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Information Retrieval and Analysis for a
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Abstract. With the growing volume and demand for data a major concern for an Organization
is to discover what data there actually is, what it contains and how it is being used and by who.
The amount of data and the disparate systems used to handle this data increase in their number
and complexity every year and unifying these systems becomes more and more complex. In
this work we describe an Intelligent search engine system, specifically designed to tackle the
problem of information retrieval and sharing in a large multifaceted organization, that already
has many systems in place for each Department, which is an integral part of a joint Operational
Data Platform(ODP) for data exploration and processing.
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1. Introduction

With the growing volume and demand for data a major concern for an Organization
is to discover what data there actually is, what it contains and how it is being used
and by whom. The amount of data and the disparate systems used to handle this data
increase in their number and complexity every year. This trend is driven by business
and technical demand, which especially stems from the need for more Data-Driven
projects [1][2][3]. Data-Driven projects aim at increasing the quality, speed and/or
quantity of information gained from Data collected by the Organization. But it is very
challenging to move ahead with such projects without access to a defined model to
handle data exploration and processing. This leads to most of the project time being
spent on actually finding out information about the existing data, finding people
involved, data owners and where the data lies, as opposed to actual analysis. As
described in our previous work this can be quite costly time and resource and each
stage of a Data-Driven project is impacted by this. There is currently no single
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accepted approach for tackling such problems, so we described and implemented a
joint Operational Data Platform(ODP) for data exploration and processing, which
aims to be an end-to-end platform for solving the issue of managing large amounts of
data and information about this data by means of scalable automation and information
extraction [1]. This platform has been successfully implemented and is actively used
by large organizations to implement Data-Driven projects. A high level overview of
the entire solution as presented in our previous work is outlined in Fig.1. One of the
main components of the platform was the Information Marketplace, which is an
intelligent search engine system, specifically designed to tackle the problem of
information retrieval and sharing in a large multifaceted organization, that already has
many systems in place for each Department. As outlined above, we believe this to be
the key challenge when exploring possible use cases for Data Scientists. In this work
we outline, the problem definition and technical implementation, in more detail. We
will first outline why we believe such a solution is required and how it fits into an
existing, ever changing landscape of an organization. Then we will outline in detail
what data is used and what and how information is extracted from it in order to build
a search index over all project information and data, that an organization has and
continuously develops in the future. We will specifically concentrate on the
architectural and algorithmic scalability challenges of extracting information from
large and varied datasets using existing methods.

SAP < Kafka Data Lake Virtual Sandboxes
’ B (Message (HDFS (Docker Containers)
Broker) Storage)
DiEH " Historical Daia
ohen -+
Oracle ‘f‘ @
Use Use
» Case Case
P4 @ 1
. N )
[ | o
Connectors Real-Time Data lMeladma 5L 2
Internal o Elastic Information Use Use
Apps Search Market Place Case Case
|~ @000 0 ) N —
= Enables AB é’}
éﬁzj — 8 j vs3 vs3

Fig. 1. Operational Data Platform

2. Information Retrieval and Sharing

One of the biggest challenges faced by an Organization when exploring possible use
cases for Data Scientists is in experience knowledge sharing and transfer. Large
Organizations have a large number of Departments, which vary widely based on their
size, project they take on and the way these projects are completed and documented