

e mpousBoauTeapHOCTs BBC (Mriorc);

L4 S(b(beKTI/IBHOCTI) pacnapajuieJInBaHusA.

4. Ucnonb3osaHue MemoOuYeCcKUX mecmosbIX Mpo2paMM npu
npoesedeHuu ucnsimaHuli BBC
HpI/I TECTUPOBAHUUN BBC ¢ ucnonbp3oBanueM MCTOANYCCKUX MPHUKIAAHBIX TSCTOB HA IICPBOM dTAIIC
OIMpPCALCIIACTCA 3(1)(1)6KTI/IBHOCTB pacnmapauieMBaHusad BHYTPH OAHOT'O BBIYHUCIMTCIIBHOTO Y3Jia
METOAOM ACJICHUSA (HpI/I OTOM 3aITyCKacTCd OJAWH MPOLCCC MPI 1 MHO€CTBO ITOTOKOB BBIIIOJTHEHUS
OpenMP).
YckopeHue IpH pacnapajuleIMBaHuU PacCUUThIBAETCS MO (hopMyJie:

T,
Ksp, = T

n
rue:
T, — BpeMsI BBITIOJIHEHHUS pacyeTa TECTOBOI 3ai1a4un Ha o HOM notoke OpenMP;
T,, — BpeMsi BBITIOJIHEHUSI pacyera TeCTOBOH 3a1aun Ha N notokax OpenMP.
D¢ heKTUBHOCTD pacnapayieTMBaHus PACCUUTHIBaETCs 10 GpopMysie (B MPOLEHTaX):

E, =24 100

n

Ha BTOpOM dTame mpou3BOAUTCS CEpHsl MAPAIIENBHBIX PACYETOB HA MHOYKECTBE BBIUUCIUTEIbHBIX
Y3JI0B METOJIOM YBEIUYCHHUS. YCKOpEHHE NpPH YBEIMYCHHW YHWCIIA 33JeHCTBOBAaHHBIX Y3JIOB B
cily4ae, eclii porpaMma yMeeT OINPeAeNiaTh MPOU3BOANTENLHOCTh, PACCUNTHIBAETCS 10 popMyie:

[ n
K ==
Spn Vl

Ecmu InmporpamMma HE OIPCACIIICT HNPOU3BOAUTCIIBHOCTb, TO YCKOPEHHE PAaCCUUTLIBACTCA II0

hopmye:

T, Xn

Ksp, = ——
T,

rie:

Vn — IMMPOU3BOAUTECIILHOCTD ITPU UCIIOJIB30BaAHUN n yBHOB;

V| — NPOM3BOAUTEIILHOCTE MPH KCIIOJIB30BAHUHU OHOTO y3IIa.

T, — IPOM3BOAMTEILHOCTD IIPH MCITOJIB30BAHUU OJTHOTO Y3714,

T,, — BpeMsl BBITIOIHEHH pacyeTa TECTOBOM 3a4a4H Ha N y3Jax.
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5. 3aknroyeHue

B crarbe paccMOTpeHBI METOIMUECKHE TECTOBBIE MPOrpaMMel, paspadorannsie B POSAL-BHUNUTO.
BMmecte ¢ TecroBeiMM mporpammamu u3 cocraBa TectoB NPB, ASCIl Purple, a Ttakxe
METOIMYECKMMH TECTOBBIMH IporpaMMamu, paszpabotanHeiMu B PDSL-BHUND®, onu
COCTaBJIIOT KOMIUIEKC TECTOBBIX IIporpaMM, ucnonb3dyeMblil kak B POALI-BHUUT®, tak u Ha
JIpYTUX TPEeANpUATUSX Trockopropamuu «PocaTom». DTOT KOMIUIEKC MO3BOJSET OLEHUTh
NPOM3BOJUTENBHOCTh M peanbHylo dddektuBHOCT, Hncnonb3oBanuss BBC, momobpatsh
ONTHMANBHBIN PEKUM BBIOJIHEHHUS PACUYETHBIX NPOTPaMM (IHCIIO BBIYHCIUTEIBHBIX Y3JI0B H
HCIIONB3yeMbIX Ha y3nmax mpomeccoB MPI u morokoB OpenMP) B 3aBucuMOCTH OT pasmepa
pemraeMoi 3a1ady, a TaKKe BBUIBUTh BO3HMKAIOIIME B XOJ€ HalaAKd M dKciuryaramuu BBC
npo0JIeMBbl, BIMSIOIIME Ha TPOU3BOANTEIBHOCTD OT/IEIbHBIX KOMIIOHEHT U nojcucteM BBC.

ABTOpPBI BBIpOXAIOT HANCKIY, YTO W3JIOKEHHAas B CTarbe HHGDOpMAIss O cocTaBe U
(YHKIMOHATBHBIX BO3MOXHOCTSIX METOAWYECKHX TECTOBBIX MPOTPAMM OKa)KETCS IIOJIE3HOM
JPYTHM CIICIUATUCTaM, 3aHUMaIoImuMcs pa3pabotkoit BBC.
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AnHoTanusa. IIpemnaraercss MeTos BU3YyalIH3allMd IaHHBIX, OCHOBAHHBIH Ha S3bIKOBO-OPHEHTHPOBAaHHOM
nozxxoze. IIpoBeneH aHanM3 MHCTPYMEHTOB BHM3yallM3allMM IaHHBIX M BO3MOXKHOCTH HX HAacTPOMKH Ha
MpeaMeTHbIe 00JacTH UCXOA U3 MOTpeOHOCTe! mobp3oBaTenacd. OTMEUEHO, YTO 3TH HHCTPYMEHTH TPEOYIOT
OT HOJIb30BaTEJIeH BHICOKON KBaJIH(UKALMU I HACTPOHKHM (hOopMaTa BU3yalU3allMy JaHHBIX (II0Jb30BATEIIH
JIOJDKHBI MIMETh HAaBBIKM IIporpamMmupoBanus). [Ipemnaraercst HacTpauBaTh CpPEICTBA BHU3yaIU3alUH MOX
HY)XIBI TI0JIb30BaTeNied M CHEMU(UKY pelIaeMbIX I0JIb30BAaTEeISIMU 3a4ad IyTeM CO3MaHHs HpPEeIMETHO-
opueHTHpOBaHHbBIX 513bIKOB (DSL). OnuchiBaeTcsi apXUTEKTypa CHCTEMbI, OCHOBAHHOW Ha HCIOJIb30BaHUH
MHOT'0ACTIeKTHOH OHTONOrMH. OHTOJIOTHS BKJIIOYAeT OMHMCAHUS SI3BIKOB W MPEIMETHBIX 00jacTei, a Takxke
IpaBUJIa TEHEPALMH HOBBIX S3bIKOB M TPaHC()OPMALMU HOCTPOCHHBIX MOJENCH. SI3bIKK IpeHa3HAUYCHBI IS
OIMCAaHMs PA3IMYHBIX KJIACCOB AMArpaMM. DTa CHCTeMa BKIIFOYAeT B ¢e0st MTHCTPYMEHTBI JUIsl aBTOMaTHYECKOTO
co3nanust HoBbIX DSL mocpencTBoM 0TOOpaXKeH st OHTOJIOTHHU MPEIMETHOM 001acTH Ha MeTaMo/iellb 6a30BOro
SI3bIKA 110 33/IaHHBIM I10JIb30BaTeIeM MpaBuiIaM. BhinosiHeHa KinaccuUKanus pa3IuyHbIX THIOB JUarpaMM 1
BBISIBJICHBI OCHOBHBIE KOMIIOHEHTHI AMAarpaMM Ka)KJOTrO THIIA, YTO IAaeT OCHOBY JJISI CO3JaHHs OHTOJIOTHH
SI3BIKOB BH3YaJM3allM JaHHBIX. [Ipemaraercst 6a30BBIN S3BIK A CO3JaHHS qUarpamm. J{eMoHCTpHpyeTcs
BO3MOJKHOCTh HACTPOWKH $3bIKa JUIST KOHKPETHBIX NMPEAMETHBIX oOiacteil. [IpuBeneH mpuMep co3IaHHBIX
MoJeneil BU3yanu3aliy JaHHBIX.

KiioueBble cjI0Ba: BH3yallM3allMsl JaHHBIX; HPEAMETHO-OPUCHTUPOBAHHOE MOJECIMPOBAHHUE; IMPEIMETHO-
OPHMEHTHPOBAHHBIH S3bIK; METaMOJCIMPOBaHUE; (OpMaibHAs T'paMMATHKa; MHOTOACTIEKTHAs OHTOJIOTHS,
TpaHCHOPMAIHST MOJEITH.

s uutupoBanus: [xeiipanss A. /1., Epmakos U. [1., [TIpockypsikos K. A., JIsgosa JI. H. [IpoextipoBanue
CHUCTEMBI BU3yaJH3allM JaHHBIX, OCHOBAHHOW Ha S3BIKOBO-OpUEHTHpOBaHHOM rnoaxojae. Tpynst UCIT PAH,
tom 36, Beim. 2, 2024 ., ctp. 127-140 (Ha anrmuiickom si3eike). DOI: 10.15514/ISPRAS-2024-36(2)-10.

1. Introduction

Visualization tools have gained widespread use in various industries, business functions, and IT
disciplines, both in the private and public sectors. They are actively used in such areas as energy
industry, cartography, structural health monitoring, discrete mathematics, nutrition, biology,
finance, social networks, and many others. In this context, data visualization serves as a method of
data analysis.
The needs of end users (data analysts) include the ‘ to create custom types of diagrams for specific
tasks and domains, as basic types of diagrams with basic geometries can limit information
transmission [1] and lead to ineffective visualization, which, in turn, can lead to mistakes in the
decision-making [2]. Often such customization requires the use of a programming language [3]. The
lack of deep programming knowledge among users leads to the need to create low-code platforms.
The available data visualization tools systems can be categorized into following groups:

1) spreadsheets (e.g., Excel, Google Sheets),

2) analytics platforms (e.g., Microsoft Power Bl, Tableau),

3) diagram editors (e.g., Miro, ChartBlocks).

128



Jlxeiipansu A. J1., Epmakos W. 1., TIpockypsixos K. A., JIsgosa JI. H. IIpoekTpoBaHHe CHCTEMbI BU3yaIN3aluH JAHHBIX, OCHOBAHHOMN Ha
SI3bIKOBO-OPHUEHTHPOBaHHOM moaxone. Tpyosr UCIT PAH, 2024, Tom 36, Boim. 2, 2024. ¢. 127-140.

The standard tools of the first two groups are limited to the basic diagram types and visual effects
customization options. The tools of the third group allow to create custom visualizations, edit the
locations of elements, but they do not provide settings for domains.

In contrast, the use of general-purpose programming languages (e.g., Python libraries for data
visualization: Matplotlib, Seaborn, Plotly, etc.) contributes to the creation of the expressive
visualizations to solve specific tasks, but it requires deep programming knowledge from the diagram
developer. Also, the created solution cannot be reused for other visualizations, and it is a “black
box” where it is not clear how the visualization is configured [3].

Thus, the end users face two challenges:
1) How to automate visualizations development to reduce level of requirements for user
programming knowledge?

2) How to ensure the customization of visualizations for specific domains?

To enhance visualization tools, a language-oriented approach is proposed. Initially, the authors
proposed the concept of automating domain-specific languages (DSL) creation based on using
multifaceted ontology [4]-[5]. To implement the approach, the following tasks must be solved:

1) To determine specific user requirements for customizing data visualizations for user’s
domains and tasks being solved. To identify the problems that users face in order to remove
these limitations through the development of DSL.

2) To analyze and classify data visualization diagrams to identify the foundation for
developing the data visualization languages and formalize the results for ontology
development.

3) To determine the general structure of the data visualization system.

4) To develop the ontology of data visualization languages based on the completed
classification of charts.

5) To describe the base language meta-model for the development of new data visualization
languages.

6) To give an example of data visualization model customization.
7) To describe a code generation approach for data visualization based on created models.

2. General Requirements and Design Challenges

The specificity of user requirements lies in the need to identify new types of diagrams. This result
can be achieved by interactivity, combining different types of diagrams (e.g., a combination of a
histogram and a line graph) or different elements/shapes within a single diagram, etc.
Users require the creation of visualizations adapted to specialized tasks and domains too. There is
also a need for modeling previously created diagrams and implementing visualization specifications
into the system.
These specifications define how users can specify their requirements for creating visualizations [6].
Statistical visualizations may not be effective for comparing concepts within large data sets.
Therefore, there is a demand for the rapid and straightforward creation of interactive
visualizations [3]. These methods should be capable of working with various types of data and data
sources [6].
Modern researchers [2], [7] highlight the limited degree of flexibility in manipulating diagram
elements and the lack of focus on the real needs of the user in existing data visualization tools.
Another challenge in information visualization is the loss of data transmission efficiency when an
inappropriate visualization method is chosen.
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3. Related Works

3.1 Classification of Visualization Methods

The diversity of visualization methods is quite large and continues to expand, which is confirmed
by the constant emergence of new specialized types of diagrams (tree-like, chord, network, etc.).
Determining the most appropriate type of visualization is not an exact science and involves a
multitude of approaches, but it is based on the key question: what idea you want to convey with the
diagram [8], [9]. To determine which specific visualization methods are sufficient to implement
most visualization ideas, it is necessary to settle on a specific taxonomy for classifying data
visualization methods from the existing range.

It was decided to focus on the five-category structure proposed by Andy Kirk [9]:

1) comparing categories,

2) assessing hierarchies and part-to-whole relationships,
3) showing changes over time,

4) plotting connections and relationships,

5) mapping geospatial data.

It is followed by a review of each of these categories, highlighting specific diagrams, their unique
characteristics, and elements.
The main classification criteria have been identified. These criteria are listed below:

1) The greatest popularity of visualization methods.

2) The inclusion of methods for visualizing abstract data that is characterized by multiple
dimensions and the absence of explicit spatial references in addition to standard
visualization methods (line graphs, histograms, pie charts, bar charts, and scatter plots).

3) The ability to present any type of visualization in an interactive form, enhancing their utility
for large-scale datasets.

As a result, a classification consisting of sixteen visualization methods depending on the purpose of
creating the visualization was developed (Fig. 1). This classification is the basis for the development
of the data visualization languages ontology and languages metamodels.

3.2 Data Visualization Tools and Customization Options

There are few publications on creating DSLs for data visualization. Based on the review, most DSLs
focus on a small set of standard charts (pie charts, histograms, etc.) or visualizations of specific data
types (e.g., geospatial). They differ in levels of abstraction, contexts of use, and implementation
capabilities.

The article [10] describes the process of developing a DSL for constructing and transforming data
visualization techniques. The DSL is built into the Haskell programming language. The authors
provide several levels of abstraction: at the lowest level, the user can create an element consisting
of a specific primitive shape and a set of visual parameters. It is important to note that the basic
language constructs are limited to the histogram and pie chart. However, it is allowed to arrange
their elements in different ways to create more complex examples.

Article [11] presents a variational visualization model implemented through a DSL built into the
PureScript programming language. This DSL allows to create variation visualizations and their
combinations, such as overlaying alternative histograms. Methods for representing variation and
adding variation to visualizations via DSL are discussed in the article also. This includes creating,
manipulating, navigating, and rendering variational visualizations.
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The researchers in study [12] introduce a DSL that is focused on data geovisualizations. They utilize
a compiler to facilitate the automatic generation of visualizations and the pre-processing of data.
Their system leverages the power of multi-core parallelism to expedite the data pre-processing.
The considered tools provide the ability to develop new types of diagrams. But customization for
specific domains was not found in them. Thus, a language-oriented approach for implementing a
data visualization tool can become the main one for developing a data visualization system.

3.3 Ontology-Driven Approach to Implementing DSL Toolkits

In papers [13], [14] has been suggested to use ontologies as part of the architecture for the analytical
platform. In this case, a multifaceted ontology is used, which allows to avoid data duplication, ensure
changes traceability of ontologies, and automatically interpret data and the results of data analysis
to provide them to different groups of users according to terminology that they are familiar with.
Use of ontologies is also considered by researchers within the domain-specific modeling (DSM)
approach [15]. Domain-specific modeling is the part of model-driven engineering approach. It
allows for the reduction of complexity in software system development by using DSL's. Language
toolkits (DSM platforms) are used to implement this approach. They enable the generation of all
essential components for working with the language (graphic editor, interpreter, etc.) according to
the described metamodel.

One of the ideas for implementing the DSM approach is the usage of knowledge, specifically — the
ontologies [4-5, 13]. Due to this, it is possible to automate the process of creating domain-specific
languages. This approach is taken as the basis for the development of a data visualization system.

4. Generalized Structure of the Data Visualization Tools Based on the DSM
Approach

The Fig. 2 shows the structure of the data visualization platform based on the DSM approach. The
core of the system is a multifaceted ontology. This is an ontology that includes many other
ontologies. They can be divided into three groups:

1) Ontology of languages. This is an ontology, in which metamodels of visual and textual
languages are stored in accordance with a certain classification (by task or methodology).
To describe metamodels, the HPGPR [15] metalanguage is used — an extended version of
MetaCase’s GOPPRR language. Models are also presented in the ontology of languages as
instances of a model class.

2) Information ontology. This group may include several types of ontologies. First, the
ontologies of data sources — they include information about data types, data storage formats,
relationships, attributes, etc. Secondly, the domain ontologies. These ontologies contain a
description of a specific subject area — the basic concepts (objects) and the relationships
between them.

3) Applied ontologies. These are ontologies, that are used during metamodel generation
(projection rules ontology) and model transformation (transformation rules ontology).

The platform is also partitioned into logical blocks. Let’s take a closer look.
First of all, this is a block of Functional Modules. These are modules responsible for the basic
functionality of the platform — model creation and editing, model transformations, code generation
and others.
The Language Generation Module is used to automate the creation of meta-models using ontologies.
Development of this module is based on the idea of reusing previously created languages with their
reconfiguration to new subject areas through domain ontologies.
The Models Management Module is used to manage models in the platform structure: import and
export models from ontologies and convert into a view applicable within the platform. Both other
modules use this module to access models and languages (meta-models).
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5. Developing Languages for Creating Data Visualization Models

To create a new language the user needs to complete several preliminary steps.

First, an ontology of data visualization should be developed. At the same time, metamodels of basic
languages for creating diagrams should be developed. The basis of the ontology should consist of
diagram classification and a special language that enables the creation of these languages based on it.
To customize created languages to the user's domain and tasks, it is proposed to use the mentioned
approach for automizing language creation via mapping the concepts of the domain onto the
metamodel of the base language [13].

5.1 Data Visualization Ontology
The process of building an ontology of data visualization languages includes the following steps:

1) Formalization of an abstract diagram, which will include properties common to all types of
diagrams (title, legend, width, height, etc.).

2) Distinguishing types of diagrams into separate classes based on the developed classification
of diagrams (Fig. 1).
3) Adding unique elements of charts to classes.

4) Defining relationships between the classes.

As a result, each type of diagram will have its own formalized model, for which its own DSL will
be generated later.

Fig. 3 shows an abstract diagram class and its descendants in the ontology. But it is not enough to
create only subclasses of diagrams. Each of the charts consists of separate elements that have their
own properties. Such elements are separated into subclasses of the “Diagram_Element” class
(Fig. 4). After defining the main classes and their unique elements, it is necessary to define the
hierarchical and part-to-whole relationships between the classes. Relationships “as-is” are
automatically created between the parent class and the child class. Then, to display the “part-of”
relationships between a specific diagram and its elements, special connections were created. The list
of relationships is shown in Fig. 5.

5.2 Base Language Metamodel and Example

The classification of diagrams and the identification of its main components allowed the
development of a new DSL for creating diagrams. The meta-model of this language is shown in
Fig. 6. Created language allows building data flows from sources to a diagram with the ability to
filter data. User can attach various events to the diagram components, such as mouse hover or mouse
click.

Created metamodel describes an abstract language. This language is the basis for the development
of new languages for visualizing data in a specific domain area. It needs to be modified for a specific
type of diagrams in order to use. Designed new language meta-model can be extended and
customized by user with mapping domain model onto components of diagrams in basic language
meta-model.

5.3 Language Customization Example

For example, let’s take the customer evaluation of service. As a basic language, we take a bar chart.
Now we need to create an ontology in which we describe emoji’s — add vertices for each emotion
and set an image for them. During the language generation, we will need to specify the
correspondence between the concepts of the domain ontology and the concepts of the diagram
language. As a result, we get a language that allows to create diagrams, as in Fig. 7.

Such language uses domain terms, and it is easy to use for end users.
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Fig. 3. Fragments of the multifaceted ontology: hierarchy of diagram classes in the ontology

g
g L|r|e‘ 3
et T
[ Rectangle |
~ i
T
. ( Point)
( Goomphi:al_m;;jl =
"~ e —
) = ( Circla )
— s —, /
~, b R
f/ Figures
Sl ==
g ‘/hnrd )
. g
| Legend
S ) . . PR '_,js-a---"""'\~ 9 ,) —
f\uwl:Thing’b(J I5=8. \_Xisual_' _J}ﬂ-&‘—-';h[!iagram_alamam\iqa“-‘ e k Slrips."'l
- = L7 e L s R
A | Color_scale
\_ T_ [ ac )
' VGnia ) ==
b, ——
| Sector \
AT I

1 Asis ) ==
- Py

Fig. 4. Fragments of the multifaceted ontology: class hierarchy of diagram elements in the ontology

135



Dzheiranian A. D., Ermakov 1. D., Proskuryakov K. A., Lyadova L. N. Designing Data Visualization System Based on Language-Oriented
Approach. Trudy ISP RAN/Proc. ISP RAS, vol. 36, issue 2, 2024. pp. 127-140.

Object property hierarchy: owl:topObjectProperty

T O
A& Jow!topObjectProperty|
V- Il element-diagram-bindings
----- B arc-chordDiagram-bindings
----- B axis-diagram-bindings
----- B bubble-bubbleChart-bindings
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----- B colorScale-mappingGeospatialData-bindings
----- B grid-diagram-bindings
----- B |egend-diagram-bindings
----- Bl line-lineChart-bindings
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line-slopeGraph-bindings
----- BN map-mappingGeospatialData-bindings
----- N point-dotPlotMap-bindings
----- BN point-scatterPlot-bindings
----- B rectangle-columnChart-bindings
----- Bl rectangle-treemap-bindings
----- Bl sector-pieChart-bindings
----- B sector-sunburst-bindings
------ BN stripe-horizonChart-bindings

Fig. 5. Fragments of the multifaceted ontology: relation types
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6. Generating Code for Data Visualization Based on Created Models

Using DSL, visualization models are built, but code generation (also called “Model-To-Text”
transformation) is required for data visualization. The vast majority of modern DSM platforms use
a template-based approach to code generation, which allows efficient templates reuse [16].
Templates are described not for a specific model, but for a meta-model [17], or in this case a
visualization language. Each template consists of two parts — static and dynamic. The static part is
the same for all models, and the dynamic part uses information “extracted” from a particular model.
In this paper, we propose to use the approach described in [15], which consists in creating and using
transformation rules in the visual environment in the form of a constructor. Each rule consists of the
left part — visual language metamodel objects and the corresponding right part — textual language
constructs, which are templates. All language constructs, as well as created transformation rules, are
stored in a multifaceted ontology.
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Python and R are the preferred programming languages for data visualization purposes. Python is
widely popular in this area due to its wide range of suitable libraries, including Matplotlib, Seaborn
and Plotly, and its simple syntax. Although R is second only to Python in industry, it also has a rich
arsenal of visualization tools and continues to be a popular choice in academia. Thus, as textual
language constructs, it makes sense to use code fragments in Python and R containing calls to library
functions for data visualization.

Once transformation rules are created, they can be applied to specific models to generate data
visualization code. The code generation algorithm is based on traversing the internal representation
of models, which can be modeled with a graph.

7. Conclusion

In this paper a structure of a knowledge-driven data visualization tool based on a language-oriented
approach is proposed. This approach allows overcoming several limitations of existing visualization
tools and providing users an ability to customize the data visualization models for different domain
areas via creating special languages and reduces the requirements for end user’s programming skills
when creating DSL and charts.

The practical applicability of this approach is demonstrated through the example of creating a chart
for assessing customer service quality. New base domain-specific language metamodel for data
visualization was created with using the proposed approach. Then a diagram model was built with
created DSL and data visualization was built according to the specified requirements.

The next stage of the research is implementing of the described ideas and expanding possibilities of
interactive visualization via interpretation of the created models. The theoretical basis to developing
this approach is Vega-Lite [18], a high-level grammar that enables rapid specification of interactive
data visualizations.
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Abstract. To create modern competitive and trusted software, it is necessary to use knowledge of formal
methods. Currently, a huge number of students are studying specialties related to programming. However, when
studying at a university, it is difficult to gain the skill of practical application of theoretical knowledge. Short
competitions with non-standard, industrial-related problems can arouse students' interest in the field of formal
methods. The article describes the first experience of organizing a competition in formal verification of
programs among students of Russian universities. The competition was held in conjunction with a seminar on
program semantics, specification and verification (PSSV) in Innopolis in November 2023. The format of the
competition was close to the format of so-called hackathons. Participants were asked to solve verification
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organizing such an event, proposed tasks, results of decisions and feedback from participants.
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1. BeedeHue u Momueauyusi npoeedeHuUsi COpeeHO8aHUsI

MHorue o0ydaromuecs 3aMHTEPECOBAHBI B COOCTBEHHOM pa3BUTUM W TOTOBBl HM3ydaTb
MIepCIIEKTHUBHBIE TEXHOJNOrnu. OnHako OONBIIMHCTBO M3 OyAyHNIMX NPOTPAMMHCTOB IIPH
CaMOpPa3BUTHU CJEIYIOT TEKYIIMM TpeHJIaM, HalpuMep, TakuM KaK HEHpOHHBIE CETH WIH
6s0KkueiiHbI. B 1oT0OHBIX HAIIPaBICHUAX B HHTEPHETE MOXKHO HAWTH OOJBIIOE KOIUIECTBO JIETKO
JIOCTYNTHOW HMH(OpPMAINK, BKIOYas BBOJHBIC JICKIUH (THIOTOPHUANIBI) M OMMCAHHUS DPa3pabOTKH
IIPOEKTOB € HyJA. B pe3yibpTaTe CTyAEHTHI, IBITasICh Pa3BUBATHCS CAMOCTOSTENBHO, YBEIUUNBAIOT
n 6e3 TOro OrpoMHBIN BKJIaJ] B HanOoJiee MOMyIIIpHbIE HAIIPaBICHHS.

[Tpu 5TOoM yHIaMeHTaNbHbIE TUCHHUIUIMHBI HE OYEHb MOITYJISIPHBI, XOTSI BIMSHHE 3TUX JAUCUUIUINH
Ha pa3BHUTHE 00JACTH ITPOrPaAMMHUPOBAHNUS BEJIHKO U TIOCTOSIHHO.

HenomymnspHocTs GyHIaMEHTAIBHBIX AUCITUILINH JIETKO OOBSICHAETCS: Y HUX BBICOKHIH ITOPOT BXOJa
JUIA TIOJTYYEHHUS pe3ylbTaToOB, a TAKXKe CYIIECTBYIOT CIOKHOCTH C BBIOOPOM IIEPBBIX IPOEKTOB,
KOTOPBIE MOJIOION CHENUANUCT NPEOAONETh HE B COCTOSHUM.

MOHO KOHCTaTHPOBaTh, YTO MPOEKTHAs AEATENBFHOCTh B 3TOW OONACTH B By3aX IMPAaKTUYECKH
OTCYTCTBYET U, KaK MIPaBMio, paboTa 3akaHIMBaETCs OO HA YPOBHE WHANBHIAYATBHBIX IIPOEKTOB,
100 OHAa OTPaHUYHMBACTCS BHITIOIHEHUEM YIIPAXHEHUH B paMKaxX y4eOHbBIX KYPCOB.

C apyroii CTOPOHBI, MO’KHO OTMETHTBH POCT HHTEpECa y CTYACHTOB KaK K MaTeMaTHKE B II€JIOM, TaK
1 W3YyYCHHUIO BOIIPOCOB, CBSI3aHHBIX C CEMAHTHUKOM SI3BIKOB MPOTPAMMHPOBAHHS M HAACKHOCTH
MIPOTrPaMMHOT0 00ecHeYeHUsL.
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3agyMbIBasCh O MPOBEICHUN OYEPEAHOTO CEMUHAPA 110 CHENU(PHUKAINH 1 BepUPHKALUH IPOTrPaMM
PSSV [1], B oprkomuTeTE BO3HHUKIIO MPEIIOKCHIE KOMIICHCHPOBATH HEJOCTATOYHOE IPAKTHIECKOE
UCIIONB30BaHUE MOJIOABIMH  CIICIHMANUCTAaMH  (DYHIAMEHTANIBHBIX METONOB M  IIPOBECTH
COPEBHOBaHMS 10 (OPMAIBHBIM METO/1aM Bepu(HUKauy nporpamm. Hamr onTHMU3M OCHOBBIBAJICS
Ha JMYHOM OIIBITE OPraHU3aTOPOB MpPH pPELICHUH MPAKTUYECKUX 3aJad, a TaKKe Ha OIIbITe
MPOBEICHUS MMOJJOOHBIX COPEBHOBAHMH B CMEXHBIX 00JacTsAX. BBIJIO MpeliokeHo MCIoIb30BaTh
nuist copeBHoBanus HasBanue VeHa (Verification Hackathon). Oprannsaropamu VeHa-2023 cramu:
Haranbst Onerosna 'apanuna (MCHM CO PAH, HI'Y), Amutpuit Anekcannpouy KonapaTeeB
(CH CO PAH, HI'Y), Cepreit Muxaitnosnua CraponeroB (Antl TY, MAuD CO PAH), Upuna
Brnagumuposna llommvmuna (CIIOITY).

B nmocnennee Bpems B cdepe MporpaMMHOIT HHKEHEPHH Cpear pa3pabOTUNKOB CTaIX MOIYJISIPHEI
TaK Ha3bIBAEMbIC XaKAMOHbl. DTO CI0BO KoMOuHMpyeT “t0 hack” u “mapadon”, mpuuém “to hack”
3/I€Ch UCIIONIB3YETCS B 3HAUCHUH ‘IPUMEHSITh HECTAHIAPTHBIE METO/IBI PEIICHNUS CIIOXKHBIX 3a1ad”,
a He B 3HAYCHUH “B3JIAMBIBATh . TpaauIIMOHHO, IS KOHIIEHTPAIINN Ha MPOSKTHOH AEATEIbHOCTH,
JUIsT OBICTPOTO pPELICHUsI TOCTAaBICHHBIX 3aJad XaKaTOHa COOMpAroTCs KOMaH[ABl YYacCTHHKOB,
OPTaHHU3aTOPBI MIPOBOAAT OTKPBITHIC JICKINH 10 HCIIOIb3YyEMBIM TEXHOJIOTHSM, a Jajiee KOMaH/IbI
aKTHBHO paboTaloT Hajx mpoekTaMu. IIpm 3TOM moapasymeBaeTrcs, YTO NPOCKTHI MOTYT OBITH
peann30BaHbl 3a KOPOTKOE BpeMs M, BO3MOXKHO, IPOJOJKEHBI B AajbHeHIIeM. OpraHU3aToOpsI
TaKke QUKCUPYIOT 00JIaCTh COPEBHOBAHUS, & €CIM ATO COPEBHOBAHKE PEIIACT WHIYCTPHUAIBHYIO
3a/auy, TO 3a/1aeTcsa CTeK TEeXHOJOTMH M IpeasaraeTcs BapuaHT TEXHHUECKOTO 3a7aHus. B koHIe
NpOBOAUTCS (DMHANBHAS JEMOHCTpaNus pelleHHH M BBIOOPHI NoOeanuTeneld. XakaToHbl OTJIMYaeT
BBICOKAsl MOTHBAIIMS ¥ KOHLCHTPAIMSA YIACTHUKOB Ha MIPOCKTaX.

OmnbIT y4acTHs U NPOBeIeHHs TOAO0OHBIX MeponpusThii opranusaropamu VeHa-2023 nokasbiBaer,
YTO 3HAHMS M KOHTAKThI, MOJYYEHHBIE BO BpEMs TAaKOTO POAa MEPONPHSITHH, CIIOCOOCTBYIOT
npodeccrnoHaEHOMY POCTY B (POPMHUPOBAHHUIO MPO(ECCHOHANBHBIX COLIMANBHBIX CBSI3EH.
HecMmoTpss Ha TO, 4TO TOJNBKO HEOOJBIIOE KOJUYECTBO IPOEKTOB XAaKaTOHOB IPOJOJDKACTCS B
JanbHeimeM, copMHpOBaBIIMECS CBS3M MOTYT IPUBECTH K JOJITOCPOYHBIM TIIYOOKUM
MCCIIeIOBAHUSIM, TOCTAHOBKA 3a/1a4l KOTOPBIX Ha4Yajach B KyJlyapax cCOpeBHOBaHUi [2].

Ceifyac XakaTOHBI MPOBOAATCS Kak B paMmkax ropoackux MT-coobmiecTB (Harmpumep, ropoJcKoi
Bapuaysbckuii xakaTo [3]), Tak ¥ 10 PEIICHHUIO 38184 IJIsSI KOMIIAHU T (Hampumep, B HeTera3oBoM
cekrope [4]), a Takke JIs rOCYIapCTBEHHBIX KoMmaHuii [5].

B coBpeMEHHBIX YHHBEPCUTETAX I Pa3BUTHS y CTYIEHTOB HAaBBIKOB B3aUMOJCHCTBUS U pabOTHI
HaJl OBICTPBIMHU NIPOCKTAMH TAK)KEe OPTraHH30BBIBAIOTCS XaKaTOHbI, HalpuMep, [6].

YuuTeiBasg yNOMSHYTBIE TEHICHLWH, opraHu3zatopsl VeHa-2023 pemmiau mpoBecTH B paMKax
CeMHHapa CBOETO PO/ia XaKaTOH 110 BepH(UKAINH ITPOTPAMM.

OnHako, YTOOBI pacHIMPUTh reorpaduio Y4acTHUKOB, OBLIO TPHUHATO pEHICHHE HW3MEHUTH
MPOCTPAaHCTBEHHBIN (POpMAT COPEBHOBAHUS HA TMOPUIHBIN — OHJIalH (yaJeHHO) U odJiaiiH (04HO)
B UuHomonuce. Takoe pelleHHe HE COBCEM COOTBETCTBYET KOHIIENIIMH XaKaTOHA, IOATOMY
MEpOIPUITHE HA3BAJIU “COPEBHOBAHUEM .

B xaugecTBe popMarIbHBIX METOAOB BepH(UKAIINH MPOTPaMM PaCCMaTPHUBAINCH METOJ IPOBEPKU
MoJiesiel 1 IeAyKTUBHAS BepU(HUKAIHSL, a TAkOKe 3a1a4H BepHU(UKAIIH C UCTIONb30BaHIEM JIIMO1a-
WCUUCIICHUS U TeopuH TUNOB. ClieayeT OTMETHUTh, YTO MOCJIETHHE /IBa HANPaBJICHHUS HE BOILIN B
OIMCHIBAEMOE COPEBHOBAHUE U OCTABJICHBI Ha OyyIee.

Metonsl QopManbHON BepH(UKAIMK IMPOTPaMM OCYIIECTBISIOT TPOBEPKY KOPPEKTHOCTH
MPOTPaMMBI OTHOCHTEIBHO e (OpMaibHBIX cnenu¢ukanuil. B 3aBucumoctn ot (opmarpHOTO
S3BIKA CHEMM(PHUKANNN OTIMYAIOTCS BO3MOXXHOCTH OIMCHIBAEMBIX TPEOOBaHMH K MpoTrpaMMam, a
TaK)Ke CAaMH METOJIbI IIPOBEPKH.

B meromax aenyKTHBHOW BepH(UKAIMM HPOTPaMM CIEHU(PHUKAINK 3aJal0T OTPAHWYEHHS Ha
JIAHHBIC TPOTPaMMBI B €€ KITFOUEBBIX TOYKAX [7-8]: mpemyciioBusl OMMCHIBAIOT CBOMCTBA BXOMIHBIX
JAHHBIX TIPOrPaMMBl; MOCTYCJIOBHSI — CBOWCTBA BBIXOJHBIX JAaHHBIX IPOrPaMMbl; MHBapHaHTHI
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mkinoB [9] dUKCHPYIOT CBOWCTBA B KIIFOYEBBIX TOYKaX. OJTH CICHU()HKALWH, BBIPAKCHHBIC
(dopMyaaMH, Ha3bIBAIOTCS YCIOBUSAMHM KOppeKTHOCTH nporpammbl [10]. Takum oGpasom,
JeNyKTHBHAS Bepr(UKanus CBOINUT 3a1ady IIPOBEPKH KOPPEKTHOCTH MPOrPaMMbI OTHOCHTEIILHO €€
crierubuUKaMii K 3a1a4e TPOBEPKH HCTHHHOCTH (HOPMYIL.

Metox TPOBEPKH MOJIETH HO3BOJSCT aBTOMATHYECKH IPOBEPUTH, BBINOJHICTCSA JIM 3aJaHHAs
norudeckas hopMyia Ha qaHHoM ctpykrype [11-12]. CrpykTypa CTpOHTCs O pa3pabaThiBacMOi
OPOrPaMMHON CHCTEME KaK CHCTEMa IMEepPEeXOJ0B C KOHCYHBIM YHCIOM COCTOSIHHH, MOJanbHas
(TeMmopainpHasi) Jorudeckass Gpopmysa OMHCHIBACT TPEOOBaHUS K MOBEICHHIO CHCTEMbI. UTOOBI
NPOBEpHUTh, BEpHA I CHCHU(UKALKS HA CHCTEME MEPEXOA0B, NpPUMEHsETCs d((heKTHBHAS
nporeaypa Noucka, KOTopasi SBJISETCS MOTHOCTBIO aBTOMaTHYECKOM.

CyiecTByeT 0ONBLIOC KOJTHYECTBO MHCTPYMEHTOB BEPU(DHKAIMH, PEaTU3yIOIINX NCIYKTHBHYIO
BepU(HUKALUIO U METOJ MPOBEPKH MojeH. [y mpoBeeH s COPEBHOBAHKS Mbl OCTAHOBHITH CBOM
BEIOOp Ha MHCTPYMEHTAX, KOTOPHIE OBLIO OBI JIETKO U OBICTPO OCBOMTE.

[pumMeHeHne NeMyKTHBHOMN BepupHKAIIMK HA TIPAKTHKE OCIOKHACTCS PSAIOM IPOOIIeM, TPEOYOIIIX
NPHUBJICYCHHS TTONb30BaTeNsi cucTteMbl Bepubukaimu [13]. Takumu npobieMamu, B YaCTHOCTH,
SIBJISIOTCS 3a/laHUC MHBAPHAHTOB IUKIOB [14-15] u moka3arenbCcTBO YCIOBHI KOppeKTHOCTH [16].
ITosToMy MBI TIPEAIOKHIN yJaCTHHKAM COPEBHOBAHHS MPOTPAMMHYIO CHCTEMY ACIyKTHBHOMN
BepU(UKALUH, KOTOPAsi MOXKET YIPOCTUTH U peIlIeHHEe NPOOIeMbl HHBAPHAHTOB LIMKIIOB, H PEIICHUE
npobieMbl  J0Ka3aTelIbCTBA YCIOBHI KOPPEKTHOCTH IIpPOrpaMM Uil  BBHIOpDAHHBIX — 3a1ad
Bepudukanuu, a uMeHHo — cucremy C-lightVer mns nporpamm Ha sizeike C-light [17-21],
NpPEeNCTaBUTEIBHOM IOAMHOXKeCTBe s3blka C. B omimume OT ApPYrux H3BECTHBIX CHCTEM
nenyktuBHO# Bepudukanuu [22-31], cucrema C-lightVer maér Bo3aMoXHOCTh aBTOMATU3UPOBATH
3aJlaHAe WHBAapUAaHTOB LUKIOB JUIi INPOrpaMM, LHMKIBl KOTOPBIX SBISIOTCS (UHUTHBIMU
urepanusiMu [32]. Knacec GUHATHBIX UTepanuii HaJ| MOCIIEI0BATEIFHOCTSIMU TAHHBIX TTOKPBIBACT
TaKue PacpOCTPAHCHHBIC BUIBI IUKIIOB, KAK IIUKIIBI HAJT MACCHBAMH, IIUKJIBI HAJ CIIMCKAMH, [IUKIIBI
man nepeBbssMu u T.a. [33]. Taxxke cucrema C-lightVer mossossier Bo MHOrMX ciydasx
ABTOMATH3UPOBAThH JO0KA3aTEIBCTBO YCIOBHI KOPPEKTHOCTH C MOMOIIBI0 MPUMEHEHHUS CHCTEMBI
nokazatenbctB ACL2 [34] u crmenmanbHbix cTpaTeruil gokasarensctBa [19, 32]. Ins 3amanus
crenuduKanuii ¥ TEOpUd NpeaMeTHo obmactu B cucreme C-lightVer wucmonms3yercst s3bIk
Applicative Common Lisp [34], BxoxHOl sA3bIK cUCTEMBI JoKa3arenabctBa ACL2.

Ipu KCIOIP30BAaHUU MHCTPYMEHTOB METOa MPOBepKU Mozenu [35-39] cyluecTByIOT HECKOIBKO
npensaTcTBHA. Bo-TMepBBIX, CYLIECTBYIOT CJOKHOCTH C OCBOCHHEM S3bIKa MOJICIHPOBAHHMS,
OIMCBIBAIOLIET0 CTPYKTYPY NEPEXOJIOB B CUCTEMaxX. BO-BTOPBIX, TOJIb30BATENb IOJKEH 3HATH A3BIK
TEeMIOPAIBHOM JIOTUKH, C MOMOIIBIO KOTOPOTO OIMCHIBAIOTCS CBOMCTBa cUCTeM. B-TpeThHX, eciu
BepU(UKATOP TEHEPUPYET ONpPOBEP)KEHHUE CBOMCTBA (KOHTPHPHMEP), HEOOXOIUMO CyMETh
HHTEPIPETHPOBATH ITOT BHIBOI.

Hamu Obuio BeiOpano cpenctBo Bepudukanuu SPIN ¢ Bxomusim sizsikom Promela [40]. SI3bix
Promela siBiisiercst C-moJ00OHBIM S3BIKOM C BKIIFOUYCHHUEM KOHCTPYKILHMM, 00JeryarmIinx OINHUCaHHe
B3aMMOJICHCTBHS MEXAy HE3aBUCHMBIMH IPOLECCAMH MOJACIUPYeMOW cHcTeMbl. [lpu 3TOM
(dhopManTbHYI0 MOJIEITh TI0 BBEICHHOMY MoJib3oBareiaeM koay SPIN cTtpout aBToMaTu4ecky.
Caoiictea cuctem B SPIN 3aarTces ¢ momoisio Gopmyd THHEtHON TeMnopanbHO# toruku (Linear
Temporal Logic — LTL). Dra noruka sBisieTcss pacUIMPEHHEM JIOTMKH BBICKAa3bIBaHUIl C
J00aBIICHUEM HECKOJIBKHX TEMIIOPAbHBIX MoJanbHOCTe. Kpome Toro, cBoiicTBa, 3agaHHBIE C
MOMOIIBI0 (HOPMYJT JIMHEHHON TEMITOPATBHOMN JIOTHKH, JICTKO WHTEPIPETHPYIOTCS YSIOBEKOM, TaK
KaK MHTYUTHBHO JIOXKAaTCs Ha TIPECTaBJICHHE O TMHEHHOM TEYSHUH BPEMEHH.

Kontpnpumepsr B SPIN BBIJalOTCS Kak MOCIENOBATEILHOCTH IIArOB ¢ yKa3aHUEM KOHKPETHBIX
OIepaTopoB MPOTPAMMBI, YTO O3BOJIIET JIETKO aHATM3UPOBATH OMHGOYHYIO TPacCy.

Just SPIN u Promela cymiecTByeT muiariH i monmyJsipHO# cpenu paszpadoruukoB cpenst Visual
Studio Code (oxomno 15000 uncrammsiiumii) [41], a mojcBeTKa CHHTAKCHCA TAKKE TOJIEPKUBACTCS
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Ha GitHub u B Latex, uro mokasbiBaeT, 4TO sA3bIK Promela siiseTcst 3peisiM U UCIIOIB3YEMBIM
JIOCTaTOYHO OOJIBIINM KOJIMYECTBOM Pa3pabOTIMKOB M HCCIIeI0BaTEICH.

Kpome npuBeIeHHBIX BBIIIE apTyMEHTOB, [Tl BHIOPAHHBIX HHCTPYMEHTOB BepU(UKAIIMU aBTOPaAMH
yKe ObUT pa3paboTaHbl IPE3CHTAMU U METOAMYECKUE MaTepPHalIbl HA PYCCKOM SI3BIKE.

Jus mombopa 3amad MBI MPOBONMIINA OOCYXXICHHWE HICH B JOCTYMHBIX HaM COOOIIECTBaxX C
NpeIIoKEHUAMHE 3a/1a4, KOTOPbIE MOKHO (hOPMan30BaTh 3a ABa AHSA. DTH 3a7a4K MOTJIU IIOCTYNAaTh
KaK OT Hay4HOT0 COOOIIECTBA, TAK  OT KOMIAHHM, PA0OTAIOLINX C KPUTHYECKUMH U JOBEPEHHBIMH
CHCTEMaMH.

K cosxanenuto, B 3TOM r'0Jly HAIllK HHAYCTPUAIIbHbIC MAPTHEPHI HE CMOTJIN MPEITI0KUTh HHTEPECHBIC
3a]a4u JJIsi COPEBHOBAHMUS M BBIICIIUTh MEHTOPOB JJIsl Pa0OTHI C YYACTHUKAMH, XOTS BIOCIEICTBUU
onna u3 kommnauuii (“BAPC I'pyn™) obGecrieunia mpu3bl yaacTHHKaM. TakuM 06pa3oM, Bee 3a1aun
COPEBHOBaHMsI OBIIIM MPEII0KEHBI OPraHM3aTOPaMu — aBTOPaMH CTaTbU.

J11s1 OLIeHKH pa3HBIX METOJIOB BEpU(DHUKALUH MBI c(HOPMHUPOBAITH MOIKOMHCCHH U3 WICHOB JKIOPH.
Kpurepun amsi OLEHKH KOJIWYECTBA OAa/UIOB, KOTOPOE MOJydYano pPEUICHHE IO [IeIyKTUBHOM
BepU(UKAIUH, BKIIOYATH KOPPEKTHOCTh MOCTYCJIOBHS W 3a/IaHHs TEOPUHU MPEIMETHOH 001acTH,
YCIIEIHOCTh BEpU(PHKAIMHY TTOTyYSHHOU IPOrPaMMBbl B CUCTEME.

[Ipu oleHKe pelieHuil M0 METOAY MPOBEPKH MOJEIHU HCIOJIb30BAIUCH KPUTEPUH, BKIFOYAIOIIUEC
Ka4eCTBO MOJCIHUPOBAHUS ¥ (OPMYITUPOBKH TPEOOBAHHUN K MOJEIH, YCIEIIHOCTh BEpUBHUKALUH
[IPOTrpaMMBI B CUCTEME.

B 3aBHCHMOCTH OT BBIIMOJHEHHUS TAHHBIX KPUTEPHUEB PEIICHHE MO KAKIOMY METOy BepUBHKALUH
noiy4aio oueHky ot 0 qo 10 6amsos.

JanbHeiliee cojepikaHue CTaTbU MPEACTABIAECT CO00W 0030p MPAKTUKH COPEBHOBAHUU IO
(dbopmanpHeIM MeTo#aM (pazfaen 2), CTPYKTYpbl COPEBHOBaHHMS U CTaTUCTUYECKUE JaHHbBIC
YYacTHHKOB (pa3zen 3), moapoOHbIe OMICaHUs IPEATI0KCHHBIX 3a1a4 (pazaen 4), criocoOkl mogaun
o0ydaroIiero Mmarepuana COpeBHOBaHuM (pasen 5), oT4eT o npoBeAeHHH cOpeBHOBaHUs (pa3zen 6)
U, HAKOHEIl, aHaJI13 UH)OPMALIUH, TOJYICHHOMN OT YYaCTHUKOB, UX PEIICHHS K OCHOBHBIC OLIHOKH,
a TaKkKe pe3yNbTaThl 00paTHOM CBsI3H (paszen 7).

2. 0630p copesHoBaHull No ghopmMasibHOU eepughukayuu

[IpeaniecTBeHHNKAMU TIEPBBIX COPEBHOBAHMH 10 JEAYKTHBHON BepH(UKAIMK IPOrpaMM MOXKHO
Ha3BaTh HAOOPHI 3a7a4, COCTaBleHHble B Hawame XX| Beka [UIS NPOBEPKH BO3MOXKHOCTEH
M3BECTHBIX Ha TOT MOMEHT ITOJIX0/IOB K aBTOMATH3AIMHU JIeyKTHBHOM Bepudukarmu [42-45]. Dtu
HaOOpBI OKa3aJIu BIMSHHE HA COCTABIICHUE 3a/1a4 Ha MIEPBBIX COPEBHOBAHUSX B 3TOH oOnactu [46].
B 2009-10 romax mawancst poekt Verified Software Initiative mo macmrabHoMy mpHUMeHEHHIO
(bopmanbHON BepUUKAIMH B MHAYCTPHAIFHOM MpPOrpaMMupoBaHuu [47], B pamMkax KOTOPOTO
NPOLLTO ePBOE COPEBHOBAHUE MO JIEIYKTHBHOI Bepudukanuu nporpamm [48].

OTO CcopeBHOBaHHE OBbLJIO OpPraHM30BaHO COBMECTHO ¢ KoHdepeHuueil 1o QopmanbHOi
Bepudukamun VSTTE B 2010 roxy [49] u npoxoauno cpean KOMaH/I-y4aCTHUKOB KOH(EPEHIIHH.
OHo crano mepBbIM MeponpusitueM cepun VSComp. BTopoe u mocienHee COPEBHOBAHHE 3TOMH
cepun, adpdunuposanHoe ¢ koupeperuued VSTTE 2011, npouwrto onnaiiy [50].

B 2011 romy B pamkax mpoekta COST IC0701 cocTosuioch COpeBHOBAaHHE IO IEAYKTHBHOMN
BepuduKaun B csiske ¢ Konpepernueit FOVeOOS 2011 [51], koTopoe Takke MPOBOAUIOCH CPEIH
KoMmaH[. OHO MOJIOXKHJIO Hadajxo CaMOM yCIIEITHOW Ha JAaHHBI MOMEHT CEPHH COPEBHOBAHHUHA IO
nenykruBHoM Bepudukanuu VerifyThis. OmsIT mpoBeeHus STUX COPEBHOBAHUIN OIHCAH B CTATHE
[52]. ABtops! cTathu [52] oTMeuaroT, 4TO HanboJee CIOKHON POOIEMOil SIBISETCS COCTABICHUE
3a1a4 I COpeBHOBaHMS. Ha TepBBIX COpPEBHOBAHUSIX IO JIeAyKTUBHOH BepU(HKALUH
OpraHM3aTOPbl caMH (OPMYJIMPOBAIIM 3aJadyM, HO IO3/IHee ObUla NpeyIokKeHa Haes NEepelTH K
cOopy 3ama4y B obsacTu BepuHKALUK OT BCEX JKEJAIOIINX, YTO OIMCAHO B COBMECTHOW CTaThe
opraumsaropos cepuit VSComp u VerifyThis [53].
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Cepus copesnosanuii VerifyThis mpoxoxut exeromno ¢ 2011 roga (kpome 2020 roja) B CBSI3KE ¢
Pa3IMYHBIMYU KOH(DEPEHITUAMH 10 TIPUMEHEHUIO (POPMAITLHBIX METOJIOB: Hanpumep, B 2012 roxy —
¢ xoHpepenrmesi Formal Methods 2012 [46]. Haummas ¢ 2015 roma, cepus COpEBHOBaHHiA
VerifyThis adboumupyercs ¢ cepueit xoudepenuuit ETAPS [54-55]. KomaHIbI-y4acTHHKH
copesHoBanuii VerifyThis nomkHbI mpHCyTCTBOBATh HA MECTE MPOBEACHHS COPCBHOBAHHM, OHJIANH
ydacTue He mpeaycmoTpeno [56]. Haumnas ¢ 2012 roja, opraHu3aTopbl COPEBHOBaHHUIT 3apaHee
00BABIAIOT cOOp 3a7ad OT BCEX JKENAOMIMX MOMOYb MPOBEACHHIO COPEBHOBaHHWiL. 3amauu
OIMUCBIBAIOTCS HA CCTECTBEHHOM SI3BIKE C BO3MOXHBIMH BKIFOUCHHUSIMH MceBaoKoma. KomaHabi-
YYaCTHUKHM JOJDKHBI 3a7aTh (OpManpHyr0 chenudUKalMio 3aJadd, Pea30BaTh HPOrpaMMmy,
COOTBETCTBYIOIYIO JAHHBIM cHenuduKanusM, W IO0Ka3aTh, YTO 3Ta IporpaMmMa KOpPpEKTHa
OTHOCHTENBHO CBOMX crerudukanyii. JKopu olleHHBaeT NpeJOCTaBICHHbBIC PEIICHNS Ha IPeIMET
KOPPEKTHOCTH, TIOJTHOTBI M 3JICTAHTHOCTH.

OtMmernM, uTo BpeMsi copesHoBauuii VerifyThis orpanndeHo kpaTkuM BpeMeHEM IPOBEICHUS
CBSI3aHHOW KOH(EPEHINH, HO3TOMY AJIS PEIICHUS TPYLOEMKHX 33124 U3 00JaCTH HHIYCTPUAIBHOTO
POrPaMMHPOBaHMS C HEOABHEIO BPEMEHH OPraHH3aTOPBI CTANIU OOBABIATH NOJNTOBPEMCHHBIC
copeBHoBanus mon osrumoi VerifyThis [57-58]. [lns Takux 3amad OTBOJUTCS AJMHMTEIBHBIN
NPOMEXKYTOK BpeMEeHH Mexay KoHpepeHimsamH, cBszanHbiMH ¢ VerifyThis. IlomoGHbie
JIOJITOBPEMEHHBIE COPEBHOBAHHUS IEMOHCTPHPYIOT BAXKHYIO HICKO COPEBHOBAHUI MO JEMyKTHBHOMN
BepU(HUKAIUK, KOTOpas COCTOMT B TOM, YTO OICHHBAETCS HE CKOPOCTh pCIUICHHS 3ajad, a
CIIOCOOHOCTD PEIIUTH CJIOXKHBIC 33124l BEpU(DUKALUH IPOTPAMM.

B 2019 roxy copesroBanue VerifyThis crano gacteio meponpusituss TOOLympics 2019 [59-60], B
COCTaB KOTOPOTO BOILTH HECKOJBKO COPEBHOBAHHM, CBA3AHHBIX C MPUMEHEHHEM (DOPMAITBbHBIX
MeTo0B B mporpammupoBanuu. Cpemu copeBHoBanuii TOOLympics 2019 oco6o ormerum
copesroBanre RERS 2019 [61], koTopoe BXOJMUT B CEpHIO COPEBHOBAHHUII MO METOAY MPOBEPKH
mozeneit RERS [62-65]. B copesroBannn RERS, B oTmiune ot onuceiBaemoro konrecta VeHa-
2023, yuacTHUKaM He ObLIIO HEOOXOAMMOCTH (POPMAIN30BATh 3alIMCAHHBIC HA €CTECTBEHHOM SI3bIKE
TpeOoBaHMs, TaK KaK B 3aJa4ax OHU 33/IaHbI Ha SI3bIKE JIOTHKHU JHHelHoro BpeMenu LTL. [Toatomy
RERS sBrnsieTcsi ckopee COpeBHOBaHHEM MPOrPAMMHBIX MHCTPYMEHTOB IPOBEPKU MOJEINCH, yeM
koMnereHIri yaactHrkoB. Cepust RERS BKiIrOUaeT crienansHOe HarpaBJIeHUE 10 PELICHUIO 3a1a4
JUISL MOJENCH HapalyIeNbHBIX MporpaMM, 3aJlaHHBIX Ha s3bike Promela [62], xoTtopsiil Takixke
HCTIONB30Bajcs B paMkax Hamero VeHa-2023. B 2019 rony Breprie B uctopun nposeneans RERS
HHJyCTPHATIBbHBIM MapTHEPOM COPEBHOBAHMS ObUTM TPEUIOKEHBI 3aJaudl BepH(DUKAIUH ¥3
HHJyCTPHATIBHBIX HHPOPMAIMOHHBIX TexHomoruit [61]. Urtak, kak B mepompusitun TOOLympics
2019, tak 1 B koHTecTe VeHa-2023 mpoBOAMINCH COPEBHOBAHUS | MO MPOBEPKE MOJENEH, U 10
JeNYKTUBHOH BepuduKaiuu, oHako yuactHuku VeHa-2023 Obiiu 00s13aHbI IPECTaBUThH PELICHUS
mo oboum HampapieHusiM. Tarkxe oTMEeTHM, 9To B pamkax 1OOLympics 2019 6bu10 mpoBeaeHO
copesHoBanue Termination Competition 2019 [66] (Bxozsiiee B cepuro copeBHOBaHuiA Termination
Competition (termCOMP) [66-69]) mo mnpoBepke BBIMOJIHEHHS CBOWCTBA 3aBEPUIMMOCTH
HCIIONIHEHUsI IPOTPAMM U CHCTEM IEePEICHIBAHHUSI TEPMOB.

B 2022 roay mpormwio meponpusitre SpecifyThis [70]. Hassannoe mo amamoruu ¢ VerifyThis,
cobpitie SpecifyThis e moxoxe Ha copeBHOBaHHe. Ckopee 3TO pabouuil ceMHHAp, Ha KOTOPOM
YYACTHUKH JICTHINCH, KAKAM 00pa30oM MM MPUXOMIOCH peliaTh MpodiieMy 3a1aHus (popManbHbIX
crietukanuid. OMHAKO MEPCeKTHBA COPEBHOBAHHUHN MO 33JaHHI0 (GOPMANBHBIX CrelnpUKAIT
OpOrpaMM BBITJISANT MHOTOOOCHIAIOIICH B CBETE HETPHBUAIBHOCTH (HOPMAITM3alMU CBOMCTB
KOPPEKTHOCTH WHIYCTPUAIBHBIX TIPOTPAMM.

W3 00630pa poICTBEHHBIX MEPOIIPUATHII MOKHO CAETATh CIEAYIONINE BEIBOABL:

1. CopeBHoBaHus 1O (opMadbHOH BepH(UKAMK MPOTPaMM MPOBOISATCS B CBS3KE C
KOH(QEpeHINIMH 10 NPUMEHEHUIO (POpPManbHBIX METOJOB B NPOTPAMMHPOBAHHUH. DTO
MO3BOJISIET TPHUBJIEKATh YYAaCTHUKOB KOH(MEPEHIMH KaK B KadecTBE OPraHM3aTOPOB
COpPEBHOBAHMSI, TAK M B KAUECTBE COPEBHYIOIIUXCSI.
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2. CoBpeMEHHBIM TPEH/IOM CTAJIO MPOBE/ICHNE TAKUX KOHTECTOB B paMKax KOH(epeHIuii 1o
(opMabHBIM METO/aM B NPOTPaMMHUPOBAHMH, KOTOPBIE BKIIOYAIOT B ce€0sl HECKOJIBKO
COPEBHOBAaHMHA MO pa3HBIM HANpaBICHUSIM IPUMEHEHHS (OpMarIbHBIX METOJOB B
MIPOTPaMMHPOBAHHUH.

3. Bce wame Kk MpoBENCHHIO COPEBHOBAaHMH MO (DOPMAIbHBIM METOAAM IPHBIECKAIOTCS
WMHIyCTPUANIbHBIC NApTHEPHl — KOMIIAHWH, paboTaroImue B OOIACTH HHOYCTPHAIBHOTO
nporpammupoBaus. OHE 3aMHTEPECOBAHBI B IPUMEHEHHN (HOPMATbHON BEpUHUKALIIH B
CBOEH OTPACIN ¥ MOTYT IPEIOKUTE COOTBETCTBYIOIIUE 33AaH.

4. HoB®eIM HampaBliCHHEM B Pa3BUTHH COPEBHOBAHMU IO (popManbHON BepH(pHUKAINU CTAIIO
NPOBEJICHUE JIONTOBPEMEHHBIX KOHKYPCOB MEXKIY €KETOAHBIMH IPOBEICHUSIMHU
adpoumupoBaHHEIX KOH(pepeHnni. Ha Takmx COpPEeBHOBaHHMAX BO BpeMs IMPOBEACHUS
KOH(epeHINH 00BABILIIOTCS KPYITHBIE 3a1a4H, a PEIICHHUS POBEPSIOTCs yepe3 rox. Takas
cXeMa MO3BOJIET YYaCTHHKAM pellarth 3aiaull (popMaibHOH BepHUKAMK IPOrpaMM U3
00JIacTH MHAYCTPHAIBEHOTO IIPOTPaMMHUPOBAHUSL.

5. TpaaumnoHHO Ha COPEBHOBAHMAX MO (popMaTbHON BepH(UKAIINN 32 HECKOIBKO MECALEB
JI0 CaMOT0 COPEBHOBAHMS OOBABISIIOT cOOp 3a1ad. Kaskaplii Kenaronmii MOXKeT IPHUCIIaTh
OpraHW3aToOpaM CBOIO 3ajgady, KOTOpas MOXKeT MpEeACTaBIATh HHTEpec B 00macTu
¢dopmanbHON Bepudukanuu nporpamMMm. OpraHu3aToOpbl OCYLIECTBISIOT OTOOP JIYYIITHX
3azad.

3. Cmpykmypa copeeHo8aHuUsi U y4acmMHUKU

CoryacHO TIpeIBApUTEIFHOMY IUIaHY COPEBHOBAHMS MBI OPraHM30BaIM KOHKypC Ha
HepBOHaYaIbHOE 00CYXICHHE UIeH ¢ TpeyIoxKeHUsIMH 3a1a4. Kak yske yoMHHAIOCh BO BBEICHIH,
MPOMBIIIICHHBIC TTAPTHEPH! HE CMOTIIH MPEIOCTaBUTh 3aadl BOBPEMS, ITOITOMY aBTOPHI CTAThU
IpeJyiaraiy 3aJadd CaMu.

IIpn cocrtaBneHum 3amad, KpOME BPEMEHHOTO OTPAHMUYCHHUS, HaM ObUIO Ba)KHO, YTOOBI 3a1ada
3arparnBajla y9aCTHUKOB Ha 3MOIIMOHAJIILHOM YPOBHE, YTOOBI 3a/1a4a Kacajlach MPOMBIIIICHHBIX
00OBEKTOB.

B xauectBe 3amaun it Mmetona nposepku mMozenu H. O. I'apanunoii Obita npessioxkeHa 3aaada o
muccun “JIyHBI-25”, TaJieHue KOTOPOW IIUPOKO 0O0Cykaanock B mpecce. OmmbOKa, KOTOPYIO
IpeyIarajJoch IpOMOAEINPOBATh YYAaCTHHKAM, Kacajlach HAPYIIEHUS B3aUMOJIEHCTBUSA MOJyJEH.
OxonuarenbHas (GOpMyIHpPOBKa 3TOi 3amauu Obuta coctaBieHa H. O. Iapanunoit u M. B.
[MommuHOA.

Ipemnoxxenue ¢ 3amaueii 0 muccun “Jlynei-25” 6puto moamgepxano J[. A. KonapathbeBbiM U B
JNenyKTUBHOW Bepubukauuu. s neaykTuBHOW Bepudukanuu 06a3oBas (opmynupoBka Oblia
OnmM3Ka K HCIOJNIB3yeMOW B MyONMYHBIX H3JAaHUSAX, W3 KOTOPOH BBIKPUCTAJLIM30BAJIACh
OTHOCHTEJIFHO TPOCTas 3aada.

Takum 00pa3oM, ¢ MOMOIIBIO 3aaa4uu 0 MUCCHU “JIyHBI-25” MBI MBITAIMCH CHOPMHUPOBATEH PA3HBIC
B3IJIS/IbI HA OIIMOKH, BOSHUKAIOIIUE B MPOrpaMMax. JTo, C Halllei TOUKU 3PEHUs, COOTBETCTBYET
3ajaye Bepr(UKAIMK CIIOKHBIX MPOMBILIUICHHBIX MPOTPaMM, I/ie OLIHOKA SIBJSIETCS CIEICTBHEM
MHOXXECTBA IMPUYUH U TpeOyeT KOMIUIEKCHOTO HCCIIEJOBaHUs. 3ajauyd, MOCBSIIECHHbIE MHCCHH
“JIyns1-25”, oueHMBAINCh HaMU Kak OTHocuTenbHO npocthle. C. M. CTaposieToB MpeayoxuI
3a1a4y Bepu(HUKaIny POTOKOJIA TEIErpaMM Ul eBponoe3noB H, coBMecTHO ¢ H. O. 'apanuHoii —
3a7auyy BepU(UKALMK apXUTEKTYPHOH MocieaoBaTeabHOCTH pabdotsl (pipeline) GPGPU. Dtu
337124y OB BBIJIETICHBI aBTOPAaMHU M3 UX HAYYHO-HCCIIEA0BATEIILCKIX MPOEKTOB. CI0KHOCTD 3THX
3aja4 ObLIa BBIIIE.

Junst mpuBnedeHnst GOJIBILETO YKCIAa YYAaCTHUKOB MBI BHIOpaiM THOPHIHBIH (hopMaT MpoBeIeHUs
COPEBHOBAHMS: JOIYCKaJOCh M O4YHOE, W yaajeHHoe ydactue. OT xtopu oyHo Ha PSSV-2023
pabotan C. M. CtaposieToB, OCTaJbHBIE WICHBI KIOPU paboTa yAaIeHHO.
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st monepskku rubpuaHoro Gopmara Mbel paspaboranu caiit [71]. Ha caiite Obuin pa3MerieHbl
MaTepuasl 110 METOLy IPOBEPKU MOJENECH M ACAYKTHBHOW BepH(UKAINH, BBUIOKCHBI KPATKHE
OIMCAHUS 33j1a4 COPCBHOBAHMSA W JAHBI CCHUIKM Ha Telegram-kaman mis oGcyxnenuii, SKype-
MHUTHHT JJisl THIOTOPHAIOB M ‘“KMBBIX” KOHCYyJbTaumuil, a Ttakke GitHub-penmosuropuit mus
MOCJIEAYIOLIEN 3arpy3KH PELLICHUH.

B nporecce co3nanus caiita y Hac 6bUTa BO3MOXKHOCTH OBICTPOTO COBMECTHOTO PEIAKTHPOBAHUS
cogepxumoro Ha ocHoBe moxaxona WYSIWYG, uTo mo3BoimMio COCPEAOTOUUTHCS B OOJBILIEH
CTENICHW Ha 3a/layaX COPEBHOBAaHWs, 4eM Ha OQOpMIICHWH MarepuajoB. {11 BH3yaJbHOTO
HAIOJTHEHUs caliTa HCIIOJIb30BAJNCH MOIMYJSIPHBIE W300paXEHMH M3 CETH 0 TeMe 0aroB |
BepU(HKaUK, B YaCTHOCTH M300paxeHue “mepebiii Oar” [72]. Tlo oT3pIBaM Y4aCTHHKOB, cailT
COpPEBHOBAHMUS MTOTYYHIICS YAOOHBIN U KPaCHBBIH.

OCHOBHOE B3aUMOJICHCTBHE C yYaCTHUKAMH OCYILECTBILLIOCH Yyepe3 Meccermkep Telegram. BeiGop
MEPEUUCICHHBIX TEXHHYECKUX CPEICTB OOYCIIOBJIEH IPEXJE BCEro OBICTPOTOW pa3paboTKH,
MOJJIEPKKH Opay3epoB Kak JIECKTOIN-CHCTEM, TaK 1 MOOMIBHBIX YCTPONUCTB.

Hamu ObUTO yCTaHOBJIEHO CIEyIOIIee paclucaHne COpeBHOBaHMM: 2 HOs0ps 2023 — mpoBeneHue
THIOTOPHAJIOB 110 TEOPETUUECKUM U MPAKTHYECKUM acrekTaM (GpopMaiibHON BepH(UKalMU OHJIANH
B SKype u Ha MecTe MpoBECHHS COPEBHOBAHUH, YTPOM 3 HOSOpS — MyOIMKAIIKS MOJHBIX TEKCTOB
3aJaHui Ha caiite, yTpoM 5 HOsIOpst — 3aBepIeHUE 3arpy3ka pemeHnil. Bo BpeMs copeBHOBaHUI
MIPOBOAMIINCH OHJIAIH- M OYHBIE KOHCYIbTAIMH. K yCTaHOBIEHHOMY CPOKY yYaCTHHKH JOJDKHEI
ObUIM 3arpy3uth penieHus ¢ nomouipto pull-request [73] B 3amanHHbI 00muil peno3uTopHili Ha
GitHub [74]. DroT peno3uTopuii KoMKeH ObLT OBITh MPEIBAPUTEIHLHO KIOHUPOBAH yIaCTHHUKAMHU.
Y49acTHUKY AOJDKHBI OBIIIM CO31aTh B HEM CBOIO BETKY, COBEPIIIAs 110 X0y COPEBHOBAHMS 3arpy3KH
(KOMMUTBI) B CBOM JIOKAJIbHBIA PEMIO3UTOPUIL.

Kpome koza, y9acTHUKH MOTJIN CHAOJUTh PEIICHHE TEKCTOBBIMH KOMMEHTAPHAMH H ONMCAHUEM B
CBOOOZHOM CTHIIC, HAalpHMeEp, B BHIEC JHAarpaMM IIOCIEJOBATEIbHOCTH HCIOTHEHHA. Takum
o0OpazoM, Ui OpraHU3aliy COPEBHOBAHMS MbI NIPUMEHSUIM M3BECTHBIC MPOTPAMMHBIC PEIICHHUS B
cthepe UHIYCTpUATBHON pa3paboTKH.

ITo cBoemy ombITy HaOMIOAEHHMS M y4YacTHS B TaKOro poJa MEPOIPHUSTHSIX, ABTOPHI MOTYT
3aKJIIOYUTh, YTO YYaCTHHKH IIPUXOJAT HAa COPEBHOBAHMS C PA3HBIMHU LIEIAMH: KTO-TO XOPOIIO
POrpaMMHUPYET U IPOCTO KT MHTEPECHBIX 33/1a4, YTOOBI UX PEUINTh U MOOESTUTh, KOMY-TO HYXHO
MPUCOEIUHUTHCS K KOMaH/Ie ¥ YeMY-TO HaY4HThCsl, ClIeJIaB HeOOJIBIIYIO YacTh paboThl (3TO MOTYT
OBITh HE TOJIKO Pa3pabOTUMKH, HO U JIM3aiHEPHI MIT HAUNHAOLIME MEHEKEePHI IPOEKTOB),  KOMY-
TO HpaBUTCs HaxoAuThes B I T-cooliecTBe e IMHOMBINUIEHHUKOB. Ha TakuX MeponpHsITHSIX MOXKHO
BCTPETUTh, B OCHOBHOM, CTYAEHTOB CTapllMX KYypCOB, OJHAaKO TaM OBbIBAIOT M HEJaBHHUE
BBIITYCKHUKH, IPEACTABISMIONIME KOMIIAHHH, KaK B KauyeCTBE YYaCTHHKOB, TaK W B KayecTBeE
MEHTOPOB WJIM WICHOB JKIOPW OILEHKU NMPOEKTOB. PyTnHHas pabora pa3paOOTYMKOM B KOMITAHHH
1ocJie TMHAMUYHON M pa3HOOOpa3HOHM JKM3HHM B YHHBEPCHTETE CO cAadell MHOXecTBa paboT |
MOCTOSTHHBIMU JIe/UIaiiHAMH POXKAAET TATY K BBI30BaM, KOTOPbIE MOTYT 00€CIEYHTh COPEBHOBAHUSL.
Ha caiite meponpusituss Mbl Pa3MECTHJIM ONPOCHHUK Ul NPEIBAPUTEIBHOW PErHcTpanuu C
HCIOJIb30BAHMEM TOTOBBIX CPEJCTB CO3/1aHMs caiiToB, (hopm u Tabaui; Google Site u Google Docs.
OTO MO3BOJIMJIO HAaM IPOAHAIM3UPOBATH COCTAB W HWHTEPECHl YYACTHUKOB €lle JO Hayaia
COPEBHOBaHHSI.

o pesynbratam MpeABapUTENHLHOTO ONPOCa Ha caiiTe copeBHOBaHMit (ompocHuk B Bume Google-
(OpMBI 3aN0THIIIH 35 YenoBeK), y4aCTHUKN COPEBHOBAHUS UMeENH ciieayronie addunmmanmu:

e VuusepcureT MHHODONMC;

e Vuusepcurer U'TMO;

e HoBocubupckwuii rocynapcteenHsid yausepeutet (HI'Y);

e Canxr-IlerepOyprekuii rocynapcrBennsiii yausepceuret (CIIOIY);

o (Cankr-IletepOyprckuit monurexHudeckuii yauBepcuteT [letpa Bemmkoro (CITOITY);
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e Bricmas [IIkona Dxornomuku (BIID);
e Acrpa Jlunyke (I'pynmna Actpa), Mocksa.

Crenyer OTMETHTH, YTO BCcE 0€3 HMCKIIOUCHMS YYaCTHHKHM OBUIM M3 POCCHICKHMX BY30B HIIH
OpraHM3aluii, TIpH 5TOM OJMH W3 YYaCTHUKOB HpenCTaBIst1 Erumer, Oyaydyd MarucTpaHToM
Yuuepcurera HHOMOMNMC.

Pacnpenenenne y4acTHHKOB IO MPEANOYTCHUSIM (PU3MYECKOT0 NPUCYTCTBHS IOKa3aHo Ha puc. 1.
BonpmmHcTBO YyuacTHHKOB ObUTH M3 Cubupckux u Cankr-IleTepOyprckux By30B, Iie MPENnoaaloT
OpraHH3aTOPbl COPEBHOBAHMS, YTO OOBSACHSACT MOJy4YMBILEECS paclpeiesieHue. YYacTHHKHA Ha
Mecte ObuM M3 YHHBepcuteTa VHHOMONMC, I/ie pOBOAMIICS CBsi3aHHBIN cemuHap PSSV. Kpome
TOrO, OAWH YYacCTHUK IIpHexall IJIS OYHOIO y4acTHs Ha MECTO IPOBEACHHUS COPEBHOBAaHMH U3
MockBbl.

® Onnaitn
@ Ouno 8 WHHCnoNKce

Puc. 1. Pacnpedenenue yuacmnukos no ¢pusuteckomy npucymcmeuro
Fig. 1. Distribution of participants by physical presence

Ha puc. 2 moka3aHo pacnpeneneHHe NPENNOYTCHHUS YYaCTHHKAMH METOMOB (popMambHOU
Bepu¢ukanuyu. Takue pe3yabTaThl OTYACTH MOXKHO CHOBA OOBSCHHTH TEM, YTO OOJBIIMHCTBO
YYaCTHUKOB MPUIUIM HAa 3TH COPEBHOBAHUS IO MPUITALICHHIO OT OPTraHW3aTOPOB, KOTOPBIC
IPENoAaloT CIENKYPChl M0 IPOBEpKe MOAENEH, a TakxkKe, BO3MOXHO, M3-3a 0OJiee MHTEPECHBIX
TIpeABapPHUTENbHBIX (POPMYITNPOBOK 3a/1a4.

® HenyxrueHan sepuchuxauma
@ Model Checking (npoeepxa Mopeneit)
@ both

N\
\m%

Puc. 2. Pacnpedenenue yuacmuuxos no npeonoumumenbHomy Memooy eepugpuxayuu
Fig. 2. Distribution of participants by a preferred verification method

Pacnpenenenue 1o 3ajadamM, KOTOpbIe HHTEPECHBI YYaCTHUKAM JI0 Ha4yaja KOHTeCTa M 00bsIBICHHS
MTOJTHBIX TEKCTOB 3a/1a4, MPEICTABICHEI HA PHC. 3.

B pesynbrare aHajgM3a 3TOH CTATUCTHKK OPTraHMU3aTOPbI NMPHHSUIM pEIleHHE O HEOOXOJUMOCTH
NPEIOCTABIICHNS] YYaCTHUKAMH DPEIICHUH Kak 3a/laud 10 MPOBEpKe MOJENei, Tak W 3a/aud 1o
NeAYKTUBHOW BepuUKanuu (a HE OJHY W3 HUX), YTOOBI PaCHIMPUTH KOMIETCHIIMH YYaCTHUKOB.
CopeBHOBaHUs OBLUTH KOMaHIHBIMU, H B COCTaB KOMaH]II MOTJIO BXOJIUTH OT 1 710 3 4enmoBexk.
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@ [eoyxrvenas sepudmkaums pabote c
MacCUBaMK

@ Model checking, sagaya lNyna-25
Model checking, 3apada pipeline gpu
@ Model checking, npoToKon esponoe3os

Puc. 3. Pacnpedenenue yuacmnukos no npeonoumumenbHoMy 8bl00py 3a0auu
Fig. 3. Distribution of participants by a preferred task

4. 0630p nNpeodnoxeHHbIX 3ad0ay4y

[lepBOHauanbHasl KOHLEILUS COPEBHOBAHMUS MOAPa3yMeBaa, 4To 3a1a4u OyAyT MPEeJIOKEHBI KakK
WHIIyCTPUAJIBHBIMU NAPTHEPAMH MCXO/ISl U3 UX MMOTPEOHOCTEMH, TaK U OPraHU3aTOPaMH Ha OCHOBE MX
HaYYHBIX MHTEPECOB U MyOJIHMKAIUii, ONbITa Pa3pabOTKU U MPENoJaBaHus KypcoB 1o GpopMalibHOM
Bepudukanuu. K coxaneHuo, B 3TOM rofy HHAYCTpUAIIbHbIC TAPTHEPHI HE IPUHUMAIH y4acTHs B
MIOCTAHOBKE 3a/1a4, MO3TOMY BCE 3a/1aHHs OBIIM NPEUIOKEHBI OPraHu3aTOpaMHU-aBTOPAMH CTaThH.
[Mockonbky ¢opmanbHas BepudUKalMs TECHO CBs3aHA C HAJEKHBIMH CUCTEMaMH, a B
OTEUYCCTBEHHOM Mpecce B aBrycTe u ceHTs0pe 2023 roga MUPKYIUPOBAIO OOJBIIOE KOJIAYECTBO
MaTepHaloB MO MOBOJY HEAaBHETO KpylIeHHs ammapara muccun “Jlyna-25" (Hanpumep, [75]), To
OpraHU3aTOPhl HAIIUTA WHTEPECHBIM MPEIUIOKUTH B KAYECTBE 33/1a4l KOHTECTa MOJCIUPOBAHNE U
BepU(UKAIUIO KPUTHUECKOH IMPOTPaMMHONM CHCTEMBI TAaKOTO pojJa, HECMOTPs Ha TO, 4TO BCE
MyOIMYHbIE MaTEPHANIBI PACCIICAOBAHMUS IPUIHNH aBapHUH JIMIIb OYECHb IPHOIN3UTENEHO OCBEIIAIOT
JeTaJI TIPOrPaMMHOTO YCTPOWMCTBAa ammapara. Tema MOJECTMPOBAaHMSA M BepUPHUKALUH
MPOTPAaMMHBEIX COCTaBILIIOIIUX ammapara “‘JlyHa-25” crama ocHOBHO# Ha KkoHTecTe. [lomHbIe
YCIIOBHS BCEX 3aj1a4 MOKHO HaWTH Ha caiite konTecta VeHa-2023 [71].

4.1 lepykTBHasA Bepucpukauma

VY4yacTHUKaM COpPEBHOBaHWs Oblla NpeIUIoXKEeHa 3ajada IO JISAYKTHBHOH BepU(HKALUH
HpOrpaMMBbl, IPEAHA3HAYCHHOM JUIsl PEIeHHUs] OJJHOW M3 MOTEHIUAIBHBIX Ipo0ieM Muccuu “JlyHa-
25”.

B abcTpakTHOH MOCTAHOBKE OIMyOJMKOBAaHHAS BEPCHs NMPUYMHBI KPYIICHHUS amrapaTa COCTOMUT B
TOM, YTO B MAacCHUB KOMaH]| C OJWHAKOBBIM NMPUOPUTETOM MOIaNa KOMaHIa, IPHOPUTET KOTOPOH
OTJIMYAETCs OT OCTAJIBbHBIX. [IporpamMma, MpoBepsIoIIas, €CTh I B MACCHBE XOTsI Obl OJJH JJIEMEHT,
OTJIMYAIOMIMICS OT OCTalIbHBIX, MOIJIa Obl MO3BOJIUTH M30€XKaTh 3TOW MPOOJIEMBl. YUYaCTHUKH
JIOJDKHBI ObUTH BepU(UIIMPOBATh TaKkyro mporpammy B cucteme C-lightVer.

Bhaawane paccMoTpuM OOyl IIOCTAaHOBKY 3anadu. IIpemycnoBue mporpamMMel OBUIO 33JaHO
3apaHee, YTOObl y4aCTHUKU HE IPOBOIIHN TPYIOEMKYIO paboTy C HU3KOYPOBHEBBIMHU JIeTajssMU. B
UTOTE, 33j1a4a COCTOsIa B TOM, YTOOBI YUaCTHUKH COPEBHOBAHMS:

1. 3ajanM MOCTYCIOBHE NPOTrpaMMbl B BHJE PaBEHCTBA DPE3yIbTHPYIOLICH MepeMEHHON
NOpPOrpaMMbl U PEKYPCUBHON (DYHKIMH, MOACTHPYIOLIECH LUKIT TPOTrPaMMBbl;
2. 3amanu ompeeieHue (pYHKINH, UCTIOIb3YEMON B TOCTYCIOBHH M MOJAEIHPYIOIICH UK
POTPaMMBI;
3. BepubuIHpOBaIH IPOrpamMMy ¢ omoIiso cucremsr C-lightVer.
OmnuineM eTabHYO TIOCTAHOBKY 3a1auH.

B kauecTBe BXOJHBIX JaHHBIX 3aJlaud yY4aCTHHUKAaM MpenocTaBisuics ¢aiin “element_equality.c” ¢
OJIMHAKOBBIM COJEP>KUMBIM (CM. JTUCTHHT 1)
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B sToMm aiine mpemocraBieHo omnpejeneHue Bepuduimpyemon ¢ynkuuu element_equality u
npeycIoBre AaHHOM QyHKIUH, 3anucanHoe Ha s3bike Applicative Common Lisp B koMMeHTapuu
1o onpexnenennst pyuxunu. Oyukmnus element_equality peanusyet mpoBepky paBeHCTBa SIIEMEHTOB
maccuBa Ha si3bike C. YuacTHHKaM HYXHO ObUIO 3aiaTh mocrycinoBue Ha sizeike Applicative
Common Lisp BHYTpH IycTOr0 KOMMEHTAPHUS MTOCIIE OIPEICIICHUS BEpUPUIIIPYEMO DYHKITHH.
/* (and (integer-listp a) (natp n) (< 0 n)
(<= n (length a))) */
int element equality(int *a, int n) {
int result = 1;
for (int i = 1; 1 < n; i++)
{
if (afi-1] != alil)
{
result = 0;
break;
}
}

return result;
/x o x/

Jlucmunz 1. Bxoouwie oannvie (patin “element equality.c”)
Listing 1. Input data (file “element_equality.c”)

I[J'I?[ peuicHus 3aaa4u y4aCTHHUKAM HYKHO OBLIO BBINOJHUTD CJICAYIOIIYO MOCICAOBATCIBHOCTD
marosB:

1. OtpenaktupoBatsh (aitn “element_equality.c”, 106aBuB B HEro MOCTYCIOBHE B BHIC
paBeHCTBa TepeMeHHOW ‘“Tesult” u mpuMeHeHHs (YHKIHH, MPOBEPSIONICH pPaBEHCTBO
9JIEMEHTOB MaccHBa OT HW)KHEH /10 BEpXHEil I'paHUIlbl MacCUBa, 3a[JaHHBIX B KaueCTBE
apryMEHTOB.

2. Coszmatp aitn ¢ Teopueil mMpeaMETHOW 00JIACTH, COACPKAIIU ompeaeiacHue (GyHKIUH,
IIPUMEHEHHOH B ITOCTYCIIOBUU M BO3BpaIaromieif uncio “1”, eciam Bce 3JIeMEeHTHl MacCHBa
OT HIKHEH JI0 BEpXHEH IpaHuIIbl paBHbI, U yUci0 “0” B MHBIX CIydasX.

3. Bamycruts cucremy C-lightVer, mepenas eii B kauecTBe HapaMeTpoOB OTPEIAKTUPOBAHHBII
¢aiin “element_equality.c” u monydeHHslit ¢aiin ¢ Teopuel MmpeAMETHOW 00IacTH, H
MpPOBEPUTh, 4YTO HHGPOPMANHs, TOJyYeHHAass B pe3ylbTaTe ceaHca BepHdUKaiuH,
CBHJIETEIBCTBYET O KOPPEKTHOCTH MPOTPAMMBI OTHOCUTENHHO CBOMX CICIIU(UKAIIHIA.

B  kauectBe  pemieHMs ~ 3aJaud  KOMaHJaM-y4aCcTHMKAaM  CJIE€JOBAJ0  IPEIOCTaBHUTh
oTpeaaKkTUpOBaHHbIH (aitn “element_equality.C” ¢ 3agaHHBIM MTOCTYCIIOBHEM M MOJTYYEHHBIN (haii
C Teopuel NpeaMeTHO 00JlacTH, CO/epXallMi OINpelesieHHe NPUMEHEHHOW B IIOCTYCIOBHU
(hyHKIHM.

Kpurepun st OleHKH KOJIMYECTBa OalljioB, KOTOpPOE TMONYy4ajo pelIeHHe MO JeAYKTHBHON
BepudUKaluu, ObUTH CIETYIOIINE:

1. mpaBWIIBHO JIM 33JIaHO MTOCTYCIIOBHE;

2. TpaBWIbHO JIM 3a/laHa TEOPHs MPEJIMETHOW O00JACTH C ONpe[esieHHeM NPUMEHEHHOH B
MIOCTYCJIOBUH (DYHKITUH;

3. MO3BOJISLET JIU PpeUICHUC OCYIIECTBUTDH BepI/I(I)I/IKaHI/IIO B CUCTEMC.

OTMeTHM, YTO OTHOCHUTENBHO MPOCTas 3ajada Mo ACAyKTHBHOW BepU(HKALMU ObUia ypaBHEHA B
Oamtax ¢ 3agayamu mo mpoBepke Ha mozenu (model checking), Tak kak s pelieHus] JaHHON
3aj1a4M YY4aCTHHKAM TPUIILIOCH H3y9aTh TAKYIO CIOKHYIO HAYYHYIO U MPAKTHYECKYIO 00J1acTh, KaK
JeJIyKTABHAS BEpUPUKAIIMS IPOTPaMM, a Takke ucroiib3oBanue cucrembl C-lightVer. B 6yaymem
MBI [UITAaHUPYEM OTPENeISITh KOMMYECTBO OAIJIOB 3a 3a1aun 0oJiee THOKMMH CIIOCOOaMH.
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4.2 Metoa npoBepku moaeneun (Model Checking)
Jliist MeToa MPOBEPKH MOJICITH OBLTH MPEAI0KEHBI TpH 3amaun. J{ist 3amaun o craniuu “Jlyna-25”
6b1T0 HEO0OX0AMMO Ha si3bike Promela gpopmanuzoBars B3anMoIeHCTBIE MOYJICH CTAHIINH 1 HANTH
CIIEHAPHiA, IPUBOMAMHN K omudOke, ommcanHoii B CMI, a 3aTeM MpeIOKUTh HCIPaBICHHYIO
MOJIeNb, B KOTOPOH HET OIMOOYHBIX CIICHAPHEB B3aUMOICHCTBUS MOAYJIeH. Y POBEHB 3TOH 3a1aun
OLIEHHUBAJICSl OPraHU3aTOPaMH KaK MPOCTOH.
B 3amaue o momemuposanuu pipeline GPGPU 6bi10 HeoOxoaumMo, omicars pPipeline mpoteccos,
npoucxoamux B GPU npu pemennn 3agaun Ha SIMT siapax cornacHO U3BECTHBIM ITyOTHKAIIHSM.
B 3aaue mpo npoTOKOII TEJIErpaMM JIJisl €BPOIOe310B TPeOOBAIOCH Pean30BaTh ATOPUTM PabOThI
¢ OMHApPHBIMH COOOIICHHUSIMU COTJIACHO O(QHUIMAIBLHOMY JIOKYMEHTY M TMPOBEPUTH KOPPEKTHOCTD
KOJIMPOBaHMS/JEKOAUPOBAHUSL.
[Mocnennue nBe 3a/a4d MMEIOT BBICOKHH YPOBEHb CJIOXKHOCTH M MOTYT PacCMaTPUBATBHCS Kak
MIPUMEPHI MPOMBIIUIEHHOTO MOAEINPOBAHUS U BepH(PUKALIH.
Jlyist yuactusi B COpEBHOBAaHHHM TOCTATOYHO OBLIO PELINTh OJHY U3 Tpex 3a1a4. HecMoTps Ha TO, 4TO
YPOBEHb 3a/1a4 Pa3HBIi, IS CIOKHBIX 33124 ObUIO JOCTATOYHO MPEUIOKUTD IPOCTYIO, HAYATbHYIO
Bepcuio peteHus. TakuM moa00poOM 3a/1ad OPraHU3aTOPbl COPEBHOBAHUS XOTEIH CTUMYIHPOBATH
MHTEPEC YUYaCTHUKOB K BepH(UKAIUHU TPOMBIIUICHHBIX CUCTEM.
[Tpu onieHKe pemeHuil Mo MeToy MPOBEPKU MOJIEIH UCIIOJIb30BAINCH CICAYIOIUE KPUTEPUH:

1. Ka4ecTBO MOJIETUPOBAHMUS;

2. ¢dopmynupoBaHue TpeOOBaHHI K MOJIEITH HA S3bIKE TEMIIOPAIbHOM JIOTHKH;

3. HanWuyme KOPPEKTHBIX BBIYNCICHHH W aHAaNU3 KOHTPIPHUMEpa, BBIIABAEMOTO
BepudukaTopom;
4. Ka4yecTBO aJrOPUTMa, UCIPABIISIOIETO OIIHOKY.

JIBe CoXkHBIE 337Ja41 OLICHUBAIIUCH TOJBKO 110 ABYM HIEPBBIM KPUTEPHUSIM.

4.2.1 MopenupoBaHue npobnembl muccum “JlyHa-25"

B xavecTBe OCHOBBI [T 3a1a4u ObLTH BEIOpaHEI coobmennss CMU o kpymennn crannmn “JlyHa-
25”, omUchIBarOIE COCTAB MOIyJICH alapara u Ipe/rnoaaracMble IPUIHHbL KpyiineHus [76]:

19 aseycma 2023 200a npu 6vioaue KOppeKMupyroue2o uMnyibca Oas nepesood KOCMUYECKO20
annapama c Kpy2080t OKOJOJIVHHOU OpOUmbsl HAa IIIUNMUYECKYIO NPEeONOCAOOUHYI0 OpOumy
ogueamenvHas ycmanogxka ‘“Jlyuwl-25” npopabomana 127 cexyno emecmo 3aniaHupo8anHvix 84
cexyno. B umoee cmanyus nepewina na Hepacuemuyr0 He3amMKHymyl opoumy u CMmoOJKHYIACHL C
JIYHHOU NOBEPXHOCMBIO.

s MmonenupoBaHus B 3aaue OBLTH BBIICIICHBI 3HAYMMBIE MOy TH cTaHuy “JlyHa-25”, corimacHo
ony6nnkoBanHoit B CMU oTkpbiTON HHBOpMAIHH:

1. 6optooii komimieke ynpasierus (BKY);

2. 6nok m3mepeHus yriossix ckopocreit (BI1YC-JI — bnok W3mepenus Yrioeix Ckopocreii-
JlyHa) 1 1aTYNKH YTIIOBBIX CKOPOCTEH;

3. [BHrarens;

4. npyrue MOIyJH.
“BopTOBOI KOMIUIEKC YIpaBlieHHs1” oOecreunBaeT (YHKIMOHHPOBAHHUE BCETO KOCMHYECKOTO
ammapara ¥ pa3HbIX ero cucTeM. B ero 3aiaum BXOAWUT yIpaBieHNE BCEMH KOMIIOHEHTaMH.
“BUYC-JI” npenHasHaueH I ONPEAEICHHsT OPUEHTALIMU KOCMUUYECKOHW CTAHIIUM U OINPEeICHUs
CKOpOCTH TIOJIETa TpH IOMOIIM ONTOBOJOKOHHBIX THPOCKONOB U akceiepoMerpa. Ilpu
MOJICIIMPOBAHIH PACCMATPUBAINCH TOJIBKO JATYUKH YTIIOBBIX CKOPOCTEH.
“JlBuraTesnn”’ OTBEUaeT 3a IepeMelieHue anmnapara. [Ipu nocaike oH J10JDKeH 00ecTieunTh Mepexo]
amnmapara Ha JJUIMITHYEeCKYI0 OpOuTy.
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IIpo “/Ipyrme Momynu” W3BECTHO, YTO OHM MOTYT NPHUHUMATh W TIepeAaBaTh NaHHBIC, U ITOTO
JIOCTaTOYHO JUI UX MOJEITUPOBAHMUS.

JIOTIOTHUTEIBHOM, XOTh M HESBHOW KOMIIOHEHTOW, TpeOyromeil MoIenupoBaHusl, IBISIIach cpea
KOMMYHHKAIIUY, B KOTOPOI MMeeTCsl IIMHA Tepelaud KOMaH/ U IIMHA NepeJjayy JaHHBIX.

B ycmoBum 3ajmaum OBIIO TPEIVIOKEHO CMOJCIHPOBATH CICAYIOUIYI0 BEPCHIO ONIMOKH,
npomsonienreil Ha cranuu “Jlyna-25” (Mbl HAMEpEHHO HE pacCMaTPHBAaEM BEPCHH, CBSI3aHHEIC C
BO3MOJKHBIMH OIIMOKaMH TIPH IUIAHMPOBAHHWHU IPOIIECCOB B ONEPANMOHHBIX CHCTEMaX PEalbHOTO
BpPEMEHH, a OCHOBEIBaeMcsl Ha oxHoi n3 Bepcuit m3 CMU). Ilo HemsBectHpIM npuunaaM BUY C-JI
CTaJl mepeaBaTh CJIMIIKOM MHOTO “HYJIEBBIX CUTHANOB”. DTUM OH NEPErpys3mil BXOAAIIMNA MOTOK
nmansabix Ha BKY. [pu Takoit mpobneme BKY mogan BI1Y C-JI komanmy o nepesarpyske. B maccuse
Bxosmmx komana BIYC-JI npucyrcTBOBaIM KOMaH Bl 00 OTCIIEKHUBAHUU YIJIOBBIX CKOPOCTEH U
o nepe3arpyske. BUY C-JI HepeTepMHUHUPOBAaHHO BHIOpAJ B MacCHBE KOMaHy O nepesarpyske. [Ipu
nepe3arpy3ke BI1YC-JI ouncTui cBoif MaccuB BXOISINUX KOMaHI M TakUM 00pa3oM IPOIYCTHI
KOMaHly 00 OTCIIe)KMBaHUH YII0BBIX ckopocTell. [Tockonbky Ha BKY He ObLi 3amporpamMmmupoBaH
aHanmu3 oTBeTHOI peakmmu BUYC-JI Ha koMaHIy BKIIOUEHHS akcenrepoMeTpoB, To BKY He cmor
HONMy4uTh HMHGOpMAUIO O (AaKTHUECKHX 3HAYCHUSIX YITOBBIX CKopocTed. B pesymbrare mpu
JOCTIXEHNH HeoOxomumoi opoutel BKY He mepenan curHanm OBUraTteiqio Ha CBOSBPEMEHHOE
OTKITIOYEHHE.

Jlis pereHus 3a1a4u OT yYaCTHUKOB TPEOOBAJIOCH:!

1. CropoekTHpOBaTh B3aUMOJICHCTBHE KOMITOHEHT, YTOObI OHO NPHBOIMIO K aBapHH B
pe3ynbTare HEMpaBHIBLHOTO pacloyiokeHuss B myne naHHbix BUYC-JI komanabl 00
OTCJIe)KMBAaHUM YIJIOBBIX CKOpocTed ammapaTta. JlokasaTh, YTO aBapusi MOMKET
TIPOUCXOJUTh.

2. V3MeHUTh IpOEKT Tak, 4yToObl M30exarh aBapuu. JlokasaTh, YTO aBapusi HE MOXET
IIPOUCXOTUTD.

4.2.2 MopenupoBaHue apxXUTEKTYPHOW nocrenoBaTeNlbHOCTU pPaboTbl
(pipeline) GPGPU

Orta 3aja4ya npeanosaraia paculMpeHHe WJeil Hallero Mmojxoja Mo MOJEIMPOBAHUIO Ha SI3bIKE
Promela moBenenust mpoueccopa BuaeokapThl (GPU) mnpu HCHOMHEHHH KoJa HEKOTOPOW
napajulenbHoil nporpammel. Pesynerupyromas Promela-monens wcrnonb3oBanach A IOHCKa
HaWMEHBIIIEr0 BPEMEHH HCIOJHEHMS 3TOH IMapaulelIbHON NMPOTpaMMbl, MCXOIS W3 KOMOWHAIMH
apaMeTpoB, OT KOTOPBIX 3aBUCHUT BPEMsI 3aBePIIICHHs UCTIONHEH s [77].

B mmTHpyemoii craThe MBI HCTIONB30BAJIM TOJIBKO CYIIHOCTH aOCcTpakTHON apxurekTypsl OpenCL
[78], Takue xak XOCT, YCTPOMCTBO, HCHOJHHUTEIBHBIN MOMynb. OJHAKO CYHIECTBYIOT pabOTHI, B
KOTOPBIX C XOpOIIEeH TOYHOCTHIO MMPOMOAEINPOBAH Mpouecc paboTsl peansHoro GPU-nporieccopa
[79]. Ora mMonenp MpUHMMAaeT BO BHUMAHUE MPEXAE BCErO CHCTEMY KOMaHI (MHCTPYKLHH) W
BKJTIOYAET TaKWE COCTABIIONIME KakK Kell WHCTPYKIWH, Oydep WHCTPYKIMH, IUIAHHUPOBIIMK
MCIIOJIHEHUsI MHCTPYKIUHM, MOYJIb COOPKH OTIEPaHJIOB U JpYyTHE.

B mpoueccopax uxX KOMIOHEHTBI OpraHu3yroT pipeline — nociaenoBaTeIbHOCTh B3aUMOICHCTBHI B
COOTBETCTBHH ¢ NMpHUHIHNAMH apxuTekTypbl. CoBpemennsle GPU peamnzyror SIMT apxurexrypy
(single instruction, multiple thread), To ecTp oxHa ¥ Ta k€ MHCTPYKUHMS HOCIE IEKOIUPOBAHHS
UCIIONHSETCS Ha OOJIBIIOM KOJIMUECTBE MOTOKOB, CIOCOOHBIX BBINOJIHATH MPOCTHIC ONEPAHH, IS
4ero HeoOXoxuMmo Haimuune S(P(EKTHBHOTO K3IA W peaju3alud aJrOpUTMOB paboOTHl C
BETBICHUSIMH. [I0CKOJIbKY BCE 9TH Ollepalii MPEACTaBISIOT cOO0H B3aUMOJICUCTBHS TapajlIelIbHO
UCTIOJIHSIOUINXCSl KOMIIOHEHTOB C CHHXPOHH3allUel, TO OHH MOT'YT OBbITh HPOMOJEIMPOBAHbI Ha
S3bIKAX OTBEYAIOLIMX MOAXO0aM MPOLECCHBIX anredp, Hanpumep anredpe CSP u s3piky Promela.

Or Y4aCTHUKOB COPECBHOBAHHUA OKHIAAJICA PE3YJIbTAT, yﬂOBJ’[CTBOpHIOHII/Iﬁ CJICAYIOIUM ITYHKTaM:
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e co3JaHa MOJEJb PEIICHHs MPOCTOW 3ajadd, 3aJaHHON B BUAE IOCJIEIOBATEIbHOCTH
MHCTPYKLHMH, CXOIHBIX C IPHUBEICHHBIMU IPHUMEpPaMH HHCTPYKLMH Ul HEKOTOPOH
OpenCL mporpammsr;

e B3aNMMOJIEHCTBHS KOMIIOHEHTOB OJKHBI COOTBETCTBOBATh OCHOBHEIM naesam n3 GPGPU
Sim [79];

e BCC CYIIHOCTH JOJDKHBI OBITh OMHCAHBI Kak MOapajienbHble mpoueccsl Promela,
B3aUMO/ICHCTBYIOIINE Yepe3 KaHalbl (IPUHIATHE U OTIIPAaBKa COOOIIECHUIT);

® JOMKHO  OBITh  HECKONBKO  JK3EMIULIPOB  CYHNIHOCTEH Uil CHUMYJISLMHA
mynbTanporeccopoB GPU 1 miiaHupoBIIMKOB BHYTPH HHX;

® pelmreHue A0DKHO OBITH cenano ¢ npeaoctapnerrneM UML nuarpamm gesrensHOCTH 1O
KaKJJOMY KOMIIOHEHTY.

[pemnaranocs BepudUIUPOBATh TPEOOBAaHHE MHUHUMAIBLHOIO BPEMCHU HCIOJHCHHUS PEIICHHUS
3aga4un Ha GPU, cornacuHo Hamemy noaxony [77].

4.2.3 MogenupoBaHue NpoTOKONa TenerpamMmm Ans eBponoes3nos

Ota 3aa4a npeanonaraia NpoJo/DKCHUE UCCISOBaHUS 10 CO3JaHUIO BBIIOJHUMONM MOJETH I
nobutoBbix omepamuii ¢ Eurobalise-renerpaMmmamu  (mepenaBacMbIME  COOOIICHUSIMH B
COBPEMEHHBIX KEJIE3HOJOPOKHBIX CHCTEMaX) COTJIACHO MX O(UIHANIBHON crielu()UKAINH C EITbI0
MPOBEPKH KOJUPOBAHHS U JACKOoaupoBaHus Takux teiaerpamm [80]. B wactHocTH, paHee aBTOpoM
ObLIa peann3oBaHa OubaroTeKa [ist paboThl ¢ OMHapHBIMU moarHOMamu B noste GF(2) na Promela,
U TeNeph MPEAIOoNarajioch peain3oBaTh MOJIENTb COTJIACHO NPEJIOKESHHBIM B CTaThe IOIXOIaM.
[InaHUpOBaNOCh, 4TO B INPOLECCE COPEBHOBAHUS OyIeT NPOBOAUTHCS OOCYKICHHE 3alIadu C
YYaCTHUKaMH, KOTOpoe OyIeT BKIIOYATh O3HAKOMJICGHHE C TPeOOBaHMAMH K Telerpammam Ui
Oamm3bl (mepenardyrka) w3 OQHUIHMATBHOTO CTaHAapTa W C MeToJaMu paboTHl ¢ OMHAPHBIMU
MOJMHOMAaMH /sl BbIUKMCIIeHUs] KoHTposibHOM cyMMbl (CRC). B urore oxunancs Kakoi-mmdo u3
CJIEYIOIIUX PE3yJIbTaTOB:

e peammsanus Ha Promela mo6GuroBsIX omepaiii paboOTHI C YACTSIMH TeJIerpaMM B
COOTBETCTBHH CO CTAaH/IApPTOM C HCIOJIb30BAHHEM OMOIMOTEKH B BHAE MAKPOCOB IUIS
MOJIMHOMOB;

e peaim3alyUs KOAMPOBAHHS U HPOBEPKH MOJYYUBLIMXCS AUarpaMM (BO3MOXKHO, CHavaja
Ha s3eike C, ¢ mocnenyromedl ¢opmanmsaumeid Ha Promela ¢ mnposexeHuem
abcTparupoBaHus);

® pceajmsanund JEKOJUPOBAHUA,

° peanmaum[ BepI/I(bI/IKaHI/II/I KOI[I/IpOBaHI/Iﬂ u }Z[CKO}:[I/IpOBaHI/ISI HyTeM CHy‘IaﬁHOM IIOAMECHBI
OHUTOB B COOOIIECHNH.

5. O6yyeHue y4acmHuKoe

OOyueHne y4aCTHHKOB MPOBOAMIOCH B THOpHIHOM (opmare — MUCTAaHIIMOHHO W Ha Mecte. B
Ha3HAYCHHOE BPeMsI [0 YKa3aHHOMY Ha caiiTe KOHTECTa ajpecy ObUTH MpoBeAeHbI Jekimu B SKype
10 JIeAyKTUBHOMN BepuHUKAINH U s136IKy Promela c samicsio, noctymsoii B teuenue 30 queit. Kpome
TOTO, Ha CaiiTe COPEBHOBAHMS OBIIH BBIJIOXKEHBI 00ydaroue MaTepransl. JJOMOTHATETFHO OMH U3
OPTaHU3aTOPOB MPOYEI JIEKIMH 110 MPAKTHYECKAM acTieKTaM Bepudukaropa Spin B YHuBepcureTe
WNuHononue ¢ TpaHcisiuued u 3amichio B SKype. Takxke Bo BpeMsl pelleHHs 3a/1ad MPOBOIMINCH
OHJIAHMH U 0(1aliH KOHCYTIBTAIINH.
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5.1 flepyktBHas Bepudcukauums

Jlo Hayayia copeBHOBaHMS ObUTA MOATOTOBJICHBI M pa3MENIeHbl HA CaiiTe CIeAYIONIHe MaTepUAITbI
[71]:

e MHHHU-TIOCOOME I yYaCTHUKOB COPEBHOBAHMUSI MO IEAYKTHBHOHN BepH(UKaAINY;

e IIpe3eHTalMs THIOTOpHANA Ui YYaCTHHKOB COPECBHOBaHUS 110  JIEIyKTHBHOMN
BepupuKanum.

Kpome TOro, y4acTHHKaM COPEBHOBAHHUs OBLIO HACTOSATENBHO PEKOMEHIOBAHO YCTAHOBHTH
cuctemy C-lightVer no nauana copeBHOBaHHSL.

IMocobue omuchIBaeT AEAYKTHBHYIO Bepudukaiuio, npuMenenue cucrembl C-lightVer, u s3bix
Applicative Common Lisp ua mpuMepe pelieHus IEMOHCTPAIIMOHHON 3a1aui 0 BepH(DUKAIIHH
(byHKIMH, BEIYUCIIIOLICH CyMMY a0COJTIOTHBIX 3HAYCHHUI SIIEMEHTOB MaccuBa. JJeMOHCTpanoHHas
3ajlauya W ee PeIlcHHe TPEIOCTaB/SUINCh YYacTHHKaM B KadectBe (aitmor “abs_sum.c” u “abs-
sum.lisp” B gomosHeHHE K TTOCOOHIO.

Taroke OTMETHM, YTO B TEKCTE MOCOGHs ObLIM OCOOEHHO MOAPOGHO OMUCAHBI TE OCOOCHHOCTH
nporpammupoBanust Ha si3pike Applicative Common Lisp u pa6otsi ¢ cuctemoit C-lightVer, rae npu
peuICHuM 3aja4u COPEBHOBAHUA MOKHO 6I>IHO JOMMYCTUTH OH_II/I6Ky.

3amaya mo BepupuKauuyu (QyHKINH, BBMHUCIAIOMIECH CyMMY aOCONIOTHBIX 3HAYCHHM JIICMEHTOB
MacCHBa, CX0a ¢ 3a1a4ueii COpeBHOBaHUS. B 9THX 3a1a4ax LUKII B IPOrPaMMe COBEPIIACT HTSPAIIUH
HaJ BCEMH JJICMEHTAMH MacCHBa, a IIOCTYCIOBHE IIPEACTABISICT COOOM PaBEHCTBO pe3yJbTara
[pPOrpaMMbl M MPUMEHEHHsT (DYHKIMH K 3JIEMEHTaM MAacCHBa OT HIDKHEH J0 BEPXHEH TIPaHHUIBI
maccuBa. Kpome TOro, m TaM, W TaM TEOpHsl MPEIMETHOH O00JACTH COOCPIKUT OIPEACICHHE
NPUMEHEHHOW B MOCTYCIOBUH (YHKIMH, MOJCIHUPYIOIIEH BepupHIupyeMyto nporpamMmy. Takum
00pa3om, 00yUeHHe YYaCTHUKOB BKIIFOYAJIO 03HAKOMJICHHE C OIIBITOM OPraHH3aTOpPa COPEBHOBAHMSL.

5.2 MeTop npoBepku mogenen

Matepuansl 1O TEOPETHYECKHMM AacHeKTaM MeTojAa INpOoBEepKH Moxenel (cTpykrypsl Kpurmke,
CHHTAaKCHC U CEMaHTHKa TeMIOpPaIbHbIX JIOTHK, (JopManu3anus TpedoBaHuii) OblJIM OCHOBAHbI Ha
Kypce JieKIui jgetHed mkoiael Computer Science Summer in Russia 2019, a Taxkske cOOCTBEHHBIX
KypcoB asTopoB B HI'Y. B wuactHOocTH, B ONmyOJMKOBaHHOW Ha caifTe Ipe3eHTallH
paccMaTpUBarOTCSl W3BECTHBIE OIMMOKM B KPUTHYECKOM IPOrpaMMHOM obecrieueHuu (B cdepe
KOCMOCa W MEJUIMHBI), OCHOBHBIE METOJIbl MPOBEPKH KauyecTBa MPOrPaMMHOT0 OOecHeyYeHus],
pasHMIA MEXIy NIeIyKTHBHOH BepU(HKALMEH M TNPOBEPKOW MOJeNeH, W Jajiee NPUBOAATCS
IpUMEpHI MOJIENIeH 1 TpeOOBaHMH U pa3HbIX KIIACCOB IPOrpaMM. B IoMoTHeHHE K TEOPETHUECKIM
MarepuaiaM ObLiIa BBIJIOKEHA HHCTPYKIUSI 110 3amycky Bepudukaropa SPIN u cpeast iSpin B cpene
Windows (o6sr4H0 310 TpebyeT ycranoBku MinGV + gcc, 4To He Bcerja OYeBUAHO CTYJICHTaM).
ThroTOpHaNT K COPEBHOBAHMIO IO METOAAM IPOBEPKHM MoJeNel BKIroyal 0030p CHHTAaKcHCa H
cemaHTuku si3pika Promela Bepudukatopa Spin U OCHOBHBIE CMOCOOBI PabOTBI C ITUM
HMHCTPYMEHTOM.

Takxe Ha callT ObUIa BBUIOKEHA IJIaBa MPO METOJ MPOBEPKU Mopenieid u3 kHuru [81] aBTOpoB
CTaThbM, B KOTOPOH KpaTKO paccCMOTPEHBI TEOPETHYECKHE CBEJEHUS O MeToje, pabora c
Bepuduraropom SPIN u smements! si3pika Promela.

DTOT Marepuan ObUI HCIOIb30BAH AJIS MPOBEICHHUS JICKIUH MO MpakTHYecKuM acriektam Model
Checking, rae yuactamkam Gbuta mokazana cOopka SPIN ¢ ero GitHub-penosurtopus [82] ¢
nomoripsio make B Unix-cpene, Hamucanue Koja Ha BX0JHOM si3bike Promela B cpene Visual Studio
Code u 3amyck Mojerneil HeKOTOPBIX KOMMYHHKAIMOHHBIX MPOTOKOJIOB B cpeze iSpin, mpoBepka
LTL cBoiicTB u cmoco0 3agaHusi TapaMeTpoB Bepu(HUKATOPa, CBSI3aHHBIX C HCIOJIB3YyEeMOM
HaMsTBIO, ISl IPOBEPKH OOJIBIINX MOJIEINEH.
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5.3 KoHcynbTauuu

ITockobKy KOHTECT IPOBOIMICS B OCHOBHOM B BBIXOJHBIC M OHJIAWH, a ucxomubiid GitHub-
PETIO3UTOPHI JUTA 3arpy3KH PELICHNH KIIOHUPOBAIHN HE BCE YUYaCTHHUKH, TO OPTaHU3aTOPOM CIIOXKHO
OBUIO OTCIIEANTH TEKYyIEE COCTOSHHWE pemIeHHs 3agad. [losToMy Obula OpraHM30BaHa OYHAsS
KOHCYJIbTAIMs ¢ 00BbsiBIcHHEM B Telegram-kaHase COpeBHOBaHMUSI, Ha KOTOPYIO IIPUIIUTH yIaCTHHKH
JIBYX KOMaHA U3 MIHHONONMNCa. Y4acTHUKN KOHCYJIBTalliH COOOIIMIHN, YTO, IO MX MHEHUIO, 3aJa4H
chopmyarpoBaHbl HeueTko. OHM Tak)kKe OTMETHJIM, YTO B 3aaave o cTaHuuu “JlyHa-25” npuyuuHEI
aBapuH B pa3HbIX oTyetax B CMU He Bcerja COOTBETCTBYIOT HH(OPMALIUK B OTIMCAHUY 3aJlaul OT
opranuzatopoB. Ha Bompoc o croco0e HeJeTepMHHHPOBAHHOTO IMOSBICHUS OIIMOKH B MOJEIH
CHCTEMBI, YYaCTHHKaM ObLIO YKa3aHO Ha BO3MOXKHOCTH HeAETepMHHH3Ma B omepatopax if, do u
select [83]. Ortnocutenbho 3amaun GPGPU y4acTHHUKY BRICKA3aJld MHEHHE, YTO 3a/1a4a CIIUIIKOM
CJIOKHAs, TaK KaK HYXXHO JOJITO M3y4aTh INpeJBapUTENIbHBIE MaTEpHaJIbl, TOITOMY KOMaHJIa He
yCIIeeT IPEAOCTAaBUTh PELICHHE JODKHOTO KaueCTBa, TaK KaK IMIPUXOJUTCS SIIE 3aHNMAThCS 3a1a9ei
TI0 IeTyKTUBHOM Bepudukanmu. TeM He MeHee, y9aCTHHKH 3aBEPHIIH, YTO B KAKOM-TO BUIE MOJICITH
OyAyT MOCTPOGHBI, TAK KaK C CHHTAKCHCOM M CEMaHTHKOH s3bika Promela omu B memom
paszobOpainucek. JoToIHNTEIbHO KOHCYIIBTAHT ITOJYEPKHYJI, YTO B HAIIIEM COPEBHOBAaHNH B PEIICHHAX
YYaCTHHKOB HE OKHJAETCS 3apaHee OMPEACICHHOTO IPOTOKONA B3aWMOIEHCTBHS IPOIECCOB
CHCTEMBI, 3TOT IIPOTOKOJI OHU JIOJDKHBI MPUAYMATh U 000CHOBATh B CBOEM PEILCHUU.

Takxke MOPKE COCTOSIIACH OHIAWH-KOHCYNbTAlMs B SKype, Ha KOTOpOil jKeiaromue IOy
pa3biCHEHUs 1Mo (QOpMyNHpoOBKe 3amadu o craHiuu ‘“‘JlyHa-25” W acmekTaMm B3amMOJIEHCTBUSA
MPOILIECCOB Yepe3 KaHaiusl B Promela.

6. lMpoeedeHue copeeHOBaHUs

CopeBHOBaHHE IO AeqyKTHBHOW Bepu¢umkammu oneHmBan /1. A. KonmpateeB, a mo meromy
npoBepku moaenu — H. O. I'apanuna, C. M. Craponeros, 1. B. lllommuHa.

6.1 CopeBHOBaHue No AeAyKTUBHOM BepudmKaumm

W3 nsiTHamuaTé KOMaH] KOHTECTA PEHICHUs 3a/aud 10 JEAYKTUBHON BepH(UKAIMU TpPUCIATH
TPHUHAAIATH KOMaH/I.

W3 HUX [eBSITh KOMaH]| HAOpaJll MaKCUMAJIbHBIE IECATh OAIIIOB, TPU KOMAH/Ibl — JIEBSITh OAIIOB U
0JIHa KOMaH 12 — BoceMb 6aiutoB. OTIeIbHO UTOTH COPEBHOBAHMUS 110 JSIYKTHBHOW Bepr(UKaIMU B
pamkax VeHa-2023 He moaBoAMIHCE, 3TH OaIsl ObUIH YYTEHBI B UTOT€ KOHTECTA B I[EJIOM.
CambIM OOJIBIIUM HEJOCTATKOM PELICHHIA 3a/[aud ObLIO MCIOIB30BAHUE SIUHUIBI BMECTO HYJIS B
Ka4yeCTBE 3HAYCHUS HIDKHEH TIpaHUIBl B NPUMEHEHHH (QYHKIMH B TMOCTYCIOBHUA. MOXHO
MPEANOI0KUTh, YTO K MOSBICHHIO TAKOW OIIMOKK MPHUBENIO UCIOIb30BAHHUE €AMHUIIBI B KAYECTBE
3HAYCHHUS CYETYMKA IMKJIa B Bepuduimpyemoir mporpamme. Ho wurepamum nukima B
BepU(HIMPYEMOl MporpaMMe TMOKPHIBAIOT MACCHB, HAUYMHAS HE C dIIEMEHTa ¢ WHAeKcoM 1, a ¢
sneMenTa ¢ uHaekcoM 0, Tak Kak B KAYECTBE HHJIEKCOB B JAHHOM IIMKJIE HCTIONB3YIOTCS BRIPAXKEHHUS
i-lui.

AGcomoTHOE OONBITMHCTBO KOMaH I MPUCJIAJTIO0 PENICHHS, KOTOPbIE JTMOO COBMAJAIOT C TOYHOCTHIO
JI0 UMEH UICHTH(HHKATOPOB C HAIIMM DTAJOHHBIM pElICHHEM, JUOO JOBOJIBHO OJIIM3KH K HEMY,
MO3TOMY 3JIECH MBI PUBOJUM TEKCTHI (haiiiioB 3Toro pemenus “element_equality.c” u “element-
equality.lisp”. Conepxxumoe ¢aiina “element_equality.C” 3TaJOHHOTO peIICHHUs Ha JIUCTHHTE 2.
OTa 4acTh pemieHusi COCTOMT B 3a/IaHAM MOCTYCJIOBUSI B BHJIE€ PABCHCTBA MPUMEHEHHS (YHKIIHH
element-equality u mepemennoit result BHYTpH KOMMEHTapus TMOCIE  OMpPEACICHHUS
BepubunupyeMoi GpyHKIMU. Aprymentamu npumenenus element-equality, coorBeTcTByOMIMME
HIDKHEH ¥ BepXHel rpaHulie, sBisitorcst Beipaxenus 0 u (- N 1). Ommobka, 0 KOTOPOH YIOMUHATIOCH
paHee, COCTOHT B HCIIOJIb30BAHUH B KaUECTBE TAKUX apryMEHTOB BeipakeHuid 1 u (- n 1).
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/* (and (integer-listp a) (natp n) (< 0 n)

(<= n (length a))) */
int element equality(int *a, int n) {
int result = 1;

for (int 1 = 1; 1 < n; i++) {
if (afi-1]1 !'= a[i]) {
result = 0
break;

}

’

}

return result;
}
/*
*/

(element-equality 0 (- n 1) a) result)
Jlucmune 2. @aiin smanonnozo pewenust (“element_equality.c”)
Listing 2. Reference solution file (“element_equality.c )

Ha nwmcrunre 3 mpuBemeHo ompexpenenne ¢yukimu element-equality w3 mocrycnosus B (aiine
“element-equality.lisp”.

(defun element-equality(i j a)

(if (or (not (natp i)) (not (natp j))) O
(if >=1 3) 1
(if (not (equal (nth (- 3 1) a)
(nth j a))) O
(element-equality i (- Jj 1) a)))))

Jlucmune 3. @ynxyus “element-equality ”, npumenennas ¢ nocmycroeuu (gaiin “element-equality.lisp”)
Listing 3. “element-equality” function applied in the postcondition (“‘element-equality.lisp”)

Oyukius element-equality Bo3eparaer uncio 1, ecnu BCe dIEMEHTHI MOCICIOBATEIBHOCTH OT
HIDKHEH 710 BEpXHEH IpaHuIlbl paBHbI, ¥ ykcio 0 B nHbIX cnydasx. Otmerum, uto dyukis element-
equality OIpe/ieSieHa PEKyPCUBHO C YMEHBIIEHHEM BEPXHEH IpaHUllbl HA €AMHUILY MPHU KaXKJA0M
PEKYPCUBHOM BBHI3OBE.

PaccmoTpum pemieHust 3ajaud, KOTOpbIE OpraHM3aToOp IOCYMTal HHTEepecHbIMU. Bce Takue
pelIeHns coiep>kaT 0COOCHHOCTH NPU PELICHNH CIIeAYIOIMel moa3aaadn: KakuM o0pa3oM caenaTh
BO3BpallacMbIM 3HaUeHHEM (DYHKITUH U3 TTOCTYCIOBHUS meoe ucio 1 wu 0 BMecTo TOoro, 9To0BI ¢
MOMOUIbI0 KOHBIOHKLIMM PABEHCTBA 3JEMEHTOB MacCHUBa U PEKYPCUBHOIO NPHUMEHEHUS AaHHOM
(yHKOMU cIenaTh BO3BpallacMBIM 3HAYCHHEM OyieBO 3HauYeHHE. B ATaJlOHHOM pelIeHHH 3Ta
Moj3aj1a4a pemnrajach ¢ MOMOIIBI0 WCIIONB30BaHHUS B ONpEACTICHUN (DYHKIMH U3 MMOCTYCIOBHSA
BMECTO KOHBIOHKIIMH YCJIOBHOTO BBIPAXKEHUS, TOKA3aHHOTO HA JIUCTHUHTE 4.

(if (>=1 9) 1

(if (not (equal (nth (- 3 1) a)
(nth j a))) O
(element-equality i (- j 1) a)))

Jlucmune 4. Ycaosnoe svipasicenue us ¢ynuxyuu “element-equality”, npumenennoil ¢ nocmyciosuu
Listing 4. Conditional expression in the “element-equality” function applied in the postcondition

B npenapurensHoM periennn komanasl NastyaKrass (I'pynma Actpa, MockBa) ObLIO TIPEUIOKEHO
HCIIOIb30BaTh BMECTO 9TOTO BBIPAXKEHUSI CPaBHEHHE C TIOMOIIBIO TOOUTOBBIX OTIEPaIfii 2JIEMEHTOB
MacCHBa M CPaBHEHHUE C TOMOIIBIO TOOUTOBBIX OTNEPAIMi MOITYUYSHHOTO PE3YJIbTaTa C pEKYPCHUBHBIM
npuMeHeHneM QyHkiuu. Takas ues pelleHHs OCHOBaHA Ha TOM, YTO 3JEMEHThl MacCHBa
NPECTaBISIOT COOOH Ienble 4YHCiIa, CPaBHEHHE KOTOPBIX MOXHO pEaln30BaTh C IOMOIIBIO
MOOUTOBBIX Omepariii BMecTo paBeHcTBa. Ho Tak kak NastyaKrass pemrana 3agaqy cOpeBHOBAHHS
10 JIeIyKTHBHOM BepuUKaIMu BpyIHyto (6e3 HCrmoap30Bans mporpammuoii cuctemsr C-lightVer),
TO TOJIyYMBLIEECS PEIICHUE COJCPKUT HEAOUYEeThl. 3a MOMBITKY PELIeHUs 33jauu BpyuHyo (0e3
ucnons3oBanms C-lightVer) u 3a mombITKy pemmTh 3amady HHTEPECHBIM CIOCOOOM KOMaHIa
NastyaKrass nomyuusia nmo4eTHyo rpaMoTy “3a BoJIto K nobdene”.
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Komanpa Cache-Invalidation (Yausepcurer Munomnonuc, MHHOIONNC) TpeIoKUIa HCTIOIb30BaTh
MHOE BBIP@KEHHE BMECTO BBIIIETPUBEIEHHOTO YCIOBHOTO BHIPAXKEHHS (CM. JINCTHHT 5).

(if > 1i9) 1

(if (=1 3) 1
(min
(if (= (nth j a) (nth (- j 1) a)) 1 0)
(element-equality i (- 3 1) a))))

Jlucmune 5. AnbmepHamusHblil 6apUAHM YCI0BHO20 8bIPANCEHUS U3 PYHKYUU, NPUMEHEHHOU 8 NOCMYCI08UU
Listing 5. Alternate version of conditional expression from the function applied in the postcondition

DTo pelIeHne OCHOBAaHO Ha BEIOOPE MUHMUMAIIBHOTO BJIEMEHTA MEXKIY Pe3yJIbTaTOM PEKYPCHBHOTO
NpUMeHeHUs1 QYHKIUH U3 TTOCTYCJIOBHS U YCIOBHBIM BBIPR)KEHHEM CO 3Ha4€HHEM B Buje yucna 1
IIPU PaBEHCTBE DJIEMEHTOB MAacCHUBOB M CO 3HaueHuWeM B Buze uncia 0 B mHOM ciyyae. Beibop
MHUHHMaJIBHOTO 3JIEMEHTA B IAHHOM PELICHUH OCYILECTBIISIETCS C IIOMOIIBIO CTAaHIaPTHON (DYHKIIUH
min u3 s3p1ka Applicative Common Lisp. [lonyuuBiieecs penieHre MOXHO Pa3BUTh CICAYIOLINM
0o0pa3zoM: cHayajia TeHepHpOBaTh M0 MAaCCUBY IMOCJIEOBATEILHOCTD 3JIEMEHTOB, B KOTOPYIO Oy/ieT
nomnajaTh 4ucio 1, eciu coceHue 3JIEMEHTHI MacCUBa paBHBIL, ¥ 4Kcio 0 B MHOM citydae, a II0TOM
UCKaThb MUHHMYM B IOJY4YCHHOH NOCIeoBaTeIbHOCTH. OCOOCHHO OTMETHM, YTO K (YHKIHUSM,
UCTIONB3YEMbIM JUTS 3allaHusl CrelH(pHUKAHi, He NPUMEHSIOTCS TpeOoBaHUSA K 3(PdeKTHBHOCTH
peanu3anyy, TaKk Kak B HpoIecce JCAyKTUBHON BepU(HKALMU HCIIONHEHHE STHX (YHKUWI He
npoucxomutr. [1o3ToMy, Takoe pelieHHe MMeEeT IIOJHOE MpaBo Ha CYIIECTBOBaHHE, a KOMaHMa
Cache-Invalidation monyumnia no4yetHyro rpamoty “3a opuruHaibHOE peleHue 3aaauu “JlyHa-25”
(nemyktuBHas Bepudukarys)”.

DJjieranTHOE pelIeHne mpeIoKuI yuactHik koMau sl Kokorin (Ipynmna Actpa, Mocksa). C oxHO#
CTOPOHBI, (YHKIMS M3 MOCTYCJIOBHUS 3TOI0 PELICHHs 3aBUCHT TOJBKO OT BepxHed rpaHumbl. C
OpYroil CTOPOHBI, PAaccCMOTPHM HeTpUBHaNbHOEe onpeneieHue ¢ynkuuu element-equality,
MIPUMEHEHHOMW B IIOCTYCJIOBHH, TOKa3aHHOE Ha JIMCTHHTE 0.

(defun element-equality-bool (j a)
(if (not (natp j)) nil
(If (=0 39) t
(and (= (nth (- 3 1) a) (nth j a))
(element-equality-bool (- 3 1) a)))))

(defun element-equality(n a)
(if (element-equality-bool (- n 1) a) 1 0))

Jlucmune 6. @ynxyus “‘element-equality ”, npednooicennas yuacmuuxom Kokorin (Mockea)
Listing 6. “element-equality ” function offered by participant Kokorin (Moscow)

dyuknus element-equality onpenenena ¢ nomonisto npumeHenus Gpyukuuu element-equality-bool.
TakuM 00pa3oM, 3TO EAMHCTBCHHOE pCLICHWE, II¢ B TEOPUH MPEAMETHOH obmacTd OBLIO
ornpezeneHo doiiee o HOM GyHKIMH. Vcnonb30BaHue ABYX (YHKIMH MMO3BOJIMIIO Pa30UTh pellICHUE
3ajayM Ha JBe nojzamaun: ¢ynkuus element-equality-bool Bo3Bpamaer HCTHHHOE WM JIOKHOE
3HAYCHHUE B 3aBHCHMOCTH OT TOTO, BCE JIM BJIEMEHTHI ITOCIEA0BATENLHOCTH JI0 BEPXHEH TPAHUIIBI
paBubl, a Qyukuous element-equality Bossparmaer ymcino 1 wiam 0 B 3aBUCHMOCTH OT 3HAYEHHS
npumMenenns Gpyukiwun element-equality. @ymkmms element-equality onpeenena HepekypcHuBHO, a
oyukuus element-equality-bool ompenmenena pekypcHBHO C MOMOIIBIO KOHBIOHKIIMH CBOETO
PEKYPCHBHOTO MPUMEHEHHS M PAaBEHCTBA DJIEMEHTOB MaccHBa. TakKe OTMETHUM, YTO KpOMe
JEKOMIO3ULINK 3a1aul, komanae Kokorin ymamoch HamucaTh NpoCTOE M MOHATHOE MOSICHEHUE B
JOTIOJTHEHHE K PELICHHIO 3aJa4n. Tak Kak B JOMOJHEHUE K TAKOMY 3JEraHTHOMY PEILCHHUIO 3TON
KOMaHJIe yJaJloCh MPEJOCTABUTh OPUIMHAIBHOE PEIICHHE 3a]a4d COPEBHOBAHHUS MO MPOBEPKH
Mojereit, To KoKorin mosy4rt modetHyro rpaMoTy “3a OpUrHHAIBHOE pellieHne 3a1ad KoHTecTa”.
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6.2 CopeBHoBaHue no nposepke moaenen (Model Checking)

Bcee MATHAAUATh KOMaH/ BBIITOJIHAIN 3aJaHUC 10 METOAY IMTPOBEPKU MOJCIIN.

6.2.1 OLWMOKM N CNOXHOCTU, BO3HUKLUME Y YHYACTHUKOB COPEBHOBaHUS

PaccMoTpuM OCHOBHBIE TPYAHOCTH, C KOTOPBIMU CTOJKHYJINUCH YYACTHUKHU B YaCTH COPEBHOBAHUS,
CBSI3aHHOTO C METOJJOM IPOBEPKU MOEIH, Ha IIpUMepe 3a1aun o cTaHnuu “JlyHa-25".
[IpennoxeHHass HEKOPPEKTHAS MOCIIENOBATENILHOCTE COOBITHI Ha cTaHimu “JlyHa-25” conepkana
OLIMOKY CHHXPOHM3ALMH, YTO XapaKTEPHO JUIS PAaCcIpeIelICHHBIX alropuTMOB. Takoi THIl omrOoK
yI0OHO MOJIETMPYETCSE C TIOMOIIBIO si361ka Promela, mockombky Promela — s351k MeXIIpoeccHOTO
B3aUMOJCHCTBUS.

IIpn mpoBepke MOJENMPOBaHMS OLECHHWBAJIOCH KAadeCTBO MOJACIMPOBAHUS CTPYKTYp HaHHBIX,
Ka4eCTBO MOJICITUPOBAHU MEXaHW3MOB CHHXPOHHU3ALUH, COOJIONEHHWE AaITOPUTMOB pPabOTHI
OTAETBHBIX IIPOIECCOB/MOIYNEH, KOPPEKTHOCTh HCIOJIB30BAaHHUSA MEXaHH3MOB aOCTpakumu —
aTOMapHOCTH, YepeioBaHMs. VIHCTpYyMEHTHI MOJEIMPOBAaHNS OUY€Hb MOIIHBIE, BO3HUKAET COOIa3H
YIPOCTUTH MOJIENb, TO €CTh CHOPMHUPOBATH MPOCTYIO MOJEIb Ha BBICOKOM YPOBHE aOCTpaKIHH.
Taxas Mozenb MOXET OBITh BEpUPHUIUPYEMOH, HO HEe OyJET B JOCTATOYHOHW CTENIEHH OTPaXKaTh
JieTajei pealn3anuu.

Bo mHOTMX Mopjensx ObUIM BBEIEHBI JIMIIHHE MapaMETphbl, HANpHMEpP, HECKOJBKO 3HAYCHUH
MOKa3aHWH YTJIOBBIX CKOpOCTEH. B maHHOI mocTaHOBKE 3afadM alrOpuUTM HE IperycMaTpHBal
pa3HOi peakIuM Ha pa3Hble 3HAUYEHHUs YIJIOBOM cKOpocTH. [[ng caMoro TOHKOIO MOJEIHUPOBAHUA
JOCTaTOYHO OBLIO TpexX 3HayeHuil: 0 — CKOpocTh He MpoBepsieTcs, | — CKOPOCTh MPOBEPSIETCS, HO
anmapar He JOCTUTI OKOJIONYHHOH OpOWTBI, 2 — CKOPOCTh IpOBEpSETCS, ammapaTr IOCTUT
OKOJIONYHHO# opOuThL. Bonee Toro, MoxHO ObU10 000MTHCH U ABYMs 3HaYeHUSIMH: (0 — CKOPOCTh HE
npoBepsieTcs, | — ckopocTh mpoBepsieTcs, a nepexiaroueHrne bKY mo n1ocTimkeHHIo OKoJIOITyHHOU
OpOUTHI MOJICTUPOBATh HEACTEPMUHUPOBaHHO. [IpaBaa, Takoe MojeIupoBaHKe MOTPeOOBaIO ObI
6oJiee TOHKOTO 3aaHUsI CBOICTB. BBO HEHY’KHBIX MapaMeTpOB WIIM HEOOOCHOBAHHBIX JHANIa30HOB
MEPEMEHHBIX TPHUBOIAT K OSKCIOHCHIHAJIHHOMY B3pBIBY IPOCTPAHCTBA COCTOSIHUH MOJICIH.
[IprunHa cOCTONT B TOM, YTO COCTOSIHUE CTPYKTYpbl Kpumke, KoTopast CTpOUTCSl BEpUPHKATOPOM
SPIN, conepxuT 3HauCHHS IEPEMEHHBIX U CUETUYHKH ONEPATOPOB, IIO3TOMY Pa3Mephl CTPYKTYPHI
3aBHUCAT OT JIMala30Ha 3HAYCHUI TTIePEeMEHHBIX.

Jpyrum HEeHY>KHBIM 1711 BepU(HUKALNY TapaMeTpoM ObUTH CUETYHKH BpeMeHH. B dopmynmrpoBke
QITOPUTMOB W CBOMCTB BpeMs HE MpeaycMaTpHBalIOCh. 34eCh paccMaTpUBAJICS IIOJXO/,
chopmynupoBanHblii JI. JI3MIIOpTOM, YTO KadeCTBEHHBIE PACIpEC/ICHHBIC ANTOPUTMbI JTOJKHBI
paboTaTh IMpPaBUIBHO BCErZa, HE3aBUCHMO OT CKOpPOCTH mporeccoB. Kpome Toro, nmHeiiHas
temropanbHas joruka (LTL), anst xortopoid peann3oBaH Meron mpoBepkd mozpeian B SPIN,
npeaHasHavdycHa JUIA 3aJaHuA MPUYUHHO-CJICACTBEHHBIX 3aBUCUMOCTEH BO BpeMeHHOf/'I
MOCJIEIOBAaTEIEHOCTH coObITHi. KosnmudecTBeHHBIC 3HAu€HHWs BPEMEHH B OSTOH JIOTHKE HE
NpeayCMOTPCHEI. TunuaasiM BapUAHTOM MOACIUPOBAHUA CO6LITHﬁ, KOTOPbIE HWHTYHUTUBHO
CBA3BIBAIOTCA CO BPEMEHEM, SABJIAIOTCA HEACTCPMHUHHUPOBAHHBIC IEPECXOJbI, HAIIPUMEP, KaHaJ
HeJIeTEPMUHUPOBAHHO OTIPABIISIET COOOICHNUS HIIH TEPSIET HX.

Eme oxHO# mpobiemMoii cTano MOAeTMpOBaHUE Cpelbl KOMMYHHKAIMKA. B yclioBUU 3aaun OBLIO
CKa3aHO, 4TO Cp€aa KOMMYHHKAIIUN MPOXOAUT MO IUKITY BCEC MPOLECCChI U B OJJTHOM IHUKIIC 1100
noixyyaer, JuOO OTHpaBiseT cooOmeHus. MHOrue M3 YYacTHHUKOB OLIMOOYHO YBEITHUYMIH
IPaHYJIAPHOCTh MOJENU C IIOMOLIBIO ONMepaTopoB AtOMIC, BKIIOYMB IOJYYCHHE H OTIPABKY
cooOmennit B oauH mar. Kpome TOro, MHOTME MOJENN pealn30BaM paboTy ainropurMma, Kak
TMIOCJIE/I0BATENLHYIO pab0Ty MPOLIECCOB, TO ECTH JI0 TOT0, KK OJIMH MPOLIECC HE BHIIOJIHUT CBOM 1Iar,
CBSI3aHHBIN C 0OpabOOTKON COOOILIEHWH, ClieAyroUIMid Npolece He NMPHUCTYIAaeT K CBOeH padore.
Takum 00pa3oM, yJacTHMKH OMIMOOYHO ITOCYMTANIM, YTO Cpefa KOMMYHHMKAIIMM HAaKJIa/(bIBaeT
OTpaHWUEHUE Ha IOCJICOBATEIHLHOCTh PA0OTHI OCTANTBHBIX MOMAYJIEH. XOTsS TMOCIEeI0BaTEIbHBIN
OTIPOC KaHAJIOB HE O3HAYAET MOCIIE0BATEIbHYIO paboTy Moaynei. UToOb! n36exkaTh TaKo! OIUOKH
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IPY MOJIEITMPOBAHIH, MOKHO BBIIEIUTH CPEeAy KOMMYHUKALUH B OTIEIBHBII IPOLIECC U aKKypaTHO
paborath ¢ rpaHyJISIpHOCTHIO.

Jpyrum orneHnBaeMBIM TapaMeTpoM ObLTO cocTaBiieHHe TpeOoBaHms Ha sa3bike LTL. CroxHOCTD
3aKJII0YACTCS B MEPEXO/E OT €CTECTBEHHOTO s3bIKa K (pOpMaNbHOMY, IPH 3TOM HEOOXOIMMO He
OLIMOHUTHCS, COCTaBUTh TpeOOBaHNE B COOTBETCTBUU C (JOPMAILHOI CEMaHTHKOM.

Hekoropble y4acTHUKM HE CMOITHM COCTAaBUTH TPEOOBaHWA. BOJBIIMHCTBO M3 COCTAaBICHHBIX
TpeOoBaHUH (POPMYIHNPOBAINCH B TEPMUHAX PeaTH3allii MOAETH U B BHIE “‘Korma-HuOyas BUYC-
JI Oyzner perucTpupoBaTh yrioByIO CKOpOCTh”. IIpH 3TOM TONBKO HECKOJIBKO YYACTHHKOB CMOTJIH
OTpa3uTh, 4TO TpeOOBaHHE JOJDKHO BBIIONHATHCS MHOTOKDATHO M MO YCJIOBHIO: “BCErna, €Ciu
KOMaH/Ia IIepexo/ia Ha SIUIMIITHYECKYI0 OpOMTY AaHa, TO 3TOT mepexon Oynet 3aBepuien”. Hamo
3aMETUTh, YTO HAa IpPAKTHKE Takoi (OpMyTUpPOBKHM ObLIO OBl HEAOCTATOYHO, MOCKOJBKY, Kak
NPaBUJIO, B IOJZOOHBIX CHCTEMax MPEeAYyCMOTpeHa MTaTHas 00paboTKa OIMOOK, a, 3HAYHT, YCIOBHSA
TOJIBKO C MOZIaueil KOMaHABl OyIeT HeIOCTATOYHO.

B unciio oneHnBaeMbIX MapaMeTpoB BXOAMIA pabOTOCIIOCOOHOCTH MOJENIN — TO €CTh HAJIMYUE
OECKOHEUHBIX BHIYMCIICHNH, a TAK)Ke aHAJIN3 KOHTPIIPHUMEPOB, TO €CTh BEIYHCICHUH, HAPYLIAIOIINX
CBOMCTBO.

[IpubMU3UTEILHO TPETH YYACTHHKOB HE YAAIOCh pa3paboTaTh pabOTOCHOCOOHYIO MOMACTb, a
HUMEHHO, JIa)Ke B PEKUME CUMYJISLIUM BOSHUKAIU B3aUMHbIE OJOKHPOBKH IPOLIECCOB. MHOTHE H3
9THX KOMaHJl HE CMOIJIM OOHApYXUTh HEPabOTOCHOCOOHOCTh CBOMX MOJIENEH CaMOCTOSATENBHO.
3/ech CKa3bIBaeTCsS OTCYTCTBHE OIbITA aHalM3a KOHTPIPHUMEPOB, a TaK)Ke HE3HAHHWE 0a30BBIX
Bo3MokHOCTe Bepudukaropa SPIN: 8 SPIN ects mpoBepka Ha 0TCYTCTBHE B3aUMHBIX OJOKHPOBOK
NPOLECCOB. AHANN3 IPUYHH, BBI3BABIINX OJOKHPOBKH MPOIECCOB, IMOKAa3aj, YTO HEKOTOPHIE
YYaCTHHKH HE OCBOWIH ceMaHTHKU omepatopoB B Promela: SPIN mposepsier Bce omeparopsi
Promela Ha BBIMOJHEMOCTB, €CJIM ONEPATOP IO KaKOH-TUOO NMPUYMHE BBIIOJHHTH HENB35, TO
BBIMOJIHEHHE TIpoIiecca OJIOKUPYeTCs.

B yacTHOCTH, OIIMOKa COCTOSIA B TOM, YTO ONIEPATOP BEIOOpA NPH HEBBITOJHUMOCTH BCEX YCIIOBHI
OJIOKHpYeT HpOoLecC, a He MPOJOJDKACT BBIYUCICHHUE, KaK TO MPOMCXOJHUT B S3BIKaX BBICOKOTO
YPOBHSL.

Bcero 4 paboThl MpeACTaBUIM KOHTPIpPUMEpHI, creHepupoBaHHble SPIN mpu omnpoBep:keHHH
cBoifctBa. HM OIMH W3 yYaCcTHHKOB HE NPEICTAaBHJ aHaIM3a KOHTPIpHUMepoB. HekoTopwle u3
3asIBIICHHBIX KOHTPIIPUMEPOB IIPOJIEMOHCTPUPOBAITY HEIIOHUMaHHE aBTOPAMH OIHOOK, HAICHHBIX
Bepu(pHKaTOpOM. 3aMETHM, YTO HECMOTPSI Ha TO, YTO B METO/Ie POBEPKH MOJIENIH BepH(UKaTOp cam
TeHEpUPYET KOHTPIIPUMEPBI, UX AaHAIW3 HE TPHUBHAJIEH. BO-NepBbIX, KOHTPIPHUMEDP MOXKET
CBUJIETEILCTBOBATh O HApyUIEHHMHM O0a30BbIX CBOMCTB paclpelesieHHbIX CHUCTEM, Halpumep,
B3auMHas OJIOKUPOBKA MPOIIECCOB WIIN HECOOIIIO/ICHUE CBOIICTB HA HECTIPABEJIMBBIX BHIUUCICHUSIX.
Bo-BTOpPBIX, KOHTPIPUMEP MOXKET CBUIIETEILCTBOBATh Kak O HAPYIIEHUH MOJIEIIbIO CBOMCTBA, TaK U
0 HENPaBMUIILHO COCTABJICHHOM CBOMCTBE MPH OTHOCUTEIILHO KOPPEKTHOI MOJICITH.

6.2.2 UHTepecHbIe naen n pelieHus

Bcero oaHO#i KOMaHE yAaloCh MOJTHOCTBIO PELINTh 331ady 0 Muccuu “JlyHa-25”. D10 KOMaHaa
VeriCheckTeam (CIIGITY).

Ha gumarpamme mocnemoBaTeNnbHOCTH COOOIIEHWH TMPOLECCOB MOJENH, pa3paboTaHHON
yuactaukamu VeriCheckTeam (puc. 4), mokasaH OIWH W3 IIyTel, MPUBOASAIIKNX K Tpobieme:
komansia enable_bius Geuta oTnpaBieHa, 0{HaKO W3-3a MEPENOIHEHNS KaHaa qanHbix ot BUY C-J1
HYJISIMH, OTIpaBlicHa KoMaHza reset, koropas ounctuia Oydep komana BMmecte ¢ enable_bius u
BUYC-JI ne 3amycTun HM3MepeHHE YIIOBOW CKOpocTH. Takast ommbKka JIeTKO HaXOJUTCS B
pe3ynbrare Bepudukanuy Moaen oTHocuTensHo LTL dopmyssr

G ((isBiusEnableCommandSend && simulationState == 1) — F isBiusEnabled),

rae isBiusEnableCommandSend — BHyTpeHHsSI TepeMeHHAs MOJENH, yCTaHABIMBaeMas IPU

Kax10i oTnpaske coobrienus enable_bius, simulationState — BHyTpeHHEE COCTOsIHIE MOAENH IS
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CUMYJISIIIMA 3TOTO JeiicTBusi, a iSBiusEnabled — mepemennast mMomenu, ycraHaBiuBacMas MpH
aKTyaJIbHOM BBIMOJTHEHHH KoMaH el enable_bius.
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3 17bku
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Puc. 4. Mooenuposanue eepcuu agapuu cmanyuu 8 peuteHuu yuacmuukos [74]
Fig. 4. Modeling a version of the Luna problem in the participants' solution [74]

Y9acTHUKH KOMaH/bl CMOTJIH CMOJICIUPOBATh HE TOJIBKO MCXOTHYIO 33ady, HO U MCIIPABICHHOE
peuienne. B kauectBe ucnpasnenus VeriCheckTeam npemnoxunu Ha cropone BKY oGpabatsiBath
3a payHJl He 110 OJIHOMY COOOIIEHHIO, a Bce MOCTYIHMBIINE cooOLIeHus. B pe3ynbTare, o MHEHHIO
komaH[sl, Y BKY He Oyzner BO3HHMKATh MEPENOIHEHHS, a, 3HAYUT, HE BO3HUKHET HEOOXOJUMOCTh
copaceiBath coctositnne BUYC-JI. TlpemiokeHHOE pelleHHE HE COBIAJAET C pEIIeHHEM
OPTaHM3aTOPOB COPEBHOBAHUS, MTOCIEAHNE TIPEIIONIArali U3MEHUTD aITOPUTM B3aUMOAEHCTBUS C
BUYC-JI nocie oTmpaBKH KOMaHABI Ha IEPEXO]] AJUTUNTHYECKYI0 opOury. OmHAKO [EHHOCTH
perrennst komanapl VeriCheckTeam cocTouT B ero 3aKOHYEHHOCTH. JTa KOMaHJa 3aBOeBaja
TIepBOE MECTO.

Xorenock Obl OTMETHTh HECKOJIBKO PEILCHU, IPENICTABICHHBIX IPYTUMH YIaCTHUKAMH.

Monenp komanael NSU (HI'Y) omnmuanace cucTeMHOCTBIO NpoekTHpoBanus. KomaHne ynaizoch
BBIJICTIUTh COCTOSIHHSI KaXJIOTO IIpOIlecca M INpopadoTaTh MEpPeXoabl MEXIy COCTOSHHSIMH B
COOTBETCTBMM C OIMCAaHHEM 3aJadd, a TaKXKe CMOJICIIMPOBATh KOMMYHHKAIMOHHYIO cpeny. K
COXAJIEHHIO, pEIIeHNE 3a7a4yM IIOJyYHJIOCh HE3aBEpLICHHBIM. DTa KOMaHJa 3aBOEBajia TPEThE
MECTO.

Komanze Kokorin (I'pymma Actpa) ymamoch pa3paboTaTb Mojelb, HauOojee YeTKO
COOTBETCTBYIOILYIO OCHOBAM MOJICTMPOBAHMS PACTIPEIEIICHHBIX aJITOPUTMOB. Pelienne akkypaTHO
paboTalio ¢ YepeoBaHNEM MPOILIECCOB M IPaHyJISIPHOCTHIO MIaroB Moaeiu. OT MPU30BBIX MECT 3TY
KOMaHJy OTAEJIUIIO CIMIIKOM 3HAUUTEeNIbHOE YIPOIIEHUE allrOPUTMa, U3JI0KEHHOTO B 3a/1a4e.
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Komanma Maksina_Vozian_Kiseleva uz CIIGITY mpemiokuia OpUrHHAIBHBIA CIIOCO0 OYHCTKH
KaHaJIOB IIOCPEJICTBOM KacKa/IHOM NepEeChUIKH.

HekoTtopble W3 KOMaHJ ONHWCAIM HCIPABICHHOE PEIICHUE, COTJIACHO IIOCIEAO0BATEIbHOCTH
TUIOTETUYECKUX B3aUMOJEUCTBUM, IMPEAJIOKEHHOW OPraHU3aTOpaMM, HO peaau3oBaTb €ro He
yCIIEIH.

Komanma Team Hype u3 MuaHOMONNMCA CHA0AMIAa CBOE, XOTh M HEJAOCTATOYHO ITOJTHOE PEIICHHE,
IIpe3eHTaled N0 HalIeHHBIM B ceTH VHTepHET MaTepuanaM IO MOBOLY HEYJNAuYHBIX MUCCHIl B
HCTOPHH KOCMOHABTUKH C aHAIM30M IIPHYUH BOSHUKIINX TPOOIIEM.

Yro kacaeTcs apyrux 3amad copesrosauus mo Model Checking, mo Bropoit 3amaue (GPGPU) 65110
OTIPABJICHO TOJNBKO OJHO PEIICHHE, TPEUIararoiiee MOASIUPOBATh HECKOIBKO IUIAHHPOBIINKOB
HCIIOTHEHHUSI HHCTPYKITHIA B OTACIBHBIX TIpotieccax, SM Moy [77] u ket nHCTpyKImH. Pemrenne,
OJTHaKO, He OBLJIO JIOJEIaHo, TIPEXK/Ie BCEro, 3-3a TOro, YTO OTIIPAaBHUBIIAs €r0 KOMaHJIa HUKOTa
paHbllle HE MHcalla MOJENIM Ha Takoro poja s3blkax (BpydeHa MoyeTHas rpaMoTa 3a IIOINBITKY
peurenusi). [lombiTku perneHust Tpetbedt 3amaunm (Eurobalise), Hackombko HaM H3BECTHO, HE
NpeANPUHIMAIINCh, HO, TEM HE MEHee, OYHO NPHUEXaBUIMH y4aCTHHK 3asBWJI, YTO OQuUIManbHas
crneuuduKanys 3TOro0 NPOTOKOJA €My MNOHpaBHJIach M OH IIOCIE COPEBHOBAaHHS IUIAHHPYET
pa3OupaTbes B JAaHHOH TEME CaMOCTOSATEIBHO.

7. Peaynsmamsl u o6pamHasi cesi3b

B KoOHIle COpPCBHOBaHHWI BCE YYaCTHHUKH MOJYYHJIH CEPTH(PHKATH y4acTHUs B COPECBHOBAHUH,
JUIUTOMBI 3a 1-3 MecTa, a Tak)Ke OYETHBIC IPaMOThI. PellieHue 0 BbI1aue MOYETHBIX TPaMOT B IIEJIOM
COOTBETCTBYET MPAKTHKAM MPOBEICHUS OJIUMITHA]] U TMOOIIPECHHUS YIACTHUKOB 38 JOCTHKCHUSI 110
KOHKpETHBIM 3anauaM. Ha puc. 5 mpencraBieH mpoliecc BpyYeHHs TaKUX I'PAMOT M JHMILIOMOB
MOOETUTENSIM.

Puc. 5. Ounoe epyuenue nouemmwlx epamom yuacmuuxam u3 Unnononuca u ouniomos nobeoumenei
yuacmuuxam uz CIIOITY u HI'Y
Fig. 5. In-person presentation of certificates of honor to participants and winners

[Tocne 0OBsIBIICHNS pE3YIILTATOB OB IIPOBE/IEH aHOHUMHbII OIPOC C LIENBIO TTOJTy4YeHUs] 00paTHOM
CBs3M OT Y4YacTHHKOB. B pe3ynbrare ObUIO moilydeHO 9 MHeHuil. B 1emom, copeBHOBaHUS
MOHPABHITUCH yYacTHUKaM (puc. 6). Bce yuacTHHKY OMpoca MOCTABIIIH MTOJ0KHTEIIBHBIE OLICHKH 3a
COPEBHOBAHHKE, IPH 3TOM XOPOLINX OLIEHOK ObLIO OOJBIIMHCTBO (puUC. 7).

WHTepecHbIM 0Ka3aJI0Ch MHEHHE YYaCTHUKOB 110 TOBO/Y (DOPMYJIMPOBOK 33]a4: MHOTHE OTMETHIIN
UX HEOAHO3HAYHOCTH (prc. 8). OmMHAKO 3aMETHM, YTO, B IEJI0M, (GOPMYIHUPOBKH 3a/1a4 IO IPOBEPKE
MoOJIeNiel Tpearnoaaradi HEeKOTOPHI YPOBEHb KpPEAaTUBHOCTH B pa3paboTke Mojesei, a mpu
PELICHUH JIByX CIIOKHBIX 3a7ad OXHJAJOCh IEPEOCMBICIIEHHE MOJIeNie OpraHu3aTopoB, YTO
0Ka3aJI0Ch CJIOKHBIM ISl JAaHHOTO (hopMaTa COpeBHOBAHUH.

YpoBeHb CIIONKHOCTH 33/1a4 ObLI OLIEHEH 0-pa3HOMY, HO B LIEJIOM OH OKAa3aJICsl HOPMAJIbHBIM JIJIsI
GonpIIMHCTBA y4acTHHUKOB (puc. 9). Bpems Ha BBINONHEHHE 3a/ad OKAa3aloCh B IEJIOM
JOCTATOYHBIM, XOTS OBUTH MHEHHUS U O HEOOXOJUMOCTH ero yBennuuth (puc. 10).
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Puc. 6. Pacnpedenenue yuacmnukos onpoca no obwemy sneyamienuro (Hpagumcs/me Hpasumcsi)
Fig. 6. Distribution of survey participants by general impression

0(0%] 010 %)

Puc. 7. Pacnpedenenue yuacmnukos onpoca no OYeHKam copesHO8aHUs NO NAMUSHAYHOU WKajle
Fig. 7. Distribution of survey participants according to competition ratings on a five-digit scale

@ [Jocratouno ageksatHsie

@ [lpycmuicnienHEe © NDOTUBOPE4MAMIA

@ He pony BOMBHOMD T¢
yTo xoTenock Gkl

@ ©opmynuposkw BLK ACHE!, HO B
aafanuy eurobaseling Bonu HekoTopLle
olwmBil 8 koae, He BeN0 CIMIWIKOM ACHO,
YTO BTO HyHHO BYET 38KOHHWTE, ¥ 3T
PACCTPEMBANO MEHS, KOTAE A NbITANCR

55,68% BBINONHWTE JafaHue.

Puc. 8. Pacnpedenenue yuacmnukog onpoca no OYeHkam yposHsi popMyauposox 3a0ay
Fig. 8. Distribution of survey participants according to assessments of the level of task formulations

@ CunbHo cnowHee
@ HopmansHsle
) Crunwkom npocTbie

Puc. 9. Pacnpedenenue yuacmnuxos onpoca no OyeHKkam yposHsi CIOACHOCIU 3a0ay
Fig. 9. Distribution of survey participants according to assessments of the level of difficulty of tasks
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Puc. 10. Pacnpedenerue yuacmuukog onpoca no OYeHKam 6peMerU Ha peuleHue 3a0ay
Fig. 10. Distribution of survey participants according to estimates of time to solve problems

Cpenu TOTIOTHUTETFHBIX KOMMEHTApUEB YUACTHUKH BBIKA3aIH KeJIAaHIE TIPOBOIUTE OOJIBIIIE TAKIX
COpPEBHOBaHMH, MOOIAroJapiId OPraHU3aTOPOB 3a TPOBEIACHHOE BpEMS, BBICKA3adl MHEHHE O
HEOOXOIUMOCTH IPE3eHTAINH CACTAHHBIX PEIICHUH, a TAK)Ke OBLT KOMMEHTAPH 0 HE00X0IUMOCTH
WCTIONB30BaTh IS ACTyKTHBHOW BEPU(PHUKAIIMA COBPEMCHHBIC OOIICH3BECTHBIE CHCTEMBI
MOJIICPIKKH JIOKA3aTESIILCTR.

8. 3aknroyeHue

Ms1 cuutaem, 4to copeBHOBaHue VEHa-2023 mponuio ycmneunrHo, 0COOEHHO B KayeCTBE MEPBOTO
OTIBITA TIPOBEICHUS TAKOTO PO MEPOTIPUSATHH.

AOcoroTHOE OOJBIIMHCTBO KOMaHJ CHPABHJIOCH C MPEAJIOKEHHOH Ha JTaHHOM COpPEBHOBAHUH
3aja4ell mo JeJyKTUBHOW Bepupukanuu. [103ToMy MBI MIPUILIK K BBIBOAY, YTO ONMACEHHS, UCXOS
U3 KOTOPbIX ObLIa BHIOpaHAa OTHOCUTENBHO NPOCTas 3ajada, OKa3ajJkCh IPEYBEIHYECHBI, U Ha
CJIEYIOIEM COPEBHOBAaHMM MO ACAYKTHBHOW Bepu(HKalMM B paMkax KoHrecta VeHa moxHO
YCIIOXKHUTD 33/1a4y U IPHOJIM3UTE €€ K MUPY HHAYCTPHAIFHOTO IPOTPAMMHPOBAHHS.

Pemenus copeBHOBaHHSA N0 MPOBEpPKE MOAETECH MPOAEMOHCTPUPOBAIN HE BIIOJIHE PaAyKHYIO
KapTUHY, TaK KaK IIOYTH BCE IPEIOCTABJICHHbIE MOJEIN CHCTEM U TpeOOBaHUIl conepKaiu
pasnmuHOro poxa ommOku. Ho mpu 3TOM YyYacTHHKM TakXke Npelarajld HHTEpECHbIE |
OpHUTHHANIBHBIE CIIOCOOBI MOJEIMPOBAHUS PA3IMYHBIX COCTABISAIOMINX cUcTeM. B memom, Bce
YYaCTHUKHM Ha MPUEMIIEMOM YpPOBHE OCBOMIHM s3bIk Promela, omnako mis dpopmupoBanus Gomnee
Ka4eCTBEHHBIX peIHIeHHH TpeOyeTcs IMOrpyKEHHE B €ro TOHKOCTH M OTPAHUYCHHS, KOTOPOTO
CJI0’KHO JOCTHYB 0€3 MPUCYTCTBUS MEHTOPOB PAJIOM C KOMaHAaMHU.

KpOMe TOT0, COPEBHOBAHUC IIOKA3aJ0, 4YTO ’I‘pe60BaHI/IC peuath 3a4a4u U 10 Z[G,HyKTPIBHOfI
BepI/I(I)I/IKaLII/II/I, 1 10 IMPOBEPKE MO,I[eHCﬁ OKa3aJIOCh AOBOJIBHO TPYAHBIM JISI UCIIOJHEHUA, YTO,
BO3MOIXKHO, IPHUBEJIO K CHUXKCHHUIO Ka4eCTBa NPCAOCTABICHHBIX peIHeHI/Iﬁ 1 K OTKa3y y4aCTHUKOB
OT PCUICHUA CJIOKHBIX 3a/1a4.

VYpoBenp cnenmyromero konrecta VeHa-2024 mmaHupyercs NOIHITH, B3SB B KadecTBE 3a/ad
HHTEPECHBIE  MPOOJIEeMBl  BEpUPHUKANMKA  [porpaMMm  H3  OONacTH  MHIYCTPHUAIBLHOTO
MIPOrPaMMHPOBAHHs, & TAKXKE PACIHIUPUB CIMCOK HCIOJIB3YEMbIX MHCTPYMEHTOB Bepu(HKaIUH,
BKIIIOYass COOCTBEHHBIC pelneHus. Taxke Mbl OyJeM yYHTBHIBATH HBIHCIIHHUN OIBIT MMPOBEACHUS,
TIOXEJIaHUs U TIPEUIOKEHUs y9acTHUKOB KoHTecTa VeHa-2023.
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AHHOTanMs. DIEKTPOBUXPEBBIC TEUCHHUS BO3HUKAIOT MIPH MPOXOXKICHHHU TEKTPHIECKOTO TOKA MEHSIOMIEH s
TUIOTHOCTH 4Yepe3 XOPOIIO MPOBOJIILYIO SKUAKOCTh (HapUMep, KUCIOTY WM paciilaB MeTamia). B takom
Cllydqae TOK IOPOXKIAeT MarHUTHOE IOJIe, KOTOPOE MPUBOAUT K BO3HUKHOBEHHUIO JIEKTPOMATHUTHON CHIIBL,
BBI3BIBAIONIEH 3aKpydeHHbIE TeueHus cpenbl. CymecTBYIOT pa3Hble METOIbI TEOPETUUECKOTO MCCIeIOBAHUS
nonoOHbIX TedeHnit. Kak mpaBmio, 4ToOBl M30eKaTh HEOOXOANMOCTH HaXOAWUTH 3aBHCUMOCTb NaBJICHHS OT
KOOPJIUHAT, UCIIOJIb3YIOTCS IEPEMEHHbBIC «BEKTOPHBII MOTEHIIMAN CKOPOCTH — 3aBUXPEHHOCTbY («CKaJLIpHas
(GyHKIMS TOKa — 3aBHXPEHHOCTB)» B Cllydae OCECHMMETPHYHBIX TedeHHi). B Takom ciyuyae nocraTouHO
3¢ GEKTHBHO HCIOJIB30BAaHUE ABTOMOJICIBHBIX IEPEMEHHBIX, MMO3BOJIIONIMX MOHU3UTh Pa3MEPHOCTh 3aaqH.
OTO JaeT BO3MOXKHOCTH HCKaTh pEIIeHHe ISl BBEJCHHOH (YHKIMM B BHAE PA3JIOKEHHS MO MapaMerpy
3JIEKTPOBUXPEBOTO TEUCHUSI, TPOMOPIHOHATFHOTO KBaipaTy MarHUTHOTO 4ncia PeftHonmbaca. Takke maHHOE
pelreHre MOXET OBITh IOJydeHO YHCIEHHO, HallpUMep C IMOMOIIBI0 KOHEYHO-Pa3HOCTHBIX MeToj0B. B
HACTOSIIEe BPeMs BCE Jallle PeNIeHHs UCCIIeTYI0TCS METOAAMH MPSIMOTO YHCIEHHOTO MOJEIUPOBAHMS, KOTAa
He JIeNIaeTCsl aBTOMOJISNIbHBIX MIPHOIMKEHHH, CHIDKAIOIINX TOYHOCTh pelieHus. TeM He MeHee, B TAKOM Cliydae
00beM BBIYHCIICHHI MOXKET 0Ka3aThCs JOCTATOYHO OOJIBIINM U TpeOyeT HCHOJIb30BAHNUS CYIIEPKOMITBIOTEPHBIX
pecypcoB. OTAENbHYIO CIIOXKHOCTh MPEJCTABIAIOT TPAHUYHBIE YCIOBHSA: TaK, JUIl BEKTOPHOIO MOTEHIHana
CKOPOCTH II0JIy4aeTcsl ypaBHEHUE YETBEPTOro IOpPsAJKa, YTO HAKJIaJbIBAaeT CYLIECTBEHHbIE OrpaHUYEHUS Ha
IIaTH 110 BPEMEHH B HBOJIIOIIMOHHOM ypaBHeHHH. [IpoGieMbl MOKHO H30eXaTh, UCHONB3Ys MPUOIMKEHHBIS
TPaHNYHBIE YCIIOBHUS, OJHAKO 3TO BHOBH CHIDKAeT TOYHOCTH pemeHus. B Hacrosmed pabore Ha mpumepe
JJIEKTPOBUXPEBOTO TEUCHUSI MEXIY IUIOCKOCTSIMH PAaCCMOTPEHBI PEHIeHHs, KOTOPHIE MOXHO ITOIYYHTh C
UCIIONB30BAHUEM PA3iIMIHBIX BBIYHUCIHTENBHBIX IOJXOAOB, yKa3aHHBIX BbIme. [IpoBoguTcs cpaBHEHHE
MOJTyYEeHHBIX PE3yJIbTATOB, TAKXKE OHU CPABHUBAIOTCS C AHATUTHYECKAMH TIPHOIIIKEHISIMHE.
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Abstract. Electrovortex flows arise when an electric current of varying density passes through a well-
conducting fluid (e.g., acid or metal melt). In such a case, the electric current generates a magnetic field, which
leads to the Lorentz force causing swirling currents of the medium. There are different methods of theoretical
study of such currents. As a rule, to avoid the necessity to find the pressure dependence on coordinates, the
variables "vector potential of velocity - swirl” ("scalar current function — swirl" in the case of axisymmetric
flows) are used. In such a case, it is quite effective to use automodel variables, which allow to reduce the
dimensionality of the problem. In this case, the solution for the introduced function can be sought in the form
of an expansion by the electro-vortex flow parameter proportional to the square of the magnetic Reynolds
number. Also, this solution can be obtained numerically, for example, using finite-difference methods.
Nowadays, more and more often the solutions are investigated by means of direct numerical modeling methods,
when no automodel approximations are made, which reduce the accuracy of the solution. Nevertheless, in such
a case the number of computations can be quite large and requires the use of supercomputer resources. A
separate difficulty is presented by the boundary conditions: for example, for the velocity vector potential we
obtain a fourth-order equation, which imposes significant restrictions on the time steps in the evolution
equation. The problem can be avoided by using approximate boundary conditions, but this again reduces the
accuracy of the solution. In this paper, using the example of electro-vortex flow between planes, the solutions
that can be obtained using the various computational approaches mentioned above are examined. The results
obtained are compared, and they are also compared with analytical approximations.

Keywords: electro-vortex flows; automodel variables; approximate solutions; finite-difference methods; scalar
current function.
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1. BeedeHue

DNEKTPOBUXPEBBIE TEUSHUS MPEICTABIISIIOT OONBIION HHTEPEC KaK C TOUKH 3PEHUS TEOPETHIECKON
THAPOJMHAMHUKNA, TaK W C TOYKH 3PCHHUS TEXHUYECKUX TNpWiIokeHUH. OHM BO3HHKAIOT TPH
MPOXOXKACHUHM DJIEKTPUUECKOTO TOKa MEPEeMEHHOW IUIOTHOCTH 4Yepe3 XOPOIIO MPOBOJAIINE
xuakocTh [1]. K HuM 0THOCSATCS pacTBOPHI KMCIIOT M MX COJIEH, PacIUIaBbl Pa3IMYHbIX METAIOB. B
TaKOM cjy4yae HEOAHOPOJHBIM TOK MOPOXKJAET MarHuTHoe mosie. [Ipu B3auMoneHCTBUU TOKa C
MarHUTHBIM TOJIEM BO3HHKaeT cuia JlopeHiua, KoTopas MPUBOIUT K IMOSBICHHUIO 3aKPYy4E€HHBIX
TEUECHUU CpeIbl.

CymecTByeT 0OJBIIOE KOTHYSCTBO TEXHOJIOTUIESCKUX MPOIECCOB, IUIS KOTOPBIX JIEKTPOBUXPEBHIC
TEUYCHHUS WTPAIOT OONBIIY0 poiib. Tak, B HACTOAINICE BPEMs AKTUBHO Pa3BHBAIOTCS METOJIBI
3JIEKTPOAYTOBOTO MeperuiaBa MeTauioB. [Ipy NpoXoXkIeHUH IEKTPUYECKOr0 TOKa Yepe3 paciliaB
B HEM BO3HHUKAIOT 3aKpydyeHHble TeueHus [2]. OHHU MOTryT WrpaTh Kak MOJOXKHUTEIBHYIO POJb
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(criocoOCTBYSI aKTHBHOMY MEPEMEIINBAHHUIO CPE/IBI), TAK U OTPHLATENBHYIO — B INIABHIBHBIX IT€9aX
MOTYT BO3HHKAaTh IOTOKH, KOTOpBIE NMPUBOIAT K MX IPEXKICBPEMEHHOMY H3HOCY. He MeHbIee
3HA4YEHHE OJJICKTPOBUXPEBBIC TEUCHUSI WIPAIOT INPH CO3JaHMU AKKYMYJIATOPHBIX OaTapeid. B
npolecce 3apsiKu B AJIEKTPOJINUTE TaKKe BOZHHUKAIOT 3aKPYUEHHBIE JBMIKEHHS, KOTOPHIE MOTYT
MPE/ICTABISATE OINpEAeIeHHYI0 npobieMy. CHTyanusi CTAaHOBUTCS OCOOCHHO CIIOXKHOHM B cilydae
ObIcTpoii 3apsku Oaraped, KOTOpas OKa3blBAaeTCs HEOOXOAMMOM C TOYKH 3peHHs yaoOcTBa
UCIIONIb30BaHMsl YCTPOUCTB. Bce 3TO TOBOPUT O TOM, YTO 3JIEKTPOBUXPEBBIE TEUEHUs TPEOYIOT
JETAILHOTO NCCIIEJOBAHMS.
[lepBble paboOTHI, MOCBSIICHHBIE M3YYEHHIO NMOAOOHBIX sBICHHMH, oTHOcATCA K 1970-M romam.
HeoOxonnMo yHnoMsIHYTH HCCIEIOBaHMS, NMPOBOJSLIMECS B JaTBUilckoM HWHcturyre ¢GU3MKH
(Canacnmic), KoTopble OBbUIM CBSI3aHBI Kak C J1a0OpPAaTOPHBIMH OKCIIEPUMEHTaMH, TaK H C
TeopeTHueckuMu Mozensamu [3]. B HacTosIee BpeMs 3HAYMMBIC PE3yJIbTaThl HAKOIUICHBI TAKXKE B
WHCTHTYTe MEXaHWKH CIUIOMHBIX cpen Ypamsckoro otmenenus PAH (ITepms) [4]. Bosbrimoe
KOJIMYECTBO MPUKIAIHBIX HCCIEIOBAHMA MPOBOANUTCA B MarHMTOTOPCKOM TOCYJapCTBEHHOM
TEXHHYECKOM YHUBEPCHTETE. BakHbIE SKCIIEpUMEHTHI MpoBOAATCS Ha 0Oasze OOBEIMHEHHOTO
uHCTHTYyTa BbICOKMX Temmeparyp PAH (Mocksa) [5]. Eciu roBopuTh 00 HCCIEIOBaHUSX B
3apyOeXHBIX CTpaHaX, TO HEJb3s1 HE YIIOMSHYTh 3HAUNMbIE TEOPETHUECKHUE PAOOTHI, POBEICHHBIC
B Yuusepcutere Hlebdunaa (Benukobpuranus) [6] u Yuusepcurere Jleobena (Asctpus) [7].
[lepBBle TeOpeTHUECKHE HCCIENOBAHMS, CBS3aHHBIE C 3JIEKTPOBUXPEBBHIMU TEUYEHHSMH, OBUIH
CBSI3aHBI C HCIIOJIb30BAHUEM Pa3JIMUHBIX YIPOIIECHHBIX Mozaenei. OHM OTHOCHIHCH K MOCTPOCHHIO
ABTOMOJICNIBHBIX DELICHHH, KOTOpble MOINIM OBITh HaWAEHBI C IOMOLILI0 TeX WM HHBIX
npuOIMKEeHUH. MexXay TeM, 0 Mepe Pa3BUTHS BHIYUCIUTENFHON TEXHUKH CTaJ0 OYEBHIHO, YTO
ropaszio 6osee 3¢ GEeKTUBHO peliaTh Mo 00HbIe 3a1a4u yrcieHHo [8]. C 01HO# cTOPOHBI, BO3ZMOXHO
peniath ypaBHEHUs, MOJyYEHHbIE B PaMKaX aBTOMOJIENbHBIX MPUOIMKEHUH, C Ipyroi — peuiath
HCXOAHYIO («HEYIPOILIEHHYIO») 3a/lady C MOMOIIBI0 MPSMOTO YUCIEHHOTo MojenupoBanus. Kak
NpaBWIO, 3ajaya pemaercs C KCIOJIb30BAaHUEM IEPEMEHHBIX «BEKTOPHBIA IIOTEHIHAI —
3aBUXPEHHOCTBY», 9TO0BI M30€XKaTh HEOOXOANMOCTH OIIPEAEICHUS Mo JaBiaeHus. B ciydae, ecnu
3a7a4a XapakTepu3yeTcs OIpele]eHHON OCeBOW CHMMETpHeH, NaHHBIH IOJIXOJ CBOAWTCA K
MCIIOJIb30BAaHHIO TIEPEMEHHBIX «CKaJIsIpHAast GYHKIHS TOKA — 3aBUXPEHHOCTbY.
Mesxny TeM, MOJOOHBIE METOABI CTAIKHBAIOTCA C HEKOTOPBIMHU CYIIECTBEHHBIMU TPYAHOCTSIMU.
Tak, B ciydae NMpUMEHEHHS NPSIMOTO UHCIEHHOTO MOJECJIMPOBAHUS TpeOyeTcs HCIOIb30BaHUE
JIOCTATOYHO TOIPOOHBIX ceTOK. CuTyanus ycyryoisieTcsi TeM, 4To, Kak IPaBmIlo, 3J1€KTPOBUXPEBbIE
TCUCHHS  XapakTepu3yloTcs  OOJBIIMMH  TpaJueHTaMH. ITo  TpeOyeT  HCIOJIb30BAHUA
CYNEpKOMIBIOTEPHONH TEXHUKH, YTO TPEIyCMAaTPUBAET MOATOTOBKY KOJOB IS IapauIeNbHBIX
BBIYMCIICHUH, W 3aTPyAHAET NPUMEHEHHE HESBHBIX KOHEYHO-PA3HOCTHBIX METOJ0B. [10CKOIBKY
ypaBHEHHs JUIsi BEKTOPHOI'O IOTEHLMAla CKOPOCTH (MJIM CKAJISIPHOW (YHKIHMHM TOKa) UMEIOT
YETBEPTHIH MOPSIOK 10 IPOCTPAHCTBY, ATO HAKIIA(BIBAET HCKIIOUUTENBHO JKECTKUE TpeOOBaHMS Ha
IIar 1o BPEeMEHH.
B03MOXHBIM BBIXOZIOM U3 CUTYallMH SIBJISETCS MPUMEHEHHE NMPUOIMKEHHBIX YCIOBHU, HalpuMep
[IMPOKO HM3BECTHBIX B THApomuHaMuke ycimoBuit Toma [9]. Tem He MeHee, OHH SBISIOTCS
HEJIOKAIbHBIMH, U MOPOXKIAIOT JOMOJHUTEIbHBIE CIIOKHOCTH AJisl petieHus. Kpome Toro, 1aHHbIe
YCIIOBUSI — IPUOIIMIKEHHBIE, TOITOMY B JAHHOM CIIy4ae MbI [OJIy4aeM JOMOJHUTEIbHbBII HCTOUHHK
BO3MOYKHBIX OMIMOOK. Bce 310 TpebyeT AeTasbHOTO aHanM3a pe3ylbTaToB, MOTYYECHHBIX Pa3HBIMH
Croco0amu, 1 UX CpaBHEHHUSI.
B mHacrosmieir paboTe paccMOTPEH TOCTATOYHO WHTEPECHBIH W BaXKHBIM C TOYKH 3PEHHS
TEXHUYECKUX MPUIOKEHUIN TIPUMEp IEKTPOBHXPEBOTO TEUCHHUSI MEKTY IBYMs mrockocTsmu [10-
11]. DnekTpUYECKHi TOK PACTEKAeTCs OT ABYX IUIOCKHX 3JICKTPOJIOB MOJOXHUTEIBLHON MOJISPHOCTH
K YAaJIEHHOMY OJJIEKTPOJY OTPHLATENbHON IOMSIPHOCTH, KOTOPBI OXBaThIBAaeT 00JacTh Ha
JOBOJILHO 00JIBIIOM paccTosiHuu (puc. 1). Panee s naHHOM 3a71a4u ObUIO OJNYYEHO YpaBHEHHUE B
ABTOMOJICNIBHBIX TMEPEMEHHBIX, IPEIIoNIaralolui OeCKOHEYHBIM DPAcCTOSHHUE [0 JIIEKTPOJa
oTpunarensHoii nomsipuoctr [12-13]. Ero penieHrne MOXHO MOTYyYHTh C HOMOIIBIO HTEPALHOHHOTO
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Merona BaH Jlalika, pacKkmanpiBas CKaSIpHYI0 (YHKOMIO TOKa IO CTENEHSIM I1apaMmeTpa
3JIeKTpOBUXpeBOro TeueHus. (Ero BeandnHa 1o mopsiiKy BEIMYHHBI paBHA KBaJpaTy MarHUTHOTO
yucna PeiiHonpaca). B mpengmectByrommx paboTax Mbl HONYYHIN NPHONMKEHHS BIUIOTH MO
TPETHEro MOpPsIKa BKIIOUUTEIHHO.
B Hactosmeil paboTte MbI permaeM 3amady 00 3IEKTPOBHXPEBOM TCUCHHH MEXIY IUIOCKOCTAMH
(puc.1), ncrone3ys pa3IUYHBIEC BEIYUCIUTENbHbIE Moenu. CHadana Mbl periaeM 3a/1ady YHUCIICHHO
B AaBTOMOJIENBHOM MOCTaHOBKE, IONB3YACh KaK TOYHBIMM TPAaHUYHBIMH YCJIOBHSMH (TOrna
BO3HMKAeT HEOOXOJMMOCTh PEIICHUs] yPaBHEHHs YETBEPTOTrO HOPSAKA JUIsl CKaISIpHOW (QyHKUIUH
TOKa), TaK M MPUOIMKCHHBIMHU, KOT/[A UCCICAOBAHHE CBOAUTCS K HEOOXOIMMOCTH PEIICHUS Mapbl
ypaBHEHHI BTOPOTO MOPsJIKa — JJIsI CKAJSIPHOM (DYHKIMM TOKa M JJIsl 3aBUXPEHHOCTH TCUCHHS.
Hakonen, pemraercst ucxoanasi ¢pusndeckas 3afgaqa. Pe3yiapTaTbl pelieHus, IoJIy4YeHHbIE Pa3HbIMU
METOJIaMH, CPAaBHHUBAIOTCS KaK JPYT C IPYTrOM, TaK U C IPUOIMIKEHHOH aCHMIITOTHYECKOH MOJIEIBIO,
PE3yNbTaThI UCTIONB30BAaHMS KOTOPOH [UIS JaHHOTO TEUECHUS TAK)KE IPUBOJATCS B CTAaThE.

z

\ /.

Puc. 1. Cxemamuynoe uzobpasicenue TuHuULl 21eKMPULECKo20 MoKa
Fig. 1. Schematic representation of electric current lines

2. OcHOB8HbIe ypasHeHuUs

PaccMoTpuM TeyeHHe MEXIy IBYMs IUIOCKOCTSMH. Ero CKOpPOCTh U OIKCBHIBAETCS C MOMOIIBIO
ypaBHeHusa HaBre-Crokca:

%+(“.§)D:—%?p+%[ix§}+VAD; o
v =0

I7e P — AaBICHHE, p — IDIOTHOCTH CPelbl, | — INIOTHOCTH DJIEKTPUYECKOTO TOKA, B - HUHIYKIIS
MarHuTHOTIO 1OJIA, v — KHHEMaTU4eCKas BI3KOCTb CPEJbL.

OpHOM M3 CIIOKHOCTEH NP pelIeHNH NOAOOHBIX YPaBHEHHH SBISIETCSI HEOOXOANMOCTD BBIYHCIISTH
mojie gaBieHus. C y4eToM TOro, 4TO XKHUIKOCTh C OOJBIIONW CTENEHBI0 TOYHOCTH MOXKHO CUHTATh
HEC)KUMAEMOH, MMoJIe CKOPOCTH yAOBJIETBOPsieT yciioBuio V-0 =0. 1o 3To# mpuYuHE CKOPOCTH
MOYHO TPEACTABUTE B BHAE U = V x W, THe W — TaKk Ha3bIBAEMBIA BEKTOPHBIA MOTEHIIMAI
CKOpOCTH (OH HMEET MPUMEPHO TOT K€ CMBICII, YTO U BEKTOPHBIN MOTEHITNAJ 11 MAaTHUTHOTO OIS,
KOTOpOE TaKXe SBIIETCS CONCHOMAAIBHBIM). [Ipyroif BayKHOM XapaKTePUCTUKON TCUCHHS SIBISETCS
TaK Ha3bIBaeMasl 3aBUXPEHHOCTD, ONpe/essieMas Kak POTOp CKOPOCTH TEUCHUS @ = Vxov.
VY4uuThIBas OCEBYIO CUMMETPHIO 337]a4d, MOKHO OTMETUTh, YTO B OTCYTCTBHE BHEIIHUX MATHUTHBIX
HoJeii JBrKkeHne cpeapl Oyner noaouganbHeM (U = U, €, +0,€, ), T03TOMY BEKTOPHBIH MOTEHIMAN
CKOpPOCTH OyJeT MMEeTh JIMIIb OJHY HEHYJICBYIO KOMIIOHEHTY M MOXET OBITh IpEACTaBICH C
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IIOMOLIBIO TAK HA3bIBAEMON CKAIAPHON QyHKUMM TOKA: y =€ . To ke caMoe MOXKHO CKa3aTh U
TIPO 3aBUXPEHHOCTH, KOTOPAsi B TAHHOM CIy4ae Takke Oy/IeT OMHMCHIBATHCS C IOMOIIBIO CKAJISIPHOM
Gynkunn: & = e, .

YpaBHEHHE AT €€ HBOMIOLUHA MOXKET OBITH HMOJyYCHO IMYTEM B3ATHS OIIEpallié POTOpa OT 00eHX
qacreil ypaBHeHus HaBre-Crokca:

ow Oy 0w Oy o (= [+ = w
s s s v B Ao-=-|. 2
o o o a ( X[JX ])“’Jrv[ © rZJ @

Hac Gyzner nHTepecoBaTh CTalMOHAPHOE PEUICHKE, He 3aBUCSIIee OT BpeMeHH. Kpome Toro, naHHOe
ypaBHeHHE YAOOHO repenucaTh B Oe3pasMepHOM BHIE. byneM m3MmepsTh UIMHBI B E€IUHUIAX

#olz

PacCTOSHUS MEXK Y MIACTHHAMH. Takxke BBeleM mapaMeTp dJIeKTPOBUXPEBOTO TCUCHUS S = >
PV

Torma mepBoe U3 ypaBHEHUH MOKHO 3amucath B Buae [12]:
Loy 0, oy do
0z or or oz

Kpome Toro, He00X011MO peliaTh ypaBHEHHE, I03BOJIAIONIEE CBA3aTh 3aBUXPEHHOCTh U CKAJLIPHYIO
(hyHKIHIO TOKA:

1 )
ZSFZ(Z—Ej+Aw—r—2. (3)

Ay — id =—-o. 4)

2
B kadecTBe TIpaHHMYHBIX YCIOBHM B cCilydae NPWIMIAHHSA K IOBEPXHOCTH ClEIyeT BHIOpaTh

cleyroree:

0
l//|z:0 :l//|z:1 = V/|r:R :a_lz//

I[aHHyIO CHUCTEMY ypaBHeHI/Iﬁ MOXKHO pelIaTh PA3JINIHBIMU CHOCO6aMI/I, KaK aHaJIMTUYCCKUMH, TaK
W YUCJICHHBIMU.

v
0 O

v

=0. 5
e ©)

r=R

3. AemomodesibHasi nocmaHoeka 3adaqyu
KaK JUIA aHAITUTHYCCKUX, TaK U IJI1 YUCIICHHBIX paC‘IGTOB y,IlO6HO I10JIb30BAaThCs aBTOMOACJIbHBIM
npubmxenuem [13]. Ecnu monarate, uto R — 00, TO MOXKHO BBECTH BCIIOMOTaTENbHYIO (DYHKIHIO

F(2), mocpeactBoM KOTOPO# CKasipHas DYHKIIUS TOKA OyIeT BRIPAKATHCS C TOMOIIBIO BHIPAYKCHHS
[12]:

w(r,2)=r’F(z) (6)
Torma st Hee MOXKHO c(hOPMYTHPOBATH YPaBHEHHUE:
d’F d*F 1
F—=—-7++S|z2——= 7
dz®  dz* ( Zj )
C 'P@aHUYHBIMHU YCIIOBUAMU:
dF dF
F|z:0 :F|z:l:_ = =0. (8)
dz|,., dz|,,

3.1 AcMMnTOTUYECKOe pa3rioXeHue peLueHust

Jns penieHust NMOCTABIEHHOM 3ajaydl Mbl pa3niokuM (QYHKOMIO F 1o cremeHsM mnapamerpa
3JIeKTPOBMXPEBOTIO TeueHns S PasnoxeHue Torja OyneT BHINIAAETh CleayomuM obpasom [12]:

F(z)=S'F(z)+..+S"F,(2)+.. 9)
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B 3aBucuMocTi 0T TpeOOBaHMI K TOYHOCTH PEIICHUS MBI MOXKEM Jajiee pemaTh 3a4ady ¢ pa3HbIM
KOJIMYECTBOM CJIaTaeMBIX B IPEACTABICHHOM BBIIIC pa3iloxeHWH. [y momcka pemieHui Oymem
MOJTB30BATHCS METOJOM TMOCIEIOBATCIBFHBIX NPHUONMDKEHWI: cHadama Hainém ¢ysknuio Fi,
VUUTHIBasl B Pa3IOkKEHUH TOJBKO cllaraeMble, MPOMOPIHOHANBHBIE apaMeTPy AJIEKTPOBUXPEBBIX
TEYEHU B TMeEpBOMl CTemeHH, a 3aTeM OYJIEeM BBIUMCIATh KXY MOCISAYIOUIYI0 dYepes
npeasiaymme. Jns ganpbHEUero HaxXOXKACHUS KaKJIOro U3 MPUOIKCHHH MOJCTaBUM 00Iee
pa3iokeHue B MOJIYYCHHOE BHIIIE CTAI[HOHAPHOE ypaBHEHHUE:!

d'F, .. d°F, d°F .. d°F, 1 (10)
o +8? o ~(SF,(2)+S°F,(2))- (s = +8° = ]+s(z7§j:o
Wrak, Haiiném mepBoe NprOIIKEHIE IO OIIMCAHHOMY HAMH aTOPHTMY:
d‘F, 1, (11)

dz* 2
FpaHI/I‘-IHLIe yCIoBuUA Ml JaHHOT'O YPAaBHCHUA HAM YIKC 3HAKOMBI:
- —El = - 12
Fl‘z:o - Fl‘z:l =R ‘z:o =R =0 ( )

z=1

Tenepb MBI peliacM IOJY4YE€HHOE YPaBHEHHE YETHIPEXKPATHBIM WHTETPHPOBAHUEM C HOHUCKOM
KOHCTaHT MHTETPUPOBAHMS U3 TIOCTABICHHBIX TPAHMYHBIX YCJIOBUA. Torna moyqanm:

FD)=- (-7

120 2

[MoyyeHHOE MEepBOE NPHOMIDKEHHE MPUMEHHMO Ui 3HAYCHHH Hapamerpa 3JIEKTPOBUXPEBOTO
TeueHus S < 102 B cBA3M C 3TMM BO3HMKAeT HEOOXOAMMOCTb HAliTH BTOpOE MPUOIMKEHUE.
[Iponomxkass aHAaJOTMYHO JaHHBIC JACHCTBHSA, MBI MOXXEM IOJYYHTH YpaBHEHHE Ui BTOPOTO
NpUOJMKEHUs, KOTOpPOE BBINIAUT CIEAYIOIMM 00pa3oM (IpaHH4YHBIE YCJOBUS OyayT
AHAJIOTHYHBI):

vt 7% (13)
2

d*F, d°F
=F—3 14
dz* ' dz® (4
Ero peurenue Oyner takum [12]:
1 1
Fo(2) = ———— 2%(2 - 1)%(z - )(1052°-3152° +2957* -652°-197% 2 +3 (15)
2(8)= Iogsganop ? (¢ (2710531527295 652192 2+3)

MBpI HanIM TIepBbIe ABa MPUOJMKEHUS PEIICHNs TOCTAaBIeHHOI 3a1aun. Ho TpyHOCTB cocTOUT B
TOM, 4YTO JuIl OOJIBIIMX 3HAYEHWH IapaMeTrpa 3JIEKTPOBHXPEBOTO TEUCHMS S 3TOrO BHOBB
OKa3bIBaeTcs HeocTaTouHo. [loaTOMy BO3HHKaeT HEOOX0AMMOCTD ITONCKA TPETHETO MPUOIIIKEHNSI.
J1st HaxoxeHust COOTBeTCTBonmeﬁ (byHKuMI/I HOJ'Iy‘II/IM ypaBHeHI/Ie'

—(F(z) F(z)+F(z) F.(2) (16)

[TomraroBo wuHTErpupyst 00€ dYacTH STOTO YpaBHEHHMS YETHIpE pa3za M HaxoAs KOHCTAHTHI
MHTETPUPOBAHUS C TIOMOLIBIO ONMCAaHHBIX BBINIC TIPAaHWYHBIX YCIOBHH, moiaydum [13]:

4299750 2 2124643 ,, 1898801 , 141433 , 169082 , 46556
F(2)= 2*(z- ) 7%+ pARS 2%+ *+ z
53353114214400000 143325 143325 716625 2149875 716625
©_g 128 3116 . 10544 2 27364 S 612614 ,7_ 548068 Zgj a7
716625 2149875 2149875 2149875 143325 28665

Takum o00pa3oM, MBI MONYYHIN TPEThE MNPHONIMKEHHE, KOTOPOE JaeT BIIOJIHE MPHEMIIEMYIO
TouHocTh pu S < 10°. Takoit mapaMeTp SNEeKTPOBUXPEBBIX TEUEHUH COOTBETCTBYET yiKe JOBOJILHO
BBICOKHM TOKaM M B CBSI3H C 3TH yJIOBJIETBOPSIET TPEOOBaHNUSIM MHOTHX KCIIEPUMEHTOB.
IlonydyeHHbIE aHAIUTUYECKU DPE3YJbTaThl SABIIIOTCS XOPOIIMM MAaTE€pUaloM JUll CPaBHEHUS C
YHUCJICHHBIM DELIEHUEM aBTOMOJEIBHOM 3afaud. Taxke MOKHO IpearoJaraTb KaueCTBEHHOE
COOTBETCTBHE C 0OJIee MOJHO 3ajaueid, I/1e He UCIOIb3YI0TCSl aBTOMOIEIIbHBIE OAXOIbI.
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3.2 YucneHHoe pelueHue aBToMoAeNbLHOW 3a4auun

Kak MO>XHO BHIETh M3 CKa3aHHOTO BBILIE, PELICHHE 3aJa4ll O BOSHHKHOBEHUH JICKTPOBHXPEBOTO
TEYECHUS ¢ TIOMOLIBI0 aCHMIITOTHYECKUX DPA3JIOKEHHH OKa3bIBACTCS XOTS M BIIOJIHE Pa3peIlIrMMOit
3amayeif, HO IOJy4YCHHBIE pEIICHHs OKAa3bIBAIOTCS KpailHE TPOMO3JKMMH, a BBIYUCICHHE
KOHKPETHBIX 3HAYCHUH CKaJSIpHOW (YHKIMU TOKA IO JaHHBIM (GopMyliaM caMo 1o cebe TpedyeT
3HAYUTEIbHBIX BEIYHCIUTEIBHBIX PECYPCOB.

Ilo mpuuymHaM, 00O3HAYEHHBIM BBIIE, ropa3fgo Oojee NPUMEHUMBIMH BBIMJIAAT YUCICHHBIC
HOJXO/bI, CBA3aHHBIC C PEIICHUEM BO3HUKAIOIINX YPaBHEHHI KOHEYHO-PA3HOCTHBIMU METONAMH.
JU71s1 5TOro MOYKHO HCIIOJIb30BAaTh METOJ CUeTa HAa YCTAaHOBIICHHUE, KOTOPHIH, 10 CYTH, OYAET SABIATHCS
BO3BPAaTOM K HCXOJHOW HecTauuoHapHOH 3amaue [15,16]. Tem He MeHee, HENb3sl HE OTMETHThH
CIIEIYIONIYIO CIIOKHOCTD. Tak, ypaBHEHHE JJIsl CKAAPHOH (GYHKIUH TOKa (a Takke 11 GpyHKiwmu F)
HUMEIOT YEeTBEPTHId MOPSIOK IO KOOPAHHATE, W €ro PEIICHHE COMPSDKEHO C ONpeneiCHHBIMH
npobieMamu. B ciydae MCHoNb30BaHusI SIBHBIX CXeM (a B Cilydae HEsSBHBIX, KDOME OMpEIe/ICHHO
CIIO)KHOCTH B pEalT3allii, OKa3bIBACTCS 3aTPYAHCHO HX pachapasiejIMBaHHe) LIar M0 BPEMEHH
OKa3bIBAeTCS MPOTOPIIMOHATICH YSTBEPTOM CTEIEHH I1ara Mo KoopauHate. ITo TpeOyeT OrpOMHBIX
BBIYUCIIMTEIBHBIX pecypcoB. Ilo 3Toi NpHYMHE MOXKHO BOCHOJIB30BAaThCS BCIIOMOTATEIBHOM
(byHKIHEH, CMBICIT KOTOPOU MEPEKITHKASTCS ¢ 3aBUXPEeHHOCTHIO [13]:
2
W=- 0 |2: . (18)
to74
OOcymuM, Kak MOXKHO ITOCTaBUTh TPaHHYHBIC YCIOBHSA. B OKPECTHOCTSAX TpaHHLBI (HAaIpUMep,
z =0 3HaueHne HYHKIUH MOKET OBITH BBIPAKCHO TAK:
oF 10°F

|:|Z:AzE |z:0 E OAZ+5622
p=

Az’ = —%W AZ% (19)

z=0

Torma Mbl MOXKEM MMOCTaBHUTh TAK HA3bIBAEMOE HENOKAbHOE TpaHu4yHOe ycioBue Toma [6, 17] (B
KauecTBE AZ MOKHO MCIOJIb30BaTh IIar Pa3HOCTHOUW CXEMBbl):

|Z:AZ

——2w], Azt (20)

Kak u TOBOPHUJIOCH BBIILIC, 3a/la4a MOXKET OBITH peuicHa ¢ MoOMOIbIO METOZIa CUCTAa HA YCTAHOBJICHUC.
Torz[a MBI IPUXOAWUM K CUCTEMEC CJ'IeI[yIOH.[efI CHUCTEMC ypaBHeHHﬁ:

2
%*ﬂﬁ\@hs( —1} (21)
ot oz oz 2

2
SewSt (22)

ot oz
F F 1W 2_F 1W 2_0 93
|Z:°: |Z=1: z:Az+E |z:oAZ = |z:1—AZ+E z=1AZ R (23)

[lono6Hast 3amada pemanach HaMH C IIOMOIIBIO COOCTBEHHOM KOMIIBIOTEPHOI IPOrpaMMBl,
NpECTaBICHHON B OJJHOM U3 PEMO3UTOPHEB AJs CBOOOIHOrO Mcnonb3oBanus [19]. OtMernm, 4To
AJITOPUTM OCHOBAH Ha UCIOJb30BAHUU SIBHOM YHCIEHHOI CXEMBI C IPUMEHEHUEM MeToa cuéTa Ha
ycTaHOBIICHHE. DTO 00eceunBaeT J0CTaTOYHYI0 TOYHOCTD U MTO3BOJIAET pelarTh 3a/1a4y JOBOJILHO
OBICTpPO JaXke Ha OTAEITHHOM Ipolieccope (YIUTHIBas ee MPOCTOTY). B TakoM ciydae KOIHYIECTBO
oneparuii umeet nopstaok O(N-M), rae N — KonuuecTBO y370B ceTKH 110 ocu Z, M — KOJIM4YeCTBO
Y3JI0B 110 OCH BPEMEHH. YUHTHIBAs YCIIOBUs yCTOWUMBOCTH pasHOCTHOM cxembl, M=O(N?), mostomy
B Ka4eCTBE OLEHKH JUIs uMcia onepauuii Ml noiydaeM Beanauny O(N®). B Ta6n. 1 npuseneHs!
JTaHHBIE O BPEMEHH, 3aTPA4eHHOM Ha PacdeT NPH HCIOIb30BaHUH MEPCOHATBHOTO KOMIBIOTEpA C
npoueccopom Intel Core i5-5250U (cronben N = 100).
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Mexnay TeMm, BO3HHKAeT BOIPOC O TOM, HACKOJIBbKO YHCICHHOE pelIeHHe, IOMYyYEeHHOE TaKHM
CII0co00M, COOTBETCTBYET 3afade. JIJIsg 3TOro ¢ MOMOIIBIO METOAA CYeTa Ha YCTAHOBJICHHE HAMU
pemranack ucxoaHas aBTroMojernbHas 3anaua (7) — (8) mns ¢ymxumu F. Kak roopuioch BbImIe,
00beM BBIYHCIICHHII OKa3bIBaCTCSl JIOBOJBHO 3HAYUTENBHBIM, I0TOMY 3TO MHOTPeOOBAO
HCIIONB30BaHMs MapajlieJbHBIX BBIYHCICHUIT Ha cynepkommbiotepe [18]. Kon amst BerUucieHHi
TaKKe MPEACTABICH B PEMO3UTOPHU sl cBOOOAHOro mcmonb3oBanus [19]. [ns manHoil 3ama4m
TaKKe HCIONB30Baach SIBHAs YHCICHHAS CXeMa, KOJMMYECTBO OIMEpalHil i KOTOPOH HMeeT
nopsimok O(N-M), rme N — KomM4ecTBO y37I0B CeTKH 1O ocu Z, M — KOJIMYECTBO Y3JI0B MO OCH
BpeMeHM. 3ieCh YCJIOBME YCTOMYMBOCTM HPUBOAUT K cooTHomeHuro M=O(N%), mostomy mis
o0miero 9mcia omepanuii UMeeM BEIHIUHY O(N®). XoTs 3T0 M [OBONBHO 0OJBIIOE 3HAYEHUE,
HEJOCTaTKH JAaHHOW CXeMBbl OTYaCTH KOMIICHCHPYIOTCS BEChbMa HECJIOXKHBIM aJIrOPUTMOM
pacnaparenuBaHusi. B tabn. 1 mpuBeneHBl JaHHBIE O BPEMEHH, 3aTPa4eHHOM Ha pacyeT IpH
HCIIONB30BaHKH CynepkoMITbioTepa «JlomonocoB-2» (croiben N = 1000).

Tabn. 1. Bpems cuéma

Table 1. Counting time

3anaya N=100 N=1000
ABTOMOJIETIbHAS 3a/1a4a C 37¢ 163 ¢
HCTONb30BaHuEM ycinoBuid Toma (Ha otHOM siApe) (Ha omHOM s1Ipe)
ABTOMOJIeNbHAs 3a1a4a 4-oro 7148 ¢ 73851 ¢
mopsiiKa (ma 25 sampax) (na 250 anpax)
Ry 8795 ¢ 93186 ¢
yMep A (na 25 sppax) (na 250 snpax)

Pesynbrar cpaBHEHMS pPE3yNbTAaTOB, MONYYECHHBIX C IIOMOLIBK Pa3/IMYHBIX BbIYMCIUTEIBHBIX
MOJXO0JIOB, MOKa3aH Ha puc. 2. Takke TaM NOKa3aHO ACUMIITOTHYECKOE pPElICHHE, MOJYy4YEeHHOEe
aHAJIUTHYECKU. MOHO BUETh, YTO BCE CIIOCOOBI MOJTyYSHHS PEIICHHUs IEeMOHCTPHPYIOT CXOJCTBO.
Ecnu roBopUTh O ABYX YHCIIEHHBIX MOJAXOAaX (YepHas M KpacHas KPUBBIE), TO OHU MPaKTHYECKH
HEepasJIMuMMbl JlaKe JUIA HCIIOJIb30BaHHBIX B pacuere TIPyObIX ceTkax. BBumy Toro, 4ro
BBIYHCIIATEbHAS CIIOKHOCTh aJlTOPUTMa, UCTIONB3YIOIIEro MPHOIIMKEHHBIE yenoBus Toma, Ha 1Ba
MOpPsAKA MEHBIIIE, 3TO 03HAYAET, YTO B MPUIIOKEHUAX €CTh CMBICI UCIIOJIb30BaTh HIMEHHO ero. Uro
Kacaercsi aHAJIMTHYECKOTO BBIPAKEHUS, TO OHO IaeT Topas3fo OOJBIIYI0 OHIMOKY M JOJDKHO
UCTIONIH30BATHCS JIMIIB JUIS TPYOBIX OIIEHOK.

2000 T T T T

1000

-1000

-2000 :
0.0 0.2 0.4 0.6 0.8 1,0

Z

Puc. 2. 3asucumocmo F(Z), nonyuennas pasnuuHuimu nooxo0amu.: 4YepHas TUHUs — peuleHue
oughepenyuanvrozo ypasuenus 4-020 nopsioka, Kpachas — ¢ UCNONb308AHUEM 2pAHuyHbIX yerosull Toma,
CUHAA — aHalumu4deckoe npu6ﬂu9fceﬂue
Fig. 2. The dependence F(z) obtained by various approaches: the black line is the solution of a differential
equation of the 4th order, the red one is using the boundary conditions of the Volume, the blue one is an
analytical approximation
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4. PeweHue dgymepHoOli 3adayu

BMeCTe C TEM, KpOMC pCH.IeHI/I}I ABTOMOJACIBHBIX 3aaa4, OKa3bIBACTCA AOCTATOYHO I/IHTepeCHBIM
YHCIICHHOE PEIIeHIe MCXOMHOW ABYMEPHOW 3aJaduu IS HaXOXKIEHHS CKaJIPHOW (QYHKIIMH TOKA.
Toraa B CTaHI/IOHapHOM cnyqae HeOGXOZ[I/IMO peHII/ITB CJ'IeI[yIOIIIyIO CI/ICTeMy ypaBHeHHﬁ:
oy 0w O 60) Pw e léow o 1
L4 v —t— +t-———+Sr*| =-z, (24)
or oz oz or oz or ror r 2

o’y 0w 10

1/2/+ V;+——V/—Kz+a):0. (25)
15/4 or ror r
ﬂaHHyIO 3az(aqy MbI pemann YUCJIICHHO C NOMOIIBKO CYETa Ha yCTaHOBJ‘IeHI/Ie, II0OCTaBUB TaKyIO
3a7a4dy:

2 2

8_(//:_81//60)+61//6w+8620+6620 10w a; sr? l—z; (26)

ot or oz o0z or o1 or rar r 2

2 2
a_w:ay2/+av2/+18_u/_£2+w; (27)
ot oz or ror r
0
V/|z:0 = l//|z:1 = l//|r:R = a_y/ = 0’ (28)
r r=0

! 2= ! 2= ! 2-0 29
l’[/z:Az+§wz:0Az _l//|z:l—Az+Ea)|z:1Az _W|r:R—Ar+§w|r:RAr - ( )

s pentenust 3axaun OblIa COCTaBJICHA IPOTpaMMa, IOCTYNHAsE B PETIO3UTOPHHU JUIs CBOOOIHOTO
HCTIONIB30BaHUs. AHAJIOTHYHO MPEABIIYIIUM alroOpUTMaM, JaHHBIM TakXKe MCIOJIb3YeT SBHYIO
YHCIIEHHYIO CXEMY, YMCIIO onepanuil 1j1s kotopoii umeer nopsgok O(N?-M), rne N — konudecTso
Y3JI0B CETKHU 10 KOOPAMHATHEIM ocsaM R u Z, M — xonudecTBo y3/10B 10 ocu BpeMeHH. OTMETHM,
YTO YCJIOBME YCTOMYMBOCTH T03BOJIAET 3amucaTh cooTHoiuenne M=O(N?). Torjga koamuecTBo
onepanuii 6yaer nopsaka O(N*). C yd4eToM HCIONB30BaHMS NapajLieIbHbIX BHIYKMCICHUM, TaHHAS
3a7a4a CYMTAETCs] B TEUCHHE YyJIOBIETBOPHUTEIHHOTO BpeMeHH. B Tabm. 1 mpuBeneHsl aHHBIE O
BPEMEHH, 3aTPAaueHHOM Ha pacdeT MNpW HCIOJIB30BAaHUM CyHepKoMmIibioTepa «JIoMOHOCOB-2».
PesynbraTel npu R=10 npexacrasnens! Ha puc. 3. Bei1o OB HHTEPECHO CPABHUTEH €€ C Pe3yIbTaTaMH
aBTOMO/ICNFHOM 3aaun. Henb3s He OTMETHTh, YTO MOJIHOW aHAJIOTHH MEX/Ly HUMH OBITh HE MOXKET
(TTockoIbKy OJJHA M3 33124 CTaBUTCS B OECKOHEYHOH 00J1acTH, a Ipyras — B OrpaHUdeHHON. TeM He
MeHee, BO BHYTPEHHHX O0JIaCTIX Ha OOJIBIIIOM PAcCTOSIHWM OT BHEIIHEH TIpaHUIlBl MOJZ0OHOE
CpaBHEHHE BIIOJHE JAOIYCTHMMO, M MOXXHO OXHAaTh, YTO pas3HbIe IOIXOAbI OyIyT JaBaTh
Ka4eCTBEHHO CXOXKHE pe3ynbTaTel. JleficTBUTeNBbHO, pHC. 4 TOKa3bIBae€T, YTO OKOJIO OCH Z
CKaJIsIpHbIE (DYHKIMU TOKa OJM3KM JPYr K JAPYra, HO NPH yJAJIEHHH OT Hee pa3indyue HauyMHaeT
HapacTaTh. JKCTPeMyMbl (YHKIMH TOKA B IOJHOM 3a/a4e CMEIIAIOTCS K BEpXHEMY M HIKHEMY
JNEKTPOSTY.

5. 3aknroyeHue

B npexacraBnenHoif paboTe MBI PACCMOTPENH DSJIEKTPOBHXPEBOE TEUCHHE MEXIy ABYMS
IUIOCKOCTSIMH. J[711 HeTo OBUIO MOCTPOEHO aBTOMOJENIBHOE PEIICHUE C MPUMEHEHHEM YCIOBUIl
Toma, ¢ WCHONB30BAaHMEM WCXOIHBIX TPAHMYHBIX YCIOBHHM, a TaKke C TNPHOIMKEHHBIM
AQHAIUTHYECKNM pelleHueM. bbulo moka3aHo, uTo ycioBus Toma JaroT BHOJIHE HMPUEMIIEMYIO
TOYHOCTb, MO3BOJISISI CYIECTBEHHO COKOHOMUTH BBIUUCIIUTENBHBIE PECYPCHI. DTO 03HAYAET, UTO B
peaNbHBIX NPUKIAAHBIX 3a/JadyaX HWMEeT CMBICH HCIOJIb30BaTh JAaHHYIO IPHOJIMKEHHYIO
MIOCTAaHOBKY, KOTOpasi MPaKTHYECKH HE YCTYNAIOT MO aKKypaTHOCTH JaBaeMbIX pe3yJbTaToB,
OJTHAKO SIBJISIFOTCS HAMHOTO 0oJiee YKOHOMHOI B IIAHE BBIYMCIUTEIBHBIX 3aTpaT.
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Taxoke aBTOMO/ZIEJIFHOE PEIICHIE CPABHUBAIIOCH C JAHHBIMHU MIPSIMOTO YHCICHHOTO PEIICHHNS 3aJa4un
JUISL CKJIIPHOH (DyHKIMY TOKa. MOXKHO OTMETHTB, YTO Ha HEOOJIBIIOM PACCTOSHHUHU OT LIGHTPa OHO
JIaeT MpUeMJIeMbIe Pe3yJIbTaThl, OHAKO 10 Mepe yJaJIeHHs pa3iudyyie HauuHaeT BO3pacTath.

B nmasHBIX 3amagax 0coboe 3HaUEHHE NMEET IIPOU3BOAUTENLHOCTD BEIYUCICHUN 1 3aTPauyeHHOE Ha
HUX BpeMms. CpaBHEHHE 3aTPadyeHHOTO BPEMEHM U Pa3HBIX 33a4 M BBIYHUCIUTENBHBIX
WHCTPYMEHTOB IpuBeleHO B TaOm.l. MoOXHO BHAETh, YTO BpEeMs pacdeTa A BBIOPAHHBIX
IapaMeTpOB OCTAETCS BIIOJIHE NMPHUEMJIEMBIM, XOTS JUIsl JTAJIbHEHIET0 Pa3BUTHS 3aa4l UMEJO ObI
CMBICIT MOAN(HUINPOBATH YUCICHHBIE CXEMBI, B YaCTHOCTH — HCIOJIb30BaTh CXEMbI MEPEMEHHBIX

HaIpaBJICHUH.
W
‘ 1x107
8x10
6x10™
3x10™*
0

-3x10™
-6x10
-8x 10
-1x107

Puc. 3. Jlunuu yposns pyuxyuu y (r, S) 0151 Hea8MOMOOENIbHO20 PeuLeHus.
Fig. 3. Lines of the function w (r, s) level for a non-automatic solution

4
8x107
6x107
4x10™
2x10%
0
-2x107
-4x107?
67107
p -8x1 0-3
0

Puc. 4. JTunuu yposmst pynxyuu y (r, S) 0151 a8MOMOOEIbHO20 peuerus
Fig. 4. Lines of the w (r, s) function level for a self-similar solution
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AnHoTammsi. B pabore uccienytoTcs npocTpaHCTBEHHO-BPEMEHHBIE PSIIbl OCHOBHBIX AITUIEMUOIOTHYECKIX
nokazareneit COVID-19 (pacnpocTpaHEeHHOCTh, CMEPTHOCTb, TIOKa3aTelb BBI3IOPOBIICHHS) IS PA3IMIHBIX
perunoHoB Poccun. C 1enplo BBISBICHHS! NPOCTPAHCTBEHHON Koppemsinuu npuMmeHeHo POD-pasinoxenue,
BBIZICICHBI OCHOBHBIE MOJBI, IIOJMYY€HbI COOTBETCTBYIOILIAE BPEMEHHBIC 3aBUCHMOCTH;, K MOCICIHUM
MPUMEHEHO IIyMomnofaeieHue ¢ momomsio Empirical Mode Decomposition. [lokasano, 4to Bcienctue
pa3HOro xapaktepa BpeMEHHbIX KOA()(HUIMEHTOB Il HCCIeAyeMbIX mapameTpoB coBmectHoe POD-
pasnoxkeHue HenenecoobpasHo. MccnemoBana CXOAUMOCTD Pa3JIOKESHUsI K HCXOJHBIM JaHHBIM B 3aBUCHMOCTH
OT YHCIIa MOJ] Pa3JIo)KEHNUs; BBISIBIICH SKCIIOHEHIIMAIBHBIX XapaKTep 3TOH 3aBUCHMOCTH.

KimroueBnle cioBa: srmgemuonorus; COVID-19; POD; EMD.

Jast umtupoBanusi: EnucrparoB C.A. [IpoctpancrBenHoe POD-paznoxeHune S1uIeMUOIOrHUeCKUX TaHHBIX
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COVID-19 Epidemiological Indicators POD Spatial Decomposition
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Abstract. The epidemiological indicators (prevalence, mortality, convalescence) for COVID-19 are
investigated as a temporary-spatial dependencies. Proper Orthogonal Decomposition is applied for the first time
to this type of data; the main modes and corresponding coefficients are obtained. Due to this method, it is shown
that there are modes concentrated in the particular regions which means there are independent factors for disease
spreading. Additionally, it is showed that Empirical Mode Decomposition can be successfully applied for noise-
reduction and better understanding time dependencies. The exponential nature of the decomposition error
decree shows the accuracy of the decomposition. Despite the ability of POD to reveal hidden dependencies, it
requires rows of simultaneous data, which in fact may not be so. In the article the correction applied is discussed,
however it may not be enough because of mistakes in raw data. The method is recommended to use unless the
data it is applied to is inaccurate.
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1. BeedeHue

VYcTaHOBIIEHHE MPOCTPAHCTBEHHON KOPPETSILMU MEXAY SMUAEMUOJOTHUECKUMH IMOKa3aTeIsIMU
SIBIIICTCA Ba)KHOM 3ajauedl MpHU OIEHKE PUCKOB M OCYLIECTBICHHU MEp MO HMPOTHUBOAEHCTBHIO
pacrpocTpaHeHUI0 HH(EKIIMOHHBIX 3a001eBaHui. B HacTosIee BpeMsi IPOrHOCTUYECKHE MOJIEIH
pa3BuTHl Cnabo, IMO3TOMY BaXHYIO POJb B HM3YYEHHH 3TOTO BOIpOca HUrpaeT o0paboTka H
HUHTEpIpeTanus MONEBbIX JaHHBIX.

OCHOBHBIE MOJENH paclpoCTpaHeHHs MH(QEKIMOHHBIX 3aboyieBaHuii cocpenoToueHsl [1-2] Ha
SBOJIIOIMH TOKa3aTeJe B KOHKPETHOW OOJIACTH; CYIIECTBYIOIIHE MOJENTH IPOCTPAHCTBEHHOU
nepeaud MHQEKINH OCHOBAHBI Ha KJICTOYHBIX aBTOMAaTaxX M OMHCBHIBAIOT HEOONBIINE MOJEIbHBIC
00BEKTHI C BBICOKOH IUIOTHOCTBIO W IpocTol reomerpueil [3-5]. HTEpecHbIM HpencTaBiseTcs
noxxon [6] Ha OCHOBE HMHTALIOHHOTO MOJICITUPOBAHHUS, OTHAKO €ro MPUMEHEHHE I pa3OueHUs
Ha 00JIBIIOE YUCIIO PETHOHOB MIPEACTABIIAECTCS 3aTPyIHUTEIbHBIM.

VYdecTh MPOCTPAHCTBEHHYIO AWHAMHUKY B IU(QEPECHINATIBHBIX YPaBHEHUAX HE ITPEICTABISCTCS
BO3MOXXHBIM BCJIEACTBHE OECCTPYKTYPHOT'O PpACIIOJIOKEHHUS HACEJCHHBIX ITyHKTOB, a MOJEIH
CIUIOIIHOW Cpeibl B MacIuTadax pPEernoHOB HEMPHMEHUMBI M3-32 MaJoro pa3Mmepa IOCIECIHUX IO
CPaBHEHHIO C PACCTOSHUSAMU MEXy HUMH.

Tem He MeHee, OKa3bIBaeTCS BO3MOJKHBIM CBSI3aTh IOKa3aTelH 3a00JIE€BaeMOCTH BO BPEMEHH H
IpocTpaHcTBe ¢ moMomnbio POD-pasnokeHus. DTOT METOA yKe 3apEKOMEH/I0BAN ce0sl B TMHAMUKE
CIUIOIIHBIX CpeJl, TAE UCIIONIb3YeTCs JUIsl BBIJIEICHUS XapaKTepHBIX MOJ| TEUCHUIT; 0OIHAKO 001acTh
€ro NPUMEHEHUS HE OrPAaHUYUBAETCS 3a/la4aMy C HEIIPEPbIBHOU cpenoi. Meton JIMIIEH
HEOOXOAMMOCTH MCIIOJIb30BATh KaKNe-TM00 CETKH M BOCIPUHUMAET 3aBUCHMOCTH B Pa3HBIX TOUKAX
KaK MMEHOBAHHBIE BPEMEHHBIE DPSIbI, YTO IO3BOJISAET MPUMEHATH €ro Ui 3amucell JaHHBIX B
s;lueMKax PpasHOro pasMepa, pPAsACiICHHBIX CIOKHOM TpAaHMULIEH, pPOJIb KOTOPBIX B TEKYILLEM
HCCIICIOBAaHUH HUIPAIOT CYyOBEKTHl aJIMHHHCTPATUBHOIO JeNeHus. Takoe pasioXKeHHe IMO3BOJISET
OTCJIEINTH MPOCTPAHCTBEHHYIO KOPPEIAINIO MEXKAY JaHHBIMH W3 Pa3HbIX PETMOHOB M BBIICIUTH
XapaKTepHBIE MOJBI SBOJIFOLINH SMTUIEMHUOIOTMYECKHIX TOKa3aTeNe.

2. MemoOsbi

2.1 MeToabl pa3noxeHus

B o6miem Bupe POD-pasznoxenue Mo3BosseT NPEACTABUTH JBYMEPHBIH MacCHB JAaHHBIX B BHIC
CYMMBI CJIaraéMbIX C pa3eJIEHHbIMU UHJEKCAMU:

Ujj = X Tikq)}( €Y)
Jlns paznoxkeHus UCIONb3yeTcs CleAyIomas Ipoleaypa: COCTaBIsIeTCsl MaTpyuLa kopapranuu C =
uTu, cobCcTBeHHBIE BEKTOpa KOTOPOi SABJAIOTCA BEKTOpamu pasnoxenus ®F. CobcrseHHble
3HA4YEHUS HA3bIBAIOTCA DHEPTUsIMU MOJ U OTPAXKAIOT BKJIAJ KaX10i KOMIIOHEHTHI B pa3llaraeéMyo
(GYyHKIMIO; B CIydae pas3lIOKEeHUS (DU3UUECKOrOo IOl CKOPOCTH OHHM  MPONOPILHOHAIBHBI
KyMYJISITUBHOW KHHETHYECKOH sHeprum Moabl. [Ipenmomnaraercs, 4Tto CcOOCTBEHHBIE BEKTOpa
pa3IoKeHUSI OPTOTOHAIBHBI, IO3TOMY BpPEMEHHbIE KOI(PQHUIMEHTH MOXXHO HAaWTH IyTeM
YMHOKEHHsl MCXOAHOH Matpuubl [u;;] = U Ha TpPaHCIOHMPOBAaHHYIO MaTpuiy Moi. Jlis
BO3MOKHOCTH CPAaBHEHHUS BPEMEHHBIX KO3((HIIMEHTOB MOJIbI PA3JI0kKEHHSI HOPMUPYIOT B L? , 40
B TOXE BpeMs JeTaeT KOHKPETHbIE YHCIOBbIC 3HAUeHUS KO3 ((UINEHTOB BECbMa YCIOBHBIMHU H3-3a
MacuTabupoBaHusl.
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B cimydae GosbInx JaHHBIX MOMCK COOCTBEHHBIX 3HAUYCHUN MOXET 3aHMMATh JUINTEIBHOE BPEMS;
OJTHAKO B CHJIy CTIEHU(DHUKN MATPHIbl KOBAPHALIMN TE K€ MOIBI ¥ SHEPTUH MOTYT OBITH MTOIY4EHBI
IMyTeM HE KaK COOCTBEHHBIX BEKTOpa Marpuibl KoBapuanun C, a Kak CHHTYJSIpHBIE BEKTOPa
UCXOIHOW MaTpuIlsl U, a 3HEprum — KaKk KBaJpaThl CHHTYJSIPHBIX dncel. B camom nene, mycts € u
1 — TpaBbIil U JIEBBIH BEKTOpA CHHTYJISIPHOTO pasiokeHus U COOTBETCTBEHHO; 0 — CHHTYJIIPHOE
YHCIIO:
U§ = on; U'n = o
VmHoxas cneBa Ha UT, momydum:
UTU ¢ = aU™y = 0%
W
C¢ = 0%¢
CunrynsipHoe pasznoxxenune (SVD) ObicTpee moucka COOCTBEHHBIX 3HAYCHHWH, YTO MO3BOJISET
COKPATHUTh BpeMsI IIpeoOpa3oBaHus. TeM He MEHEe, 3TOT alTOPUTM SBISIETCS JOBOJIBHO 3aTPATHBIM
B CMBICJIE OTIEPATHBHON ITaMSTH, U JaHHbBIE C OOJIBIINM YHCIOM IIPU3HAKOB MOTYT MPUBOJNTH K €€
nepernonHeHuo0. s ee pemeHHs MOXET OBITh TPUMEHEH AalrOpUTM C HCIOJIb30BAaHHEM
MAaIIMHHOTO 00y4eHHus [ 7], U1 KOTOporo TpeOyeTcs JIHIIb MaMsTh 0] HEOOXOIMMOE YHCIO MO,
OJTHAaKO B CITydae, KOT/[a YHCIIO POCTPAHCTBEHHBIX TOUEK HEBEIIMKO, IPEIIIOYTUTEIEHBIM SBISCTCS
anroput™ SVD kak 6oJiee TOUHBIH.
B HenpephIBHBIX MEPEMEHHBIX pa3iioxkeHue (1) MOXKHO MHTEPIPETUPOBATH CIICIYIONIMM 00pa3oM:
MIepBBIIl HHIIEKC COOTBETCTBYET BPEMEHH, BTOPOH — HEKOTOPOMY TIPH3HAKY:

u(x,t) = Xy T @*(0), )
rze t — Bpems, X — 0600menHas koopauHata. [Ipu stom dynkmuu T (t) Ha3bIBAIOTCA BPeMEHHBIMU
ko3 duuentamu pasnoxkennus, a ®*(x) — monamu. ITockonbky camo pasioxkenue (1) HUKaK He
OTPaHWYMBACT BBIOOp TapamMeTpa X, 3TO MOTYT OBITh KaK HMMEHOBAaHHbIC NPHU3HAKH, TaK H
KOOPJWHATBI, KPOME TOTO, BO3MOKHO COBMECTHOE pa3lIOKEHHE HECKOJBKHX HPU3HAKOB II0
KOOpJMHATaM (HampHMep, pa3HBIX KOMIOHEHT ckopocT [8]). POD-pasnoxkeHue mo KoopanHaTam
HAXOIUT IMHUPOKOE MPUMEHEHHE B 3aJadax MEXaHWKH CIUIOmHBIX cpen [9-13] mis BeimeneHust
MPOCTPAHCTBEHHBIX MOJ| TEUSHHUsI; CIydau NMpUMEHeHHs npocTpaHcTBeHHOro POD-pasnoxeHus B
AMUAEMHUOJIOTHH Hen3BecTHBI. [I0CKOIbKY pa3iioyKeHne He HaKIIaIbIBaeT OrpaHUYEHHE Ha IIPU3HAK,
JUISl KOOPZMHATHOTO Pa3JIoKeHHs He TpeOyeTcs criennaibHas ceTka. TO IPEUMYIIECTBO MO3BOJISET
BBIJICTINTH B KAY€CTBE MOJ PETHOHAILHOE paclpe/ieNieHIe HCCIeayeMOr (QYHKIINH.

2.2 laHHbIe 1 npego6paboTka

B kaudecTBe JMaHHBIX UCHOJB30BATHMCH JaHHBIE O 3aboneBaemoctu COVID-19 ¢ mapra 2020 mo
okTs0pb 2023 rona. DTH JaHHBIE COEPIKAT pacpe/eICHHe YUCIia 3apayKeHUH, BBI3TOPOBIECHUN U
CMEpTei, a Takke X KyMYJSTHBHBIC IIOKa3aTelld 0 peruoHaMm Poccun. M3-3a Haaw4us B JaHHBIX
OIMMOOYHBIX 3amuced (OTpUIATENPHOE YHCIO HOBHIX CMepTed, YObIBaHHE KyMYIISITHBHBIX
mokasaresed u T.J1.) OblIa MpoBeieHa UX MpenoOpadoTKa: 3anvcH (P JaHHBIX IS OTIPeIeIeHHON
JIaThl B KOHKPETHOM PETHOHE) C OTpUIATENbHBIMU T depeHInalbHBIMU JaHHBIME YAQISIINCH, U
KyMYJISITHBHBIE JIaHHBIE BOCCTAHABIIMBAIKNCH 1O AU PepeHINaIbHbIM (ObUT HCIONB30BaH TaKOW
MOAXO, HOTOMY YTO OIIMOKH B KyMYJISITUBHBIX JIAHHBIX BEIYT K HAKOIUIEHHIO OLIMOKH, U OIINOKa
B OJTHOI1 3armucH TpebyeT peKOHCTPYKIIMHU BCEX MOCIeayonux). M3-3a Toro, 4To clienaHsl B pa3HbIX
pEerroHax MOTYT OBITh 3alMCaHbl He KQKIBIH JeHb U IIPUXOAATCS Ha Pa3HbIE IaThl, ObUT OIpeielicH
o0wmmii st Beex nepuo HaOmonenust (¢ 17 anpens 2020 no 24 centa6ps 2023 roja) u npoBeeHa
MpoIeIypa MHTEPIIONAINH Ha MMOCYTOYHYIO CETKY, HOCKONBKY aisi POD-pa3noxenus tpedyercs
MaTpuiia OJHOBPEMEHHBIX 3aluceil. 3aTeM KyMyJISITHBHBbIC AaHHbIe MuddepeHurpoBatuch s
BoccTaHOBNeHMs nuddepeHnanbabix BennduH. [lonydernas BbIOopka cogepxut 1255 cpe3oB no
BpeMmeHu. Cpa3y oroBopuMmcs, 94To Oy/1eM paccMaTpUBaTh TOJIBKO AU depeHnnanbHble (CyTOYHbIE)
MOKa3aTedd, TOCKONbKY IUIi HHX BpeMEHHas JAWHAMHUKa BHIHA Ooyiee  HArJSIHO.
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ITpocTpaHCTBEHHBIE MOABI y COOTBETCTBYIOUIMX CYTOYHBIX M KyMYJSITHBHBIX ITOKa3aTelel
OJMHAKOBBI, TIOCKOJIbKY OHH CBSI3aHbI CyMMUPOBaHHEM TOJIBKO IO BPEMEHH (CM. BhIpaXkeHHeE (2)).

3. Peaynbmamsoli

3.1 PacnpocTpaHeHHOCTb

Pasnmoxenne ~ 3a0onmeBaeMocTH  (YMCIIa  HOBBIX  CIyYacB  3apa)KCHUs)  OKAa3aloch
HEpEMPEe3eHTATUBHBIM, TOCKOJIBKY OCHOBHOM BKJIaJl MPUXOUTCS Ha MEPBYIO Moy (>85%), koTopas
LEJIMKOM COCpEeNIOTOUeHA Ha KpymHBIX ropojax (Mockea u Cankt-IlerepOypr Ha puc. 1). D10
MIPOUCXOJUT H3-32 HEOJIMHAKOBOM UYMCIEHHOCTH HAaceJeHHs B pa3HbIX peruoHax. [loatomy st
POD-pa3noxkeHuss MMEET CMBICT paccMaTpHUBaTh HE 3a00JEBaEMOCTh, a PAaCIPOCTPAHCHHOCTH
(umcmo HOBBIX ciy4yaeB 3apaxkenus Ha 100.000 denoBek); JanbHEWINHME JaHHBIC TaKXKe
paccMaTpUBaIOTCSI HOPMHPOBAHHBIMHA IO HACEJICHUIO PETHOHA.

1st mode, 88.67 % of energy

20 40 60 80 100 120 140 160 180

lon

Puc. 1. Ilepsas mooa pasnoscenus 3aboneeaemocmu
Fig. 1. First POD mode of incidence

Ha puc. 2 mpezncraBieHsl BpeMeHHBIe K03(duiueHTsl pasnoxenus. [lepsas moma ¢ Hambomee
BBICOKHM (64%) BKIaOM B PAa3l0KEHHE HECMOTPS HAa HOPMHUPOBKY HMEET JOBOJBHO
HEpaBHOMEPHOE paclpe/ieICHHe YUCiia HOBBIX ClydaeB 3apakeHus (puc. 4), mpuueM HauOosbliee
3HaueHHe HabOmonaroTcs B SImano-HeHerkoM aBTOHOMHOM OKpyre, B TO BpeMsl Kak B MockBe
HaOmoaeTcs IOBOJIBHO HU3Kas 3abosieBaeMocCTh. [IpunHa Takoi BBICOKOH 3a007€BaeMOCTH B
SAMAO HescHa u TpeOyeT OTAEIbHOTO UCCIICTOBAHMUS.

OTMeTHM, 4TO HECMOTPSl Ha HEOTPHIATEIHHOCTh MCXOJHOTO BPEMEHHOTO psja KO03()(UIIMEHTHI
POD-pasnoxenust MOT'yT IIPUHUMATh OTPHUIIATENIbHbIE 3HAUYCHNUS, HAIIPHUMeEp, Mo/ia ramenus. Takas
MoOJla yMEHbIIaeT 3HaYeHUE Hccle yeMoi (pyHKIMU Ha CBOEM HOCHUTENE II0 CPaBHEHMIO ¢ Ooiee
BBICOKOHEPTETUIECKUMHU KOMITIOHEHTaMH.

B ciyugae ananmm3a uncia 3abosieBaHni MOA0OHOE MOBEACHHE MPUCYIIE MOJIE 2 CO 3HAYUTEILHBIM
BkiagoM (17%), koropas cocpenoroueHa Ha Mockse, Cankr-IlerepOypre u Skyrun. Moza Oblna
aKkTHBHa B repBoM kBaprtasie 2022 ronma; B TO e BpeMsl HaOJIONAJICS MAKCUMyM BPEMEHHOTO
ko3(h(punreHTa OCHOBHOW MOABL. MHTEepecHO, YTO B MEpHOA MoabeMa 3a00IeBaeMOCTH Moja 2
MMeEET TIOJIOKUTENNbHBIE 3HaUeHUS (TO €CTh 3a00JIeBaéMOCTh B ATHX PETHOHAX pocia ObICTpee), a B
MeproJl craja, Hao0OpOT, OTPHUIATENbHBIE, YTO TOBOPUT O TOM, YTO TPOLECC POCTa W CIajaa
3a00JIeBAEMOCTH POUCXOIUT ObICTpee Ha (hOHE cpellHel KapTHHBI.

3anryMI€HHOCTh JIaHHBIX TIPOSBISIETCS B BHJAE BBICOKOYACTOTHBIX OCHMJUIAIIMA BPEMEHHBIX
koa¢pdunmentoB. Camu 1o cebe OCHWUIANMK C XapaKTepHBIM IEPHUOJIOM B HECKOJIBKO JHEH
MPEACTAaBISIIOT MaJl0 WHTEpeca, IMO3TOMY pa3yMHO OyAeT BBLACINTH OCHOBHYIO IHHAMHKY.
Ocpenaenne B OKHaX He SABISAETCS 3(PPEKTHBHBIM, MOCKOJIBKY HE OCPEIHSET JOJKHBIM 00pa3zoM
(GYHKIMH C pe3KUMH N3MEHEHHUSAMHU.

184



MBanos .U, ITetpos ILII. 3aronoBok crateu. Ipyoet UCII PAH, 2024, Tom 36 Bbm. 2, c. 181-192.

10000 - 10°4
8000 o]
6000
4000 1014
2000 -
0 100 4
~2000
-1 4
—4000 1 b 0.00 0.02 0.04 0.06 0.08 01
' ‘ ‘ ' ' ' ' f, day1
1;ﬂp’“a* 1gﬁasyyb 1993’90 q;nﬂfpp q;ﬂﬂf§§ 1913*e° 1¢ia*”9 Y

Puc. 2. Bpemennvle koaphuyuenmol pasnosicenuss 0 Puc. 3. Cnexmpul epemennuix k03¢hduyuenmos

pacnpocmpanesHocmu
Fig.2 Temporal POD coefficients of prevalence Fig.3. Prevalence POD coefficients spectra
1st mode, 63.93 % of energy 2nd mode, 17.31 % of energy
80 1
704
Beo ;l‘
50
a0 ‘ ‘ . ‘ ‘ . . ‘ . . . . . . . . .
20 40 60 80 100 120 140 160 180 20 40 60 80 100 120 140 160 180
lon lon
3rd mode, 8.63 % of energy 4th mode, 3.95 % of energy
80 4 80 1
704 70
B 6o B 60
50 4 50 /
”
40 ‘ ‘ . ‘ ‘ . . ‘ 40
20 40 60 80 100 120 140 160 180 20 40 60 80 100 120 140 160 180
lon lon
5th mode, 3.85 % of energy 6th mode, 2.34 % of energy
80

70 ﬁ “
B 60 3 Py
50 5" 3

&

T T T

20 40 60 80 100 120 140 160 180 20 40 60 80 100 120 140 160 180
lon lon

Puc. 4. Moowl pasnosicenust pacnpocmpanennocmu
Fig. 4. POD modes of prevalence

185



Elistratov S.A. COVID-19 epidemiological indicators POD spatial decomposition. Trudy ISP RAN/Proc. ISP RAS, vol. 36, issue 2, 2024.
pp. 181-192.

YroObl M30aBUTHCSI OT BBICOKOYACTOTHOIO IlIyMa, MPEAJIAaraeTcs HCIOJb30BaTh PAa3JIOKEHUE IO
aMIIUpHYECKUM MojaM (mpeodpaszoBanne ['mibbepra-Xyanra, EMD [14]). OTnenpHble MOIBI HE
MOTYT OBITh UCTIOJIH30BAHBI CAMH MO ce0e, OJJHAKO YUUTHIBAsI, YTO MO/IbI BBIJCISIOTCS, HAUNHAS C
HanOoJiee BRICOKOYACTOTHONH KOMITOHEHTHI, [T OCPEIHCHUS MOXKHO BBIUECTH MEPBHIC HECKOIBKO
SMIHMPUYCCKUX MOJ M3 HCXOJHOTO BPEMEHHOIO psijia. Pe3ympTar Takoro mpeoOpa3oBaHHS LIS
BPEMEHHBIX KO3()(DUIIMCHTOB pa3ioKeHUsI 3aBUCUMOCTH YHCJIa HOBBIX 3a00JICBaHUI MPEICTABICH
Ha puc. 5 (BBIYUTATUCH IEPBBIC 3 MOJIBI); YCTPAHEHUE OCIMILISIIIUI MO3BOJISICT CAICNIATh 3TOT Ipaduk
6osiee HarIMHBIM (Cp. ¢ puc. 2). [Ipu 3TOM Takoe OCpeTHCHUE BEIET K BBITIOIAXKHUBAHUIO CIICKTPa
B 00JIacTH BBICOKMX 4YacToT (puc. 3, 6); TeM He meHee, EMD B ToM Buie, B KOTOPOM OHO
UCMONBb3YEeTCs, SBISETCS JHIIb CIIOCOOOM  YIAYYIIHWTh PENpPE3CHTAaTHUBHOCTh BPEMEHHBIX
KOX((UIIUECHTOB ¥ HUKAK HE CKAa3bIBACTCS HA MPOCTPAHCTBEHHBIX MOJIaX.
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Puc. 5. Bpemennvie koaghuyuenmol pasioxceHus
ons pacnpocmpanennocmu (EMD-gursmpayus)
Fig.5 Temporal POD coefficients of prevalence
(with EMD filtration applied)

Puc. 6. Cnexmpui 8pementvix k03¢uyuenmos
(EMD-gurvmpayus)
Fig.6 Temporal POD coefficients of prevalence
(with EMD filtration applied)

3.2 CMepTHOCTb

HecmoTtps Ha TO, 9TO JaTaceT COASPKUT HECKOJIBKO 3MUAEMUOJIOTHYECKUX MoKa3aTeneit, a POD-
pa3ioKeHHe MO3BOJSET IMPOBOAUTH MPOIEAYPY ACKOMIIO3MIIMH I HECKOIBKHX pa3jiaraeMbIX
(byHKIMHA, MBI HAMEPEHHO HE JIeJlaeM TaKoe pas3IoKEeHUE Ha IMUIEMHOJIOTMYECKUX IaHHBIX. Jleno B
TOM, 4YTO COBMECTHOE pa3JIO)KEHHE HMEET >KECTKOE YCIOBHE B BHUJAE OOILEr0 BPEMEHHOTO
KO3 uImeHTa:

u(x,t) ()
(o)) = = k)T @ )
v
rJie U ¥ ¥V — JIBE COBMECTHO pa3niaraeMbie GyHkiuH. 13 Buna pasioxenus (3) BUIHO, YTO HECMOTPSI
Ha pa3HbIe IPOCTPAHCTBEHHBIE COCTABIISIOIINE BpeMEHHOI ko3¢ durpenT y Hux oOmuit. I[ToaTomy
Takoe pasJIoKeHNE, HAIPUMED, IS 9HCIIa HOBBIX CITyJaeB 3apaskeHHsI M YHCIIa JIETaJIbHBIX HCXO/IO0B,
BOOOIIE TOBOPS, MIMEET MajO CMBICIA, ITOCKOJBbKY Jake HPH aOCOJMIOTHOW KOPPEINSIHU MEXIY
3apakeHMSIMU ¥ CMEPTSAMH CMEPTENbHBIA UCXO0/] HE HACTYNAeT OJHOBPEMEHHO C 3apayKeHUEM.
BpemenHble  KO(QQUIMEHTH Ppa3IOKEHUS W COOTBETCTBYIOIIME OCPEJHEHHbIE KPHBBIC
npejAcTaBleHbl HAa puc. 7-8. BuaHO, YTO OHM HEe HMMEIOT TaKOW YETKOW CTPYKTYpBI, Kak
KO3 GHUIHNEHTHI pa3I0KeHUS YnCIia 3apakeHus, ¥ OoJiee HarJIHO IeMOHCTpUpYIoT paboty EMD.
[TepBast Mmona paznoxenus (puc. 9) MeeT OUeHb HEpaBHOMEPHBII XapaKkTep K MaKCUMYMBbI COBCEM
HE B T€X PErnoHax, 4To 3aboneBaeMocTh. Bropas Mona cocpenoTouena Ha HeHenikom aBTOHOMHOM
OKpyTe, a XapakTep COOTBETCTBYIOLIETO K03((HUIMEeHTa YKa3bIBaeT Ha TO, YTO CMEPTHOCThH B 3TOM
pErHOHE B MIEPUO/ MOBBIICHHON CMEPTHOCTH B LiesoM 110 cTpase (¢ uroHs 2021 mo mapt 2022 roza)
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3HAYUTEIIBHO K0JIe0aiach. HpI/I‘-H/IHBI TaKOT'0 MOBCJACHNA B OTHOM KOHKPETHOM PETUOHEC HEU3BECCTHBI
u ’I’p€6yIOT HCCJICAOBAHUA (baKTOpOB, HC BKIIFOYCHHBIX B 1aTaCCT.

Paznuune B MPOCTPAHCTBEHHOM PACIIPCACICHUU 3THUX MOA JIA 3a00J1€BAEMOCTH H CMEPTHOCTHU
CBUACTEIBCTBYET O TOM, YTO HA OTH NMMOKA3aTEIIHN BIUAIOT PAa3HbIE PETUOHAJIBHBIC (l)aKTOpLI, a TaKXKe
TMOATBEPIKAACT, YTO OHU JOJIKHBI OBITE HCCJICAO0BAHbI OTACJIBHO APYT OT Apyra.

TpeTLH U 4YC€TBCPTad MOJa, JIOKAJIU30BaHbl B OTACJIBHBIX BOCTOYHBIX PETHOHAX (pI/IC. 9), 4qTo
TMO3BOJIACT MPEAIOJIO0XKUTH HATMYNC B HUX HE3aBUCUMBIX (baKTOpOB, BJIMAIOMINUX HA CMEPTHOCTD.
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cMepmHocmu cemepmuocmu (EMD-gunempayust)

Fig.7 Temporal POD coefficients of mortality Fig.8 Temporal POD coefficients of mortality (with
EMD filtration applied)

3.3 MNokasaTenb BbI3AOPOBNEHUA

[IpocTpaHCTBeHHBIE MOJABI 4YWCIa BBI3AOPOBICHWI (puc. 11) BKyme ¢ HUX BpPEMEHHBIMHU
kodpdunuenramu (puc. 14) oOHapYKHBAIOT CXOICTBO 3TOTO IIOKA3aTeNsl C YHCIOM HOBBIX
3a00JI€BaHUIl U CBUJCTENBCTBYET O MPOCTPAHCTBEHHOH KOPPEISALMU MEXITYy HUMHU; KOPPEISLHS
MeXIy 3a00JIeBa¢MOCTHEO/BBI3IOPOBICHUAMH ¥ CMEPTHOCTBIO JIOBOJILHO ciabas. DTO MOXKET OBITh
BBI3BaHO TE€M, YTO HEPUO BEI3JOPOBJICHHUS BAPEUPYETCS HE3HAUYUTEIILHO, @ BpeMsl OT 3a00J1eBaHus
JI0 CMEPTH B 3HAYUTEIBHON CTETICHN MHIMBUIYAITBHO JUIS KaXKOT0 JIETATEHOTO ManueHTa. Tem He
MEHee, HECMOTpsl Ha CXOXEeCThb MOJ ¥ BpPEMEHHBbIX KO3()(UIMEHTOB  YHMOMSHYTBIX
SMUAEMHUOJIOTHYECKHUX TIOKA3aTeIel, pacipee/ieHne SHEPTUi st ux pasioxkenus (puc. 12-13)
pazin4aercs.

3.4 CxoanMMoCTb pa3fioXeHusA

Brigenenne nepBBIX MOJ JIaeT MPEACTABICHUE O MOBEACHUH PEIICHHUS U OCHOBHBIX TPEHIAX €ro
IBOJIIOINH, OAHAKO ecnu POD-gexoMno3unus npuMeHseTcs A CKaTus JaHHBIX (IIPU XpaHEeHHH
MEePBBIX N MOJ ¥ UX BPEMEHHBIX KOA(PPHUINEHTOB) HEOOXOAUMO HCCIIE0BATh CXOAUMOCTh TaKOTO
pa3IoKeHus K HCXOAHBIM JaHHBIM. J{JIs1 3TOTO pacCMOTPUM OIMIMOKY B BHJE:

2

n
error = Z TF®f — Uy /IIUullj
=1 2

rae U — uccienyemMas COBOKYIHOCTh IPH3HAKOB, KaK (DYHKLIHIO OT YKCJIAa PACCMATPHBACMBIX MOJT
n, |||, — xBamparnuHas HOpMa MO BPEMEHHU U MPOCTPAHCTBY.
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Fig.9 POD modes of mortality
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Fig.10 Temporal POD coefficients of
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Puc. 11. Bpemennvie koapguyuenmol paznodicenus
nokazamensi gviz0oposienus (EMD-gurompayus)
Fig.11 Temporal POD coefficients of
convalescence (with EMD filtration applied)
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Fig.14. POD modes of convalescence
Ha puc. 15 mpencraBneHB 3aBHCHMOCTH OIIMOKH I Pa3oKEHUH OTAETHHBIX MapaMeTpoB
(pacmpocTpaHeHHOCTh, CMEPTHOCTh, MIOKa3aTelb BhI3I0OPOBIeHHs ). PaccMaTpuBaTh 4ucio Moj >85
HE HMMEET CMBIC/A, OCKOJBKY 3TO IMOJHOE YHCIO PErHMOHOB. BHIHO, 4TO Ha OObIICH yYacTw
MHTEpBaJia 3aTyXaHWe OMHNOKH MMeeT SKCIOHEHIMAJIbHBIN XapakTep — Ha rpaduke MPHUBEICHBI
aNMPOKCUMHUPYIOIIKE 3aBUCUMOCTH. [loka3aTenu 3aTyxaHus (MHOXKUTENN B SKCIIOHEHTE) OIM3KH,
OJIHAKO HEOJWHAKOBBI, NPUYEM HaWOOJIee OTIUYACTCS IOKa3areslb HE IS CMEPTHOCTH, a IS
pacTpoCTpaHEeHHOCTH. DKCTIOHEHIMANBHBIA XapaKTep 3aTyXaHHs MOJI CBHJICTEILCTBYET O TOM, 4TO
POD moxeT 3QeKTHBHO TPUMEHSTHCSA Ui KOMIpEecCHH 3THX HaHHBIX. O HedddekTuBHOCTH
COBMECTHOTO Pa3JIOKEHHUS TAKKE CBHIETEIBCTBYET PHC. 16, MOKA3BIBAIONIHIA KOPPEISAIHIIO TEPBBIX
JIECSITA MOJI Pa3JIOKEHUH TpeX SIUAEMHUOJIOTHYSCKUX IMOKa3aTelneil. BumHo, 4To BHe muaroHaimu
JIOBOJIEHO CJ1a0asi KOpPEIIus HAOMI0AaeTCsl MEXIY MEPBHIMH MOJAMH PACIPOCTPAHCHHOCTH H
MOKa3aTeist BBI3JIOPOBIICHUS, YTO BIIOJIHE JIOTHYHO; OJHAKO B OCTAJBFHOM KOppEJSIHs HE
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mpeBbrmaer 0.5, 9TO MOXHO pAacIeHHBaTh KaK OTCYTCTBHE JHHEHHON CBSI3M MEXKAY MOJaMH

Ppa3InIHbIX IOKa3aTeICH.
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Fig.15 Decomposition error

Puc. 16. Kosphuyuenmol xoppensyuu moo
PA3IUYHBIX nOKasameneu

Fig.16 Different indicators modes correlation

4, 3aknro4yeHue

POD-pa3noxeHnue NpuUMEHSETCS B 3MUAEMHOJIOIHN TOBOJIBHO PEIKO, a €T0 IPOCTPAHCTBEHHBIH
BapuaHT paccMmarpuBaercs BrepBble. Hecmorps Ha 3T10, POD sBisieTcs NOCTaTO4HO YHOOHBIM
HHCTPYMEHTOM IIpH aHAIH3€ AHUIEMHUOIIOTHUYECKUX JaHHBIX U [TO3BOJISIET IPOCIEUTh UX CBs3b. Ha
IIpUMepe TpeX paccMaTpUBAEMBIX IOKa3aTeleil (mokaszarenell 3a00JIeBa€MOCTH, CMEPTHOCTH U
BBI3ZIOPOBIIEHUS) NIOKAa3aHO, YTO MOBEJCHHE CMEPTHOCTH 3HAUUTENIFHO OTIMYAETCS OT MOBEICHUS
OCTaJILHBIX [TOKa3aTeleH, YTO MOXKET OBITh 00YCIIOBJICHO BHYTPEHHUMH IPUYMHAMH STHX SBJICHHM.
Hecmotps Ha T0, yTro POD-paznokeHue He MOXKET 00BSICHUTh 3TH MPUYNHBI, aHAIN3 JaHHBIX C €To
MIOMOIIBI0 TIOMOKET CKOPPEKTHPOBATh HAIPaBICHHWE HCCIECIOBAHMI SMUAEMHOJIOIOB A Oojee
rIIyOOKOT0 IIOHMMAaHNUs MEXaHU3Ma PaclpoCTPaHEHNUs 3a00JIeBaHUH.

K uncity HeToCTaTKOB METOJ1a MOXKHO OTHECTH, BO-TIEPBBIX, TO, YTO BBISIBIICHHBIE TAKUM CIIOCOOOM
3aBHCHUMOCTH SIBJIIOTCS CYT'y0O JIMHEHHBIE, U B CITy4yae HEJIMHEHHOT 0 XapaKkTepa OTHOUICHUH MEXITY
Pa3IMYHBIMHM TTOKa3aTeJIIMI HEOOX0IMMO TPUMEHSATH OoJiee aIrOpUTMBL. BO-BTOPBIX, HECMOTpS Ha
OTCYTCTBUE MPUBS3KU K KAKUM-THOO NMPOCTPAHCTBEHHBIM CETKaM, JUIS PA3JI0KCHHsT HEOOXO MBI
psAnBl  €OMHOBPEMEHHBIX 3alMCel, Yero Ha NpakTHKe MoXKeT He Obitb. JlaHHBIE 00
SMUIEMHOJIOTHYECKUX TOKa3aTeNaX 3a4acTyl0 HEpETyISpHBI, a TMOPOH coiep:KaT OTKPOBEHHO
HeTpueMJIeMbIe OMIMOKH, KOTOpPBIE NMPHUXOMUTCS HCKYCCTBEHHO KOPPEKTHPOBATH MpU 00paboTKe
BCIEJACTBHE OTCYTCTBUSI albTE€PHATHUBHBIX JaHHbIX. [IpUMeHsBIIAsCS MpPH HCCIEIOBAaHUH
KOPPEKTHPOBKA HCKJIIOUEHHEM OIIMOOYHBIX 3allUCeH C TOCIeAYIOIeH HHTEpPIHOJAINEeH MOXEeT
BIIMSITH HAa MOJyYaeMoe pa3jioKeHHe, a TakKe HUKAaK He MCKIIF0YaeT CKPBIThIE OMIMOKH, TO3TOMY B
MOJTOOHOTO po/ia MCCIEIOBAHMAX HEOOXOIMMO HCIIONB30BaTh KaK MOXKHO 0ojiee aKKypaTHBIE H
OJIPOOHBIC TaHHBIC.
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AnHoTanums. llenpro uccnenoBanus sABISIETCS CPABHEHUE YCTHOM peUd COBETCKHX M POCCHUMCKUX MOJIOIBIX
nrofelt B Bozpacte ot 13 110 23 net. AHanM3 MPOBOJIIIICS MO €IMHCTBEHHOMY [OKA3aTell0: OOWINIO CTPYKTYPHO
He3aBepIIEHHBIX BBICKAa3bIBaHMIl B paclIM(ppPOBAHHBIX YCTHBIX cooOmeHms1X. OOpasibl peun Kak COBETCKHX,
TaK ¥ COBPEMEHHBIX POCCHHCKHX MOAPOCTKOB B3ATHI 13 CMMU. B pesynbrate nccinenoBanus ObUIO MOKa3aHO,
YTO COBETCKHE MIKOJBHUKH M CTYACHTHI B 7 pa3 MEHbBIIE HCIONB30BATN CTPYKTYpHO HE3aBEPIIEHHBIE
BBICKA3bIBaHMsI B CBOEH YCTHOM pedH, 4eM COBpEMEHHast MOJIoAEKb. VccnenoBanue sBIsieTCs MPOJOIKEHUEM
0ostee OOIIMPHOTO CPABHEHHUS YCTHON PEUH IIKOJIFHUKOB U CTYIEHTOB COBETCKOM U POCCUICKOH 310X, a TaKKe
00pas3IoB AJISI PeUeBOTo MOApaskaHus, KOTOPbIE TPAHCIUPOBAIH coBeTckue u poccuiickue CMU. OcHoBanmeM
ULl BBIOOpA MaTepyaia MCClIeIOBaHNui cTajla HeTpUBHaJIbHAs 3a]ja4a yCTAaHOBUTH POJIb BO3ACHCTBHS Ha pedb
HOAPOCTKOB COBPEMEHHOH MenuifHON cpenpl. Eciam coBeTCckMe MIKOJBHUKH M CTYASHTH HOTPeOIsuIN
MEJMAKOHTEHT C JIyYIIMMH JUIsI CBOETO BPEMEHH JIMHIBUCTHUECKUMH OOpaslaMy A IMOJpaXkKaHWs, TO
COBpPEMEHHBIE MOAPOCTKH (POPMHUPYIOTCS B cpejie cBOOOAHOro HHTepHeTa. B xoze uccienoBanus paspaboran
MeTOJ] 0OBEKTHBHOTO CPAaBHEHHSI PEUH Pa3HBIX CITHUKEpOB. KOpITyChl TEKCTOB CPaBHUBAIUCH MO KONMYECTBY
OKKa3MOHAJIN3MOB, AaBTOPCKHX CHHTAarM, ()pa3eonoru3MoB, MNpO(ECCHOHANTN3MOB, KaHIEISIPU3MOB,
BYJIBIapH3MOB, CTPYKTYPHO HE3aBEPIIEHHBIX BBICKAa3bIBAHUM, OOCHEHHOW JIeKCMKHM H T.0. B cepun
HCCIeN0BaHUI OBIIO MTOKA3aHO, YTO pedeBbIe 00PA3IBI COBETCKOM 3TOXH, TO €CTh COBETCKON TPYIIIHI, TydIIe
KaKk B KOJIMYECTBEHHOM, TaK M B KAueCTBEHHOM OTHOILCHHMH, YeéM COBpeMeHHble. HayuHas HOBH3Ha
3aKJII0YaeTCsl B OL[EHKE YCTHOM pedr CIIMKepoB HH(OPMAIIMOHHBIX U pa3BieKaTelbHbIX Meauanpoaykros CMU
OJTHOM PYCCKOSI3BIYHOM CTpaHbl, HO B pa3HbIC SMOXH, XOTSA M OJM3KHE MO BPEMEHH, C IOMOIIBI0 HOBOTO
KOMIUIEKCHOTO METO/[a JINHI'BUCTUYECKOro aHanu3a. KiroueBbIMH (hakTopamu, HMOBJIMSBIIMMH Ha pedyeBbIe
TIOJXOABI CO3AaTeNel ITUX MEANHHBIX TPOAYKTOB, CTANIK OBICTPBIE COIHANBHBIE M TEXHUUECKNE N3MEHEHHS.
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1. BeedeHue

Hacrosiee cpaBHeHHE SBISICTCS YacThi0 0oJiee MaCIITAOHOTO MCCIICIOBAHUS YCTHOW PEYH COBET-
CKHMX U POCCHIICKMX MOJIOJBIX JitoJiel B BozpacTe oT 13 no 23 net. [loBogom aiist aHanu3a nociy-
KITH COBPEMEHHBIE MYJIbTHMEANUHBIC TEXHOIOTHH, KOTOPBIE CTAIN (POPMHPOBATH HOBYIO KOMMY-
HUKAaTHUBHYIO cpelly B KoHLe XX u Hayasne XXI BekoB. DTOT Mpolecc coBIal M0 BPEMEHH C Mac-
mTaOHBIME COITUAFHBIME MpeoOpa3oBanusiMu B Poccruu. Beuto MHTEpEeCHO MOCMOTPETh, Kak B KOH-
TEKCTE MOJIUTHYSCKUX, OBITOBBIX U TEXHUYCCKUX M3MEHEHHH TPaHC(POPMHUPOBAIACH YCTHASI PEUb.
CrapmieKiacCHUKH H CTYICHTHl BBIOpAHBI JJIsi HCCIECIOBAaHHSA I10 HECKOIBKAM MpPHIHHAM.
Mononéxe cocTaBisSeT CaMOOBITHYIO COLNHANBHYIO TPYIY, MHOTOYHCICHHYIO, HO TJaBHOE,
YCIIOBHSL ISl CYNIECTBOBAHMS KOTOPOU IMOIIEpPKUBAIOTCS c(hepoil 3aHATOCTH OONBIIMHCTBA €&
aKTOPOB: JUINTENbHBIM OOyYEeHHEM B TOM WM OOpa3oBaTeIbHOM YUpEXKIEHWU. Takas SpKo
BBIpOKEHHAs COIMAlbHAs TPYIIa XOPOIIO COXPAaHSIET CBOM OCOOCHHOCTH W3 TOKOJICHUS B
MOKOJIEHHWE. A W3MEHEHHs, JaKe camble HEOOJbIINE, MOXXHO JETKO MPOCIEANTh MPOCTHIM
CpaBHEHHMEM JKHU3HH YYaIUXCs Pa3HbIX 31oxX. KpoMe Toro, B OJPOCTKOBOM BO3PACTE MPOUCXOAUT
MIOJIOBOE CO3pEBaHHE, KOTOPOE CYIIECTBEHHO BIUSET Ha pedb. M3-3a KECTKO OrpaHWYCHHBIX
YCIIOBUN B3aUMOJEHCTBUS U OTCYTCTBUS Pa3IMYHBIX MPEUMYIIECTB B3POCION KU3HU UMEHHO pPeUb
CTAHOBHUTCS OJIHUM M3 IJIaBHBIX MHCTPYMEHTOB CaMOYTBEPIKIIEHHUS Cpelld OKpysKarolux. B Takoit
00cTaHOBKE emE OOBIITYI0 BAXXHOCTh PeUYb MPHOOPETAET B OOMICHUH C IPOTHBOIIOIOKHBIM MOJIOM.
[Tozxke, B 3penoM BO3pacTe, 3HAUMMOCTb CAMHX 3THX BOIPOCOB MAJAaeT, a TAKXKE MOSBISIOTCS
JIpyrue COUUalIbHbIE MPEUMYILIECTBA, MO3TOMY PeUb B KU3HEHHOM YCIIEXE YeJIOBEeKa MepecTaér
UTPATh TAKYIO BaXXHYIO poib [1].

194



UYyes A. A. HccrnenoBanue CTpyKTYpHO HE3aBEpUIEHHBIX BBICKA3bIBAHWI B PeUM COBETCKOW M poccuiickoit Momoaéxku. Tpyosr UCII PAH,
2024, Tom 36 Boim. 2, c. 193-198.

CrnenyeT OTMETHUTH elié OHY 0COOCHHOCTH HccieaoBanus. OOpa3iel ycTHOR pedn B3sAThl u3 CMU.
Bo Bpemst myOIIMYHOTO BBICTYIIICHUSI CITUKEP CTPEMUTCS IOKa3aTh ce0s C JIydInel CTOPOHBI U IS
3TOT0 B TOM HYHCIE NPHUKIAABIBACT YCWIWS JUIA PEIICHHA S3BIKOBBIX 3amad [2]. B kagectse
MaTepHaJIOB Ul UCCIIEAOBaHMS YCTHOM peud COBETCKOW MOJIOAEKU HCIOJIb30BAINUCH BBITYCKH
nporpammsbl «Jlo 16 u crapiue...», kotopsie Boixoawin Ha Lentpansnom teneBuneHun CCCP, a
3areM Ha «1 kaHane Octankuno» 1 «OPT» ¢ 1983 mo 2001 roxa. Beibopka orpanndena 1991 rogom.
Jns cpaBHeHUs ObLIM OTOOpaHBI BBITYCKH COBPEMEHHBIX BHAE00JIOTEpOB TOTO K€ BO3PACTHOTO
Jiana3oHa, KOTOpbIe pa3Mellany CBOU PONIMKU Ha Buaeoxocturre YouTube ¢ 2015 no 2021 rox.
locynapctBenHslit Beepoccuiickuii neHTp u3ydeHust oOmectBeHHoro MHenust B 2019 romy
npucBonn YouTube 3Banme «reneBuneans XXI seka» [3]. [To gamasiM BIHOM, 60mbIIHHCTBO
POCCHSIH HONB3YIOTCSI CEpBUCOM. UeTBEpTh M3 HUX — €XKEIHEBHO, ISITasl 4acTh — PETy/SIPHO Ha
HeJee, fecsaTas — SIMH30ANYCCKH B TedeHne Mecsma. Tomabko 20 % poccusH BoOOIIe He 3aX0IT Ha
cailt wiu B npuioxeHue. IIpuMepHO CTONBKO ke pocCUsH He Noib3ytoTces MHTepHeToM: 22 % [4].
Cpenu momonéxu YouTube He MPOCTO MOIMyISAPEH, OH CTAI HEOTHEMIIEMBIM aTPHOYTOM KH3HH
Momogoro demoBeka 18-24 xmer. Ilo mamaeiM BIIMIOM, BUIEOXOCTHHTOM IONB3YIOTCS 88 %
OTIPOILCHHBIX IOHOUIEH U AeByIIeK. [IpruMepHO Te e mudpsl y TeX, k1o nocrapmre. 90 % MyX4uH
W XKeHIHH 25-34 ner moTpeOisitoT KOHTEHT Ha YouTube. Uucmo 3puteneit mamaer y crapmiero
HNOKONeHUs — rpaxkaas 35-44 net — 1o 73 %. Y poccusn 45-59 net aynutopus cepBrca CHUKAETCS
1o 51 %, a mocie 60 ner YouTube cMOTPUT TOJIBKO YETBEPTH ONPOLICHHBIX.

VY teneBunenus oopaTHbie nokazarend. [1o nanasiM BLIIMOM, kaxkaplii TpeTHit pOCCHSIHUH BOOOIIE
HE CMOTPUT TeneBu3op — 28 %. 1o, B yactHocTH, 70 % Monoasix moned 18—24 net. Y moutu
Ka)X[bIil BTOPOM XKHTeNb CTpaHbl 25-34 net. BriOupatoT TeneBuneHne B Ka4ecTBE IPHOPUTETHOTO
UCcTOYHMKA UH(OpMaLuK ToJbKo 17 % onponieHHbIX rpaxaad. Kax/aplid BTOpoi U3 HUX — CTapliie
60 ner.

B 2015-2021 roap! BepxHUE CTPOUYKH PEHTHHIOB CaMBIX MOMYJISAPHBIX BUaeoOnorepos Ha YouTube
B Bo3pacte oT 13 1o 23 ner Bosrnasisuiu: Binan A4 (6onee 30 MUIUTMOHOB ITOIITMCYUKOB), ANUIIEp
Moprenmtepr (6onee 10 MwumonoB mnoxnucuukoB), Kars Koo (Oonee 7 MMWUIMOHOB
noanucynkoB), Cama Crmnbepr (Oosmee 6 MIIIMOHOB NOANMCYMKOB), MapbsiHa Po (Oonee 6
MHJUIMOHOB nonucuukoB), Hukonait CobouneB (Oonee 5 MUJUTMOHOB MONMCYUKOB), MHCTacamka
(6oee MIIMOHA TTOATTMCYUKOB).

B xauecTBe MaTepuaoB U1 UCCIEA0BAaHUS YCTHOM PeYU POCCUMCKON MOJIOEKH UCIIOIb30BAINCH
(parMeHTsl MHTEPBBIO ¢ 0003HAYCHHBIMH BHAE00JIOTepaMHu, a TakkKe — APYTUMH MeIUHHBIMU
JMIAMH YKa3aHHOTO BO3pPAacTHOTO [uamna3oHa. JDTO apTUCTHI M BuaeoOsorepsl Face, Pharaon,
Kupunn bnenneiii, Monerouka, Tuma bemopycckux, Slava Marlow, Hans Mumoxun, FOns
TaBpununa, Mononoit [Tnaton, Acnan lykama u ['ne6 KanroxxHbIi.

2. MemoObI u pe3ynbmamai

PaHee aBTOPOM HACTOSIIETO HCCIIEOBAaHUS OBUIO MOKA3aHO, YTO IJISI CPABHEHUS YCTHOW pedd
COBETCKOM U POCCHUHUCKON MOJIONEXKH MOXHO HCIOJIb30BaTh pasHble moaxojnsl [5]. He Bce oHmM
omuHakoBO 3(pdektuBHB. Oco00ro BHHMAaHUS 3aCIy)XKHBA€T METOJA IOWUCKAa CTPYKTYPHO
HE3aBEPIICHHBIX BBICKAa3bIBAHUM, MOAPOOHO OMHCAHHBIX B JIOKTOPCKOH muccepTanuu TaTbsHBI
Konoxonbuesoit: «CTpyKTypHO HE3aBEpIIEHHBIE BbICKA3bIBAaHUS B PYCCKOM Pa3rOBOPHOMN peum.
3ammTa cocTosachk eme B coBeTckoe Bpems, B 1984 romy [6]. Kak cinenyer u3 Ha3BaHHSA, aBTOP
paccMaTpuBaeT TPUYMHBI BO3HHUKHOBEHHSI CTPYKTYpHO HE3aBEPIIEHHBIX BBICKA3bIBAHWH, WX
MPU3HAKA, KOHCTPYKTHBHO-CEIIITYECKAE M HHTOHAIIMOHHBIC OCOOCHHOCTH.

CtpykTypHO HesaBepinéHnble BbickaspiBaHuss (CHB) Tartesna KosokonbiieBa ompenensier Kak
«IIUPOKO PACTIPOCTPAaHEHHBIE B CIIOHTAHHOM OOIICHWHM TIOCTPOSHUS, XapaKTepHU3YIOIIUeCs B
KOHCTPYKTUBHOM IUTaHE OOpPHIBOM CHHTAarMaTHYECKOW IEMHU, B COAEPKATETLHOM — HAITUYHEM
HeBepOaTM30BaHHBIX CMBICIIOB M BO3MOXHOCTBIO CYOBEKTHBHO-MOMAIBHBIX HJIM TMOJTEKCTHBIX
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KOHHOTallMH, a B MPOCOJMYECKOM — CIENU(UUECKIM HHTOHALMOHHBIM O(opMiIeHHEMY.
Hanpumep, «Banepka B 00111eM-TO TOXe CIOCOOHBIN NapeHs, HO JKeHbKa!».

Hekotopeie wncciiemoBaTe CYMTAIOT TaKWe IOCTPOCHUS HEHopMaTWBHBIMH. Hampumep, O.A.
JlamTeBa  mMIIET:  «pasrOBOpPHAs pedyb  M300MIyeT  HE3aKOHUYCHHBIMH  ITOCTPOCHHSIMHU,
Heo(OpMIICHHBIMU (pazaMH, «caMoNepeOrBaMu», CaMBIMH PA3THYHBIMA NPUEMAMH BCTaBOK H
nmobaBieHUH (mMox9ac ke He MONMYYaroIuX KOHCTPYKTHBHOTO 3aBepuieHus)» [7]. Hpyrume —
paccmatpuBatoT CHB kak HOpMy, a UMEHHO KaK pa3HOBHJHOCTH JJUIMIICHCA B Pa3rOBOPHOM peun
[8]. Hampumep, «botock, He YBHXKY: Y MEHS 3peHHE», TO €CTh c1ad0e 3peHue.

I'maBHOe, uccaenoBarenu cxoaarcs Bo MEeHNH, 4To CHB sxoHOMST yemmus roBopsmero. Bmecto
TOro, 4YTOOBI 3aKOHYHTH (hpasy, ciuKep oOpbhIBaeT €€ MO MPUHLMUITY JOCTaTOYHOCTH M TEM CaMbIM
IpeylaraeT CIylallleMy AOCTPOUTh NPEIJIOKEHHE CaMOCTOSITENIbHO, HUCXOAS U3 KOHTEKCTA.
[Tpnuém oOpsIBaeT B MmoOoM MecTe — numeT KojoKomblieBa — «IJIsl HUX HE CYIIECTBYET KaKUX-
00 CTPYKTYPHBIX OIpaHWYEHHH WIJIM 3alpeToB. 37IeCh BCTPEUYAIOTCS M TaKWe He3aMEUICHHbIE
MO3UILIMU, KOTOPbIE HEBO3MOXHBI HU B KaKUX MHBIX THIAX BbICKa3biBaHMM. Tak, Hanpumep, CHB
MOTYT  3aKaH4YMBaThCsS  CJIOBaMH, MOP(OJIOro-CHHTAaKCHYECKHE OCOOCHHOCTH  KOTOPBIX
MIPEAOTIPEEISIIOT 0053aTENbHOE HATMYHNE IPH HAX KAKUX-TTHOO APYTHX CIIOB WM MTPEAUKATHBHBIX
KOHCTPYKIMH (COIO3BI, TPEAJIOTH, CBA3KU, HEKOTOPBIE YacTuIlbl)». Hampumep, «y Bac 3/1€Ch &KapKo,
a 'y Hac...».

W3BecTHBIN B TMHIBUCTUKE MPUHLMIT SKOHOMHUH YCHIIMK TOBOPSILLIEro U ciymaromero B 1940 roay
ommcan yaeHnk Pepaunanga ne Coccropa U OUH U3 u3areneil ero sHameHuroro «Kypca oOmei
muHrBUCTHKI» — Anpoep Cemie [9]. ['oBopsmuii cTapaeTcss yMEHBITUTD PacXo CBOCH SHEPTHH IO
aHAJIOTUH C JIOOBIM JIPYTUM BHJIOM UYEJIOBEYECKOH NesATeNbHOCTH. OTHAKO 3TO BO3MOXKHO JIO TEX
IOp, MOKa 3KOHOMHMSI HE yrpO’kacT CaMOi IeIM KOMMYHHKaIuH. To eCTh CIyIaromui JOJDKeH
MOHMMATb, YTO €MY COOOIAIOT U [IPU ATOM HE MPUKIABIBATH IS pacIIU(POBKU MOCIaHus 00JbIIe
YCHIINH, 9eM CITHKEp.

TatesHa KonokonbiieBa B CBOEH QuUccepTaluy HE MPOBOAUT KOJIMYeCTBEHHOTo cpaBHeHHs CHB B
YCTHOW peud pa3HbIX CHUKEPOB U y COIMAJIBHBIX I'pymNIl. B HacTosAImeM Hccle0BaHIH ONpoOOBaH
HOBBIA moaxoj. [lyisi cpaBHeHHsI ObLIM COCTABIICHBI JiBa KOPIyca TEKCTOB. JTO pacuin(ppOBKH
(parMeHTOB MHTEPBHIO U BBICTYIUICHUI CIIMKEPOB PA3HBIX 3M0X: COBETCKOM rpymmsl (1983-1991) u
poccuiickoit (2015-2021). B kaxmom kopryce 6sumn otrobpanst CHB. Hampumep, B HHTEPBBIO C
nepBokypcHukamu MI'Y B 1986 rony BcTpeuarorcsi Takue (OPMYNIHPOBKH: «MBI TBITAINCH
IpepBaTh 3Ty IENb KaK-TO, HO BUAMMO...» HIHM «MBI NIpHeXalu Cioia C TaKUMH, JIOBOJBHO
HAaCTPOEHUSIMU...». VX poccUCKHE CBEPCTHHKHM TOXE JONYyCKaroT B cBoeil yctHoil peun CHB.
Hanpumep, BumeoOmorep BnamucmaB bymara oOpwiBaeT ¢pasy 0e3 mosicHeHuit: «S  maxe
nepecrai...» WIM Jpyrod Moiomod moymeH Aunumep MopreHmTepH Oe3yCHEMIHO ITBITaeTCs
c(hOpMyIHPOBATh CBOM MBICIIU: «3TO AEHCTBUTEIBHO Ta BEIllb, KOTOPast BOT...».

PacmmpoBaHHbIE HHTEPBBIO COBETCKHX M POCCHICKHX MOJIOJBIX JIIOJICH B Bo3pacte oT 13 mo 23
JIET COCTaBMJIM JIBA KOPIyCa TEKCTOB: KOPITYC COBETCKOI IPYMITBI M KOPITYC POCCHHCKON TPYIIIBI.
Kaxnprit 00séMom Oonee 10 Teicsd cioB. M3Bineuénnsie u3 koprycoB CHB — 3T0 Hekuii poIeHT
0T O0IIEero KOJIMYECTBA CJIOB B TOM MJIM MHOM KOPILyCe, TO €CTh KaXIbIii KOPITyc ObUI pa3aenéH Ha
JIB€ KaTeTOpPHH CJOB. B mepByro BONUIM HE CHOPMYIMPOBAHHBIE COOOIIEHHS, KOTOPBIE MOXHO
HHTEPIPETHPOBAaTh Kak He chopMymupoBaHHBIE NpeIokeHus. Hampumep: «A MHE peansbHO
OBLJI0... HY TIPSIM 0O0JIb... HY MpsiM O0JIbHOH *)uBOT». Unu emé npumep: «ITO HE TO, YTO TaM Kak-
TO... KaKMe-TO ASOM BMEIIAJNCh TaM 3a MEHS HIM IIpodee, Mpodee... WM MBI KaK-TO CO CBOEH
MOJIa4d... TO €CTh JTO O¢HUIHMaTbHAs TeMa H... BOT, KaK-TO Tak..». MHoOrma Takme He
c(hopMyIHpOBaHHBIE COOOIIEHUS BKIMHHUBAINCH B IIOBECTBOBAHHE KaK OTCTYIUICHHUS: TAaKHM
o0pa3oM, YTO TpPH U3BJICUCHHH IOJOOHOTO COOOLICHUS OKPYXKAIOIIWE €ro 4YacTh JpYyroro
cooOrienns: npuodperanu nenoctHocts. Hampumep, «J/la He 3Haro, MHE KakeTcs, Y MOJIOJEXKH
BCET/Ia €CTh TaKOe JKEJIaHHe YTO-TO 3aIPETHOE CAENaTh, YTO-TO 3alPETHOE 00CYkK/1aTh, YTO-TO TAKOE
JIyp... AYpPHOE U BCE TAKOE... TJIE-TO... B KAKOI-TO 00CTaHOBKE, I/Ie HET UX POJUTENEH U TaK jJainee...

HUHTEPHET 3TO CaMO€ NOAX0AA1eC MECTO, 1 CHUTAI0, AJISL 3TOTO». Ecnu n3Bieds «4to-TO TaKkoe Aayp...
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JlypHOE | BCE TaKOE... TAE-TO... B KAKOW-TO 0OCTAHOBKE, I/Ie HET X POJUTENICH U TaK Jajiee... », TO
TIOJIY9IHTCS IIETIOCTHOE cooldImeHne: «/Jla He 3Ha10, MHE Ka)KeTCsl, Yy MOJIOEXH BCEeTIa €CTh TaKoe
JKeNTaHUe YTO-TO 3alpeTHOE CHeNaTh, YTO-TO 3alpPeTHOE OOCYKIAaTh — WHTEPHET 3TO CaMoe
MOJIXO/ISIIIIEE MECTO, 51 CUUTALO0, JUIS HTOTOY.

W3Bneuénnple U3 Kopmyca He chopMyITHpOBaHHBIE COOOIICHHS COCTAaBWIM MaccHuB cioB. [lamee
OBLTO MOCYUTAHO KAKOW MPOIEHT 3TOT MAaCCHB 3aHUMAET OT OOIIEro KOJNYECTBa CIIOB B KOPITyCE.
CoOOTBETCTBEHHO, BTOPYIO KATETOPUIO COCTABUIIM BCE OCTAJIbHBIE CJIOBA KOpITyca.

Janmpire ObUTH MTOCYUTAHBI TIPOMOPIMH: KaKyIO IONIO OT OOIIEero KONWYecTBa CIIOB KOpIIyca
3aHMMAeT TepBasi KaTeropus, a Kakylo — BTopas. B pe3yipraTe 0kazajaock, 9To IepBas KaTeTopHs
y COBETCKOM rpymbl coctaBuiia 4,5%. A BTopasi, COOTBETCTBEHHO, — 95,5%. Y poccuiickoii rpymiib
nepBas kateropus coctasmia 30%, a Bropas — 70%. Takum oOpa3om mepBbic UGPHI Y COBETCKOM
U POCCHICKO# TPy pa3nu4arorcs B 7 pa3. IHBIMU CIIOBaMU, MOJIOJIbIC POCCHICKUE BUICOOIOTePhI
B 7 pa3 OoJbIe HanmoJIHUTH cBOio pedb CHB, 4weM ux cOBETCKIE CBEpCTHHKH.

3. 3aknroyeHue

[Toutu TpeTh paciIMppOBOK YCTHOHW PeUYH CIIUKEPOB U3 BTOPOI IPYMIIBI — 3TO 00pa3Lbl OJHOTO M3
CIOCOOOB 9KOHOMHMHU COOCTBEHHBIX YCHJIMU Ha GopMysHpoBaHue Mbiciei, a uMmeHHo CHB. Takue
JONyIICHUd B YCTHOM peunM HEraTUBHO CKAa3bIBAIOTCSI HAa BOCHPUATHH IIOBECTBOBAaHUS
ciaymarensiMu. Y coBerckoi rpynmbl CHB BcTpewaroTcsi 3MU30MUeCKH W Ha pedb TMOYTH He
BIHSAIOT.

V3 BBIICONHMCAaHHOTO MOXHO CHAETaTh BBIBOJ, YTO B OTIMYHE OT COBETCKUX IOAPOCTKOB,
poccuiickre MOJIOIbIe JIFOAU CHIIBHO YNPOIIAIOT CBOIO PeUb, TO €CTh MAaKCUMAJIbHO IKOHOMST Ha
Hel cBom ycunus. U yxke 3pUTeNsM MPUXOJUTCSA CAMHM AOCTPauBaTh Pedb OPaTOPOB HCXOAS W3
KOHTEKCTa, YTO CYIIECTBEHHO YCIIOXKHIET KOMMYHHUKAIIHIO.

PaHee aBTOpOM HACTOSILETO HCCIIENOBAHMS OBLIO MOKA3aHO, YTO PEeUYeBbie 00PA3LIbl MOJIOBIC JIIOAN
B 3HAUMTEIHHOW CTENICHHM 3aMMCTBYIOT MMEHHO W3 CPEACTB MaccoBoW mHGpopmammu. Ha cimyx
nojpaxkaTb  MpoOIIe, YeM  TEKCTaM  XyJOXKECTBEHHOM  nureparypsl.  HccrnenoBaHue
MparMaaHIBUCTUYECKUX KOHCTPYKIUI B KMHOJIEHTaX M CepHanax, MOMYISIpHBIX Yy COBETCKOH U
POCCHICKOIT MOJIOAEKHN TTOATBEPANIIO, YTO YIPOIIEHUE YCTHOH pedn B priibMax, BOCTpeOOBaHHBIX
y TIOIPOCTKOB, KOPPEIHUPYET CO CHIKCHHEM OOIIEr0 YPOBHS BIIAICHHUS PYCCKHM SI3BIKOM Y CaMHUX
IIKOJIBHUKOB M CTylIeHTOB. IOHBIE crukepsl OepyT Ha BOOpYXeHHE Hanbosee MPUMUTHBHBIC
peueBble MPUEMBI, U IO3BOJISIIOT ceOe SKOHOMUTH YCHIINS Ha IOBECTBOBAHUH TAKKe, KaK 3TO ENAI0T
uXx coBpeMeHHUKH u3 CMU.

C MOsBIEHHEM COIMAIBHBIX CETeH 3TO SIBIEHHE YCYTyOWJIOCh TE€M, YTO JOCTYN K MacCOBOH
ayJAMTOPUU TMOJYYWJIM BCE YYaCTHUKH KOMMYHUKaTHBHOW cpeabl. [loatomy oOpasmom uist
HOJApaXKaHUsl, B TOM YHCIIE PEYEeBOro, TEIephb MOXKET CTaTh Jr000W YenoBek. BHe 3aBUCMMOCTH OT
BO3pacTa, 1ona, MpoeCCHOHAIBHBIX HAaBBIKOB M CIOCOOHOCTEeH. Kak ObUTO MOKa3aHO BHINIE, HA
CMEHY TENEBHUICHHIO, COBETCKHM IIEPEeBOJYMKAM U CILEHApUCTaM MPHUIUIH JTIOOHUTEIHCKHUE
BU€00JIOTH, U OHU HE MEHBIIIE, @ B HEKOTOPBIX CIIy4asx Jaxke 00JbIe BOCTPEOOBaHbI y MOJIOJEXKH.
Camu BBIXOAIBI M3 MIKOJBHOH W CTYAEHYECKOW cpelbl CTali Ba)XKHBIMH OOBEKTaMH JUIs
HOJpakaHus, B TOM YHCJIC PEYEBOT0, Y CBOMX CBEPCTHHKOB. [IpM 3TOM JTIOOMTENBCKUH KOHTEHT
MOJIOJBIX CIIMKEPOB C TOUKH 3PEHHUS SI3bIKa B OCHOBHOM SIBIISIETCS TPYAHBIM A1 Bocnpusitus. Hecer
B cebe 00pa3ubl 3KOHOMHMHU YCWIHH, a HE BBIPA3UTEIbHBIX CPEACTB, €ciM cpaBHMBaTh co CMU
coBeTckoi snoxu. OgHMM U3 HpUMEpoB criocoba ynpouieHust peun siBisitorcsi CHB, kotopsie
COBpEMEHHBIE BHJI€00JI0TephI UCIIONB3YIOT HECPAaBHEHHO Hallle, YeM OpaTOphl COBETCKOM IPYIIIIBL,
YTO ¥ OBUIO MMOKA3aHO B HACTOSIIEM HCCIICIOBAHIH.

B pesynbraTe HOBBII METOJ CPAaBHEHUS YCTHOM PeUM Pa3HBIX CIIUKEPOB U FPYII HOATBEPAUI CBOIO
a¢pexTuBHOCTH. OH NEMOHCTPUPYET OOJIBbIIINE KOJIMUECTBEHHBIE Pa3Inyusl B ucoab3oBann CHB.
[To3BOMNSAET OLEHUTH KAYECTBO PEYM C TOUKH 3PEHHUS CIyIIATeNs M CIeNaTh BBIBOJBI O MacmTade
SKOHOMHH YCWJINH ToBopsmero. VccienoBanue BBIIBMIIO, YTO COBPEMEHHBIE BHAEOOIOTEepHl B
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CpaBHEHHUH CO CBOMMH COBETCKHMH CBEPCTHHKAMHU B HECKOJIBKO pa3 yarie ucronb3yior CHB. Peun
BHICO0JIOTePOB 3HAYUTENBHO TPYIHEE IS BOCIPUATHA. B CBSI3H ¢ 4eM MOKHO CllenaTh BEIBOI, UTO
YYaCTHUKU POCCUUCKOI IPYIIIBI YpE3MEPHO SKOHOMSIT YCHIIUS.
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Abstract. In this paper we argue that the category of nominal case in the Vakh Khanty dialect needs reviewing
which is due to the availability of the recent field data obtained in 2019. This objective is considered to be
topical because the results of the study will equip researches with all necessary data to develop a unified notation
system for the case markers to be used in an annotated corpus of Vakh Khanty on the LingvoDoc platform. The
declension system of the Eastern Khanty dialect under analysis is heterogeneous and relatively vast. The
controversy around the synthetic means of expression of semantic relations concerns the terminology of case
markers, their quantity, morphemic status and functional features. The purpose of this paper is to clarify the
functional and semantic aspects of the Vakh Khanty case markers drawing on the recently obtained field
material. This objective is achieved by means of the tools available on the LingvoDoc platform. The latest field
data on the Vakh Khanty dialect was collected in the village of Korliki in 2019. More than 6,000 words of data
are posted on the endangered languages documentation platform LingvoDoc. Part of the material used in the
analysis is being processed and integrated on the LingvoDoc platform. The underlying opinion of this study
draws on the seminal work by N.I. Tereshkin, as well as other prominent researchers of the Khanty language,
and their description of the declension system of the Eastern dialect. The latest field data contains texts and
questionnaires allowing researches to examine functioning of the morphological markers and compare results
with the findings previously presented in the literature. Such approach entails observations leading to the
systematization of the case category in this dialect at its current state of development. The examination of the
range of meanings conveyed by the Vakh Khanty case markers at present has made it possible to distribute
them into groups of semantic and syntactic case markers. As a result, the study confirmed that the nominal
declension system encompasses such case markers as the abessive, ablative, allative, distributive, comitative,
comparative, lative, locative, nominative, oblicative, and translative cases. The recent field data confirms the
presence of the distributive case within the case paradigm and the status of the comparative element niyit as a
postposition. Each case marker of the Vakh Khanty dialect is terminologically specified which is essential for
developing a parser for this dialect on the LingvoDoc platform. The development of the parser in the future
will speed up the process of processing and analyzing language material and lead to the elimination of errors.

Keywords: Khanty language; VVakh dialect; case category; case markers; field data; text corpora; LingvoDoc.
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PYHKLMOHANbHO-CEMaHTUYECKUN aHaNu3 nagexHbIX MapKepoB
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Y Unemumym cucmemnozo npozpammuposanus PAH,
109004, Poccus, e. Mockea, yn. A. Comicenuyvina, 0. 25.
2 Hayuonanomwlii uccnedosamenvckuii ToMcKutl ROAUmMexnu4ecKuti yHueepcumen,
634050, Poccus, Tomck, np. Jlenuna, 0. 30.
3 Hayuonanvuoui uccnedosamenvcxuii ToMcKuii 20cy0apcmeennvlil yHusepcument,
634050, Poccus, Tomck, np. Jlenuna, 0. 36.

AHHOTanus. B nanHOI cTaThe MBI yTBEPKAAEM, UTO ONMCAHIE KATETOPUH IMEHHOTO CKJIOHEHHS B BAXOBCKOM
XaHTBICKOM S3bIKE HY>KIaeTCs B TIEPECMOTPE, B CBSI3H C HATMINEM MOCIIETHHUX MOJIEBBIX JAHHBIX, HOTyJEHHBIX
B 2019 roxy. Ora 3agaya cuuTaeTcs akTyaabHOM, IOCKONBKY PE3yJIbTaThl HCCIEI0BaHUS IPEJOCTABAT YUCHBIM
HEeoOXOIMMBIE JTaHHBIE VIS pa3paboTKU €ANHOM CHCTEMbI 0003HAYEeHHH MaJeKHBIX MapKepoB, KOTOpPBIE OyIyT
HCTIOJIB30BaThCsl MPU 00pabOTKE TEKCTOBOIO MaTrepHana Jisd pasMemieHus Ha muiatdpopme JIuarso/lok.
Cucrema CKJIOHEHHS aHATM3UPYEMOT'0 THAIeKTa BOCTOYHBIX XaHThI HEOJHOPOIHA U OTHOCHUTENILHO OOIIHpPHA.
Jluckyccusi 0 CHHTETMYECKHX CPEICTBAX BBIPAXKEHMS CEMAHTHYECKHX OTHOIICHUH B SI3BIKOBBIX €IWHHIAX
KacaeTcsi TePMUHOJIOTUH NAJSKHBIX MapKepoB, UX KOIWYeCcTBA, MOP(GEeMHOro craryca M (hyHKIMOHAIBHBIX
ocobenHocTei. Llenpio JaHHOH paboTHI ABIAETCS YTOUHEHHE (DYHKIIMOHAIBHBIX M CEMAaHTHIECKHX ACIICKTOB
MaJIeKHBIX MapKepOB BaXOBCKHX XaHTHI HA OCHOBE HENABHO IIOJIYYEHHOTO IIOJIEBOTO MaTepHana. JTa Ielb
JIOCTUTAETCSI C IMOMOINBI0 MHCTPYMEHTOB, NOCTYNMHBIX Ha muiardopme Jluareo/lok. Ilocnennue moseBbie
JTaHHBIE 110 BaXOBCKOMY XaHTBIHNCKOMY IHaleKTy Obutk coOpanbl B cene Kopmuku B 2019 rony. [lanHble
o6semoMm Oosiee 6000 cOB pa3MeNieHbI Ha MIATHOPME TOKYMEHTHPOBAHHS UCUE3ArONIUX S3bIKOB JIMHIBOJIOK.
YacTte MaTepHana, HCIoJIb3yeMasi P aHaJIu3e, IIOCTENeHHO 00pabaThIBaeTCsl M MHTErPUPYETCst Ha IIaThopMy
Jluarso/lok. B ocHOBe nccnenoBanus nexat padotel H.U. Tepémkuna (1961) u apyrux uccnenosareneit (5.
I'ys, JI. XoHTH U Ap.) XaHTHIMCKOTO 53bIKa, KOTOPHIE PaHEE OMMCHIBAIN CHUCTEMY CKIOHEHHS BaXOBCKOTO
nuanekTa. [locnenHue moeBble JaHHBIE COAEPIKAT TEKCTHI M aHKETHI, TIO3BOJISTIONIHE UCCIISI0BATENSIM H3YIUTh
(GYHKIMOHMPOBaHHE MOPQOIOTHIECKNX MapKepoB M CPaBHUTh pE3YyNbTaTHl C JAHHBIMH, paHee
MIPE/ICTABICHHBIMH B JIUTEpaType. Takol MOaxo[ mpeanoiaraeT HaONoIeHNe, BeIyliee K CHCTeMaTH3alnl
MaJIeKHONW KaTeropuy B ITOM JHAJIEKTe Ha COBPEMEHHOM JTalle ero pa3BuUTHs. V3ydeHue criekTpa 3HaYeHHH,
nepeaBaeMbIX MaJeKHBIMH MapKepaMH, B HACTOSIIEe BpeMsl MO3BOJIMJIO pACHpENeNMTh WX Ha TPYIIBI
CEeMaHTHYECKUX M CHHTAKCHYECKHX MaJeHBIX MapKepoB. B pe3ynbrare HMccienoBaHUs MOATBEPHKICHO, YTO
crcTeMa HMEHHOTO CKJIOHEHHMS BKIIIOYAET B ce0sl TaKue MaJie)KHbIe MapKepbl, Kak ablaTHBHbIH, aOeCCHBHBII,
aJTATUBHBIH, JIATHBHBIN, IOKATHBHBIH, KOMUTATHBHBINA, TUCTPHUOYTUBHBIA, OOIMKATUBHEIN U TPAHCIaTHBHBIN.
IMocnemane moneBsle JaHHBIE MOATBEP)KAAIOT HAIWYHME TUCTPHOYTHBHOTO Majieka B CHCTEME M CTaTyC
CPaBHHTENBHOIO 3JeMeHTa Niyit kak mocnenora. Kaxkaplii MafeKHBII Mapkep BaXOBCKO-XaHTBIHCKOTO
JTAIeKTa TEPMUHOJIOTUIECKH KOHKPETU3UPOBAH, YTO HEOOXOANMO JUIs pa3pabOTKH IMapcepa STOTO AUaleKTa.
Pa3BuTre nmapcepa B OyayleM yCKOPHUT Hporiecc 00paboTKH U aHaNM3a S3bIKOBOTO MaTepuaia U NPUBEACT K
YCTPaHEHHUIO OLIMOOK MPH pa3METKe TEKCTOB.

KioueBble €j10Ba: XaHTBIMCKUW S3bIK;, BAXOBCKUH JHAJICKT; KAaTErOpHs TMajiexa; MaJeKHbIE MapKephl;
MOJIEBBIE IaHHBIE; KOPIIyca TEKCTOB; JIMHrBo/{0K.

Jas untupoBanusi: BopoOsera B.B., Hoeunkas 1.B. ®yHKINOHAIEHO-CEMaHTHYECKUI aHAIN3 TTaJICKHBIX
MapKepOB BaXOBCKOTO XaHTHIMCKOTO s3bIKa (Ha MaTephalic aHHOTUPOBAHHBIX ITOJIEBBIX JAHHBIX B CHCTEME
Jluaro/lokx). Tpymsr UCIT PAH, tom 36, Bem. 2, 2024 r., ctp. 199-210 (ma amrmmiickom s3eike). DOI:
10.15514/ISPRAS-2024-36(2)-15.
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BiiarogapHocTH. ABTOPBI CTaThU BBIPAKAIOT 0JIAT0JAPHOCTh AHOHMMHBIM PELICH3EHTaM 3 TINATENBHOE U
JeranbHOE mpouteHne paboTsl. VccnemoBanue BbimosnHeHo npu noxaaepxke PH®, mpoekt Ne 20-18-00403
«[IudpoBoe onucaHue AUATICKTOB YPaIbCKHX A3bIKOB HA OCHOBAHHMH aHAIIM3a OOJBLINX JaHHBIX).

1. Introduction

In this paper we argue that the process of digital processing of the recently obtained field data on
the Vakh Khanty dialect requires a review of its nominal declension system with an ensuing prospect
of developing a valid parser for this idiom.

“Morphological case on nominals is a common device to express the syntactic and semantic
relationships between clausal constituents” [1]. Some scientists distinguish synthetic (traditional)
and analytical cases [2-3]. Regardless of the way of expression, the case is a meaningful category,
and its expression is a secondary point. In this study we focus only on the synthetic form of
expressing syntactic and semantic relations in sentences. The subsequent analysis of case markers
in the Vakh-Khanty dialect is based on the concept of syntactic and semantic cases [4: 325, 5, 6:
122].

The category of case in the Khanty language has always aroused interest among researchers because
the number of constituents that form the nominal declension system varies considerably among the
group of dialects integrated by a geographical principle. In the Northern dialects of Khanty, for
example, the case system includes three markers, but the system constituents may be different. For
example, the Kazym dialect possesses the nominative, lative and locative case markers, while in the
Priural dialect these markers are for the nominative, locative and translative cases. In the Southern
dialects, which have now lost their vitality, researchers distinguish from five to six case markers. In
the Eastern dialects, the nominal declension system may include from seven to eleven case markers.
The diverging views on the number of case markers in Eastern Khanty reflect different linguists’
opinions about the status of some morphemes encoding case semantics, therefore, the same marker
in grammatical essays can be termed as a case marker, and as a particle, and as a postposition [7-
16].

Similar divergence of opinions is found with regard to the terms used to distinguish some of the
identified constituents of the case category. Since most of the case markers are multifunctional,
researches face a challenging task of either selecting the most suitable term for a multifunctional
case marker focusing on one of its predominant functions, or of using a dual term that reflects
multiple functions of a single case marker. Thus, in his Vakh Khanty grammatical essay,
N. I. Tereshkin argues that there are markers of such cases that he personally termed as
“napravitel 'no-tselevoi” (rus. lit. “directional-target”), “tvoritel’no-ob’ektnyi” (rus. lit.
“instrumental-objective”),  “tvoritel’no-sovmestnyi”  (rus. lit.  “instrumental-comitative”),
“otlozhitel 'no-prodol’nyi” (rus. lit. “depositional-transitive”’) [13: 42-55].

It can be concluded that the constituents of the case category in the Vakh Khanty dialect, as they are
presented in the scientific literature, are open to multiple interpretations resulting in ambiguous
conclusions about representatives of individual cases. This fact complicates the process of digitizing
the field data with the tools of the LingvoDoc platform [17].

The purpose of this paper is to clarify the functional and semantic aspects of the Vakh Khanty case
markers drawing on the recently obtained field material. This objective is achieved by means of the
tools available on the LingvoDoc platform.

While processing a text corpus of Vakh Khanty for posting on the LingvoDoc platform we faced
such issues as aspectual, temporal markers and predicative markers, comparative constructions,
words that have not yet been accepted by dictionaries. Certain issues we encountered concerned the
Vakh Khanty case markers, namely, their terminology, number and functions. Digital processing of
the data was grounded in the findings presented in the grammar by N. I. Tereshkin, a student of V.
Steinitz. The researcher collected materials for his monograph during his scientific expeditions along
the rivers Vakh, Vasyugan, Tromyegan and Salym that he made in the second half of the 20th
century. His Khanty students at the Institute of the Peoples of the North in Leningrad [13: 5] also
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contributed greatly with their speech samples. His monograph “Essays on dialects of the Khanty
language” (1961) describes Vakh Khanty reliably and quite fully, and is, therefore, regarded as a
starting point in the process of annotating the corpus. However, the issues faced while processing
the field data remain unresolved. We also discovered that some grammatical phenomena were not
described in full or were not mentioned at all in that grammar handbook, for example, the absessive
case marker and some case functions, which will be discussed below. We also incorporated the
works by foreign specialists of Vakh Khanty J. Gulya [9] and L. Honti [10] but in most cases the
issues could not be solved and the task became even more complicated, since the scientists
interpreted, labelled and described case functions differently.

All these have prompted us to write this article in which we aim to verify the constituents of the
Vakh Khanty nominal case system. Standardization of the case marker labels is believed to be an
important stage in developing a reliable and viable Vakh Khanty parser in the nearest future, and it
will allow case morphemes to be glossed universally, in a standardized way. Besides, it will help
errors to be excluded that, given the human factor, are inevitable in the manual processing of a large
volume of data. It will also help achieve a completely different speed of text processing.

Research materials and methods

The study was conducted on the field data that was collected through the communication with
speakers of the Vakh dialect by one of the authors in the village of Korliki (KhMAO-Yugra) in 2019.
Language data was collected using traditional field research methods (survey, interview, experiment,
observation, recording and description using various technical means and programs). Part of the
collected material is digitized and presented on the LingvoDoc platform, namely: a fairy tale “A
mouse’s song”, a text about deer, questionnaire “Case category” P. I, P. II, questionnaire “Tense,
Mood, Aspect” P. I, II, 111, IV” [AFM]. Some data that was also used in the analysis has not yet been
digitally processed, but will soon appear on the same platform, these include: a fairy tale “Two birds
- sister and brother” and a text about deer [AFM].

The analysis of the obtained language data on the Vakh dialect was carried out using descriptive-
comparative and structural research methods, as well as corpus analysis methods (diversified search,
compilation of contexts and concordances, counting, analysis of the text meta-marking).

2. The cases of the Vakh Khanty dialect

In this study we use the following terminology for case markers: the abessive, ablative, allative,
distributive, comitative, comparative, lative, locative, nominative, oblique, and translative cases.
Two of the above case markers, namely, the nominative and locative, are involved in grammatical
(syntactic) relations. The remaining markers, including the locative in one of its functions, specialize
in the function of marking semantic relations. These are the latter that are the object of study in this
article.

The case markers under analysis are divided into three subgroups in accordance with the conceptual
domain their semantics belongs to. The first subgroup includes case markers that express spatial
relations, namely, markers of the ablative, allative, lative and locative cases. The second subgroup
includes markers of the absessive and comitative cases, which encode the joint or disjunctive nature
of the designated action. The third subgroup includes distributive, objective and translative cases
markers, which are used to indicate adverbial or ‘indirect’ relations.

Let us now analyze the spectrum of meanings encoded by each marker.

The spatial case markers from the first group, namely the ablative, allative, lative, and locative
markers, encode the meanings of direction of movement, static position, and position in time. Most
of the case morphemes — the ablative, lative and locative markers — belonging to the analyzed group
are multifunctional. The only case marker from this group — the allative marker — acts as a
monofunctional one.
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According to A. L. Malchukov’s concept [18], spatial cases participate in the representation of basic
semantic roles, namely, the semantic roles of Place, Path, Source (a starting point of movement),
Goal (the end point of movement). The field material of Vakh Khanty dialect does not support a
clear division of spatial cases according to these semantic roles. In this dialect of Khanty, each role
can be expressed by one or two spatial cases. Thus, to represent the role of Place, the locative case
is used, to implement the role of Path, the ablative case is used, which can also be used to represent
the role of Source. The lative and allative cases are focused on representing the role of the Goal. Let
us now dwell separately on each marker from the group of spatial cases.

2.1 Cases of spatial meaning

The ablative case marker -oy/-dy encodes the meaning of a starting point of some movement
directed away from something or someone. It also marks movement or an action, and a concept or
an event derived from an object. Let us illustrate these meanings with examples (1-6):

(1) Liy-3n mdn-t kor-dm-oy por-yas

3SG-LOC 1SG-ACC foot-POSS.1SG-ABL bite-PST2.SBJ.3SG
‘She bit me in the foot/leg.’

(2) lLiy-3n mdn-t puylom-am-oy oymila-s

3SG-LOC 1SG-ACC cheek-POSS.1SG-ABL  kiss-PST1.SBJ.3SG
‘He kissed me on the cheek.’

(3) lin  paj-oy rit wer-s-3yan

3DU  aspen-ABL boat make-PST1-SBJ.3DU

‘They made a boat out of aspen.’

(4) niin pakj wer-yés-3n tonoy-0y

2SG doll make-PST2-SBJ.2SG birch.bark-ABL

“You made dolls out of birch bark?’

(5) min wor ont-oy wjyal-s-aman

1DU  woods inside-ABL come.out-PST1- SBJ.1DU

‘We came out of the woods.’

The ablative marker also encodes the prolative meaning of movement, expressing the meaning of
the path, passage, or roadside “along, through” along which the action unfolds:

(6) Kiriw way-0y man-w3l

motorboat Vakh-ABL sail-NPST.SBJ.3SG

‘A motorboat sails along the Vakh river.’

(M lin  [ok-6y ponl-a m3n-s-3yan

3DU  road-ABL side-LAT walk-PST1-SBJ.3DU

‘They were walking along the side of the road.’

The allative case marker -pa/-pé is monofunctional and it usually indicates the final point of
movement in the Vakh Khanty dialect. According to the field materials, the allative marker is
regularly found in the speech samples of the Vakh Khanty, although in some cases it reveals its
functional similarity to the marker of the lative case. This is illustrated by the following examples
(8-9):

(8) Liy lawka-j-pa jal-3s pdni  n’dn’  W3-S

3SG store-EP-ALL  go-PST1.SBJ.3SG and bread take-PST1.SBJ.3SG
‘He went to the store and bought bread.’

(9) macay toyj-1-pa m3n3-s

farmland place-POSS.3SG-ALL  go-PST1.SBJ.3SG

‘He went to the farmland.’
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The marker of the lative case -a/-d is multifunctional. One of its functions is to encode the final
point of the movement trajectory, i.e. the meaning similar to that of the allative case. Let us illustrate
these similar meanings with examples:

(10) min wor ont-oy lar-a wjyal-s-aman

1DU  grove inside-ABL swamp-LAT come.out-PST1-SBJ.1DU

‘We came out of the grove to the swamp.’

(11) wolta toyj-l-a man-il-w3l

live-INF place-POSS.3SG-LAT  go-MULT-NPST.SBJ.3SG

‘He is going to the farmland.’

Another function is to mark the lative meaning, which is to indicate the purpose to which the action
is directed.

(12) mén-ns koy-n-ti Joy-ydis-i monkdm-i
1SG-LOC rock-COM-PRTC throw-PST2-PASS.3SG  snhake-LAT
‘I threw a rock at the snake.’

(13) liiy n’spikiji-t-a-tj litot  tu-yal

3SG kid-PL-LAT-PRTC food  take.away-PST3.SBJ.3SG

‘She took food away to the kids.’

The lative case is often used to mark nouns that form semantically fused combinations with verbs,
for example, to hunt, to matchmake, etc. Thus, one of the most frequently used phrases among
speakers of Vakh Khanty 'to hunt' consists of the verb kancta ‘to search’ and the noun wajoy ‘beast’
in the lative case. The meaning of ‘to matchmake’ is conveyed by the verb drdytsti ‘to promise’ and
a noun in the lative case. Let us illustrate the use of these phrases with examples (14-16):

(14) kdcay kotl wajy-a kang-jl-wol

every day beast-LAT search-MULT-NPST.SBJ.3SG

‘He hunts every day.’

(15) dnd, mdn-n3 Sowas  iKi-j-d drdy-t3-s-uj-am

sister 1SG-LOC sevsiki old.man-LAT  promise-TR-PST1-PASS-1SG

‘Sister, I got you married to Sevsiki.’

The marker of the lative case -a/-d can also be used to encode the recipient:

(16) poay-ali ani-l-d t'uti joy-iyan...

boy-DIM sister-POSS.3SG-LAT  this say-NST.SBJ.3SG

‘The boy says this to his sister.’

As it follows from the description above, the lative case marker demonstrates a greater variety of
functional applications. However, the most multifunctional case marker in the VVakh Khanty dialect
appears to be the locative case marker -na/-n3 which is analyzed in detail in a separate article [15].
A new grammatical function of the locative marker has been identified which was not described
previously in that work [15]. In this article, we give only few examples in which the locative case
marker functions as a representative of the semantic role of Place and marks the location of an object
in space:

(17) kocay satow-an-akj

knife sheath-LOC-PRED
‘The knife is in sheath.’

(18) sar-yan Jjomk-an-3ki-yan
pike-DU water-LOC-PRED-3DU

‘The pike are in the water.’
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2.2 Cases of compatibility or deprivation meaning

The second subgroup of case markers includes morphemes of the abessive and comitative cases,
which represent the meanings of compatibility or deprivation correspondingly. The comitative case
marker -na/-nd expresses a comitative meaning, i.e. it describes multiple (two or more) participants
of the situation fulfilling the same semantic role.

(19) pay-ali-na oy-dli-1-nd-ti koman  jayka-1-ayan
boy-DIM-LOC girl-DIM-POSS.3SG-COM-PRTC outside play-NPST-SBJ.3DU
‘A boy and a girl are playing outside.’

(20) vasya marina-na-z man-yds
Vasya Marina-COM-PRTC g0-PST2.SBJ.3SG

‘Vasya and Marina have left.”

The comitative case can convey an instrumental meaning by marking the subject which names the

instrument and means of action:

(21) iy-ns kot-31-nd-ti joyim-yal-§ wdn am-31-6y
bear-LOC  paw-POSS.3SG-COM-PRTC slap-PST3-PASS.35G face-POSS.3SG-

ABL

‘The bear slapped him in the face with his paw.’

(22) kolya rit laijm-na-#;, suyal-na-t, kir-na-tj
Wer-yds
Kolya oblas  axe-COM-PRTC scraper.axe-COM-PRTC side.axe-COM-PRTC

make- PST2.SBJ.3SG
‘Kolya hollowed out the oblas with an axe, a scaper axe, a side axe.’
(23) tim-tom pajlay-al-na coyat  jerimil-1-5t5
this-that wing-POSS.3SG-COM  snow  streak-NPST-SBJ.3SG:0OBJ.SG
‘[1t] marks the snow with this or that wing.’
The comitative case also expresses a concomitant object:

(24) mara jo-yis ul-na-4
Mara come-PST2.SBJ.3SG berry-COM-PRTC
‘Mara came with berry.’

In the Vakh Khanty dialect, the comitative marker -na/-nd is also used to denote means of
transportation, which can be considered the fourth function of the marker.

(25) iki ku-j-t  wajoy  ksnc-il-ti weli-t-ni Jal-il3-w3l-5t
old man-PL beast search-MULT-INF reindeer-PL-COM go-MULT-NPST-
SBJ.3PL
‘Old men ride reindeer to hunt.’
(26) Liy rit-na man-yds
3SG boat-COM untu-PST2.SBJ.3SG
‘He left by boat.’
(27) t 'ukumonta, iy man-yds likor-nd-ti
turn.out 3SG go-PST2 sledge-COM-PRTC

‘It turns out that he left on a sledge.’

Field data show that the comitative marker attaches the particle -(tz)/-(ti) more often than other case
morphemes, see examples (19-22, 24, 27).

Semantically, the comitative marker -na/-nd is opposed by the monofunctional abessive case marker
-layl-l5y.

(28) md dmp-l3y koya-l-em
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1SG dog-ABS walk-NPST-SBJ.1SG
‘I am walking without a dog.’
(29) Iy piickin-I3y Jal-il-yds-at
3PL gun-ABS go-MULT-PST2-SBJ.3PL
‘They went without weapons.’

2.3 Cases of “oblique” meaning

The third subgroup of case morphemes includes markers of the oblique, translative and distributive
cases. These markers are grouped on the basis of the circumstantial (adverbial) or “indirect”
semantics they convey, similar to the case meanings that are found only in languages with case
paradigms including multiple members. The translative and distributive cases are found in other
languages of the Finno-Ugric group, for example, the translative case is present in Finnish and
Hungarian, but the distributive case is only found in Hungarian. The oblique case is a unique feature
of the eastern dialects of the Khanty language.

The marker of the oblique case -(t)a/-(t)5 conveys the meanings that are typically encoded by the
instrumental case in Russian, however, it still differs in its ability to mark only the inanimate object
of a transitive verb in the subject or object conjugation, active or passive. In the Russian literary
translation, we use the accusative case (i.e., “Give me water”), although a literal translation implies
the instrumental case “by water” (see examples 30-33):

(30) miin-t sciy  jonk-3 maj-itsy

1SG-ACC cold water-OBL give-IMP.SBJ.PL.

‘Give me some cold water.’

(31) lLiy-3n mdn-t plickin-5 m3j-entil-w3l

3SG-LOC 1SG-ACC rifle-OBL give-MULT-NPST.SBJ.3SG
‘He gives me a rifle.’

(32) kdicoy ku mdn-n3 kul-a m3-s-i

every person 1SG-LOC fish-OBL give-PST1-PASS.3SG
‘I gave everyone a fish.’

(33) kdcay ku mdn-n3 ldnki-ta pit-s-i

every person 1SG-LOC squirrel -OBL  help-PST1-PASS.3SG

‘Everyone got a squirrel.’

The marker of the translative case -y/-ay/-5y is used to indicate a change in form or state. Typically,
a noun with a translative marker is used with the verbs jsta “to become” and sdlimtstd “to
transform”. This is illustrated by an example:

(34) liy jol-ta ku-j-y jo-yds

3SG shamanize-INF  man-TRL become-PST2.SBJ.3SG

‘He became a shaman.’

The distributive case marker -(2)tal/-(3)t3l is not identified by all linguists. As a case marker -
(@)tal/-(3)t51 is designated only in the Khanty reader by L. Honti [10]. The case marker encodes the
meaning “everyone’; it is translated into Russian as “per everyone, per capita” and is not used with
all words. Below are examples from the latest field materials that confirm the existence of this
marker in the case paradigm of Vakh Khanty (see examples 35-36).

(35) ejndm ej n’dn’  toyt-ali-tal li-s-5t

BCE OIMH  XJIeD kycok-DIM-DISTR ects-PST1-SBJ.3PL
‘Everyone ate a piece of bread.’

(35) kdcon ku kdi rit-atal W3-yds

each person two boat-DISTR take-PST2.SBJ.3SG
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‘Each took two boats.’

(36) ejndm ej kul-atal li-s-5t

BCE ommH  pe0a-DISTR ecte-PST1-SBJ.3PL
‘Everyone ate one fish.’

2.4 The Status of the element ninit and the summarry of the nominal case
markers of modern Vakh Khanty in a table

The comparative element niyit, which is singled out by J. Guya as an independent case marker [9],

does not confirm its status as a case marker drawing on the results of the analysis of field data. It is

used to denote the comparison of one object with another and functions as an autonomous auxiliary

element - a postposition, which is confirmed by the violation of the vowel harmony of the element

nipit with a preceding word. N. I. Tereshkin also defines the element nipit as a postposition, for

example (37):

(37) korliki larjyak nipit jam-iki

Korliki Larjyak compared.to good-PRED

‘Korliki is better than Larjyak.’

Table 1 shows markers of all cases of the nominal declension system, used to mark semantic

relations in the present-day Vakh Khanty dialect.

Table 1. A set of markers of the semantic cases in Vakh Khanty based on the latest field data

Semantic groups of modern Vakh Khanty maarkers

No Case Case marker

Group 1. Cases of spatial meaning

1 Ablative (ABL) oy/oy
2 Allative (ALL) (a)pa/(8)pé
Lative (LAT) a/d
Locative (LOC) na/n3
Group 2. Cases of compatibility or deprivation meaning
5 Abessive (ABS) loy/13y
6 Comitative (COM) na/nd

Group 3. Cases “obligue” meaning

7 Distributive (DISTR) -@)tal/-(3)t3l
Oblique (OBL) (t)o/(t)3
9 Translative (TRS) y/oy/3y (< ko/kd)

Table 1 shows a summary of the unified data on case markers of Vakh Khanty, compiled on the
basis of this study using materials from the latest expeditions of the current century. The table lists
9 case markers in unified terminological notations. We have proposed a one-component case
terminology, where next to each case term there is also a variant of its designation for glossing in
order to standardize glossing of texts in the Vakh dialect. Unification of notations is necessary for
universal markup of texts, so that when using the tools of the LingvoDoc platform, an entire sample
of combinations with case markers available in the corpus is selected.

3. Conclusion

Field data of the present-day Vakh Khanty dialect indicates that its nominal declension system
includes ten case forms, nine of which specialize in encoding semantic relations. The analysis of the
functional features of case markers was carried out drawing on a digitized corpus of linguistic data
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of the Vakh Khanty dialect, available on the LingvoDoc platform. The corpus contains the latest
language data on this dialect, collected in the village of Korliki, Nizhnevartovsk region, Khanty-
Mansi Autonomous Okrug in 2019. The study results made it possible to confirm the stability of the
system of nominal declension of the Vakh Khanty dialect, to clarify the functional uniqueness of
each case marker and to identify the grounds for their preferential terminological designation with
the following labels: 1) ablative, allative, lative, locative; 2) abessive, comitative; 3) distributive,
oblique and translative. The comparative element nipit did not confirm its status of the case marker.
This study proposes a unified terminology of case markers for the development of parsers and
markup of text corpora in Vakh Khanty.

In ensuing studies analyses of the analytical ways of expressing syntactic relations between objects
will be conducted, namely, constructions with postpositions and postpositional nouns which are used
to express spatial and temporal meanings along with synthetic cases.

4. List of abbreviations

ABL - ablative

ABS — abessive NST — suffixless

ACC — accusative OBJ - objective

ALL - allative OBL - oblique

COM - comitative PASS — passive

DIM — diminutive PL — plural

DISTR — distributive POSS - possessive

DU —dual PRED - predicative

EP — epenthetic PRTC — particle

IMP — imperative PST1 pastin -s

INF — infinitive PST2 — past in -yas/-yds
LAT - lative PST3 — past in -yal/-ydl
LOC - locative SBJ - subject

MULT - multiplicative SG —singular

NPST — non-past TRL - translative

5. Field materials of the authors

AFM — Field materials of the authors. Polevye materialy avtora. Jekspedicija v p. Korliki HMAO —
Jugry, leto 2019 g. [Author's field materials. Expedition to Khanty-Mansi Autonomous Okrug-
Yugra. Summer 2019”] (speakers: T. F. Katkaleva, b. 1944, E. A. Kunina, b. 1939, Zh. A.
Khokhlyankina, b. 1967).
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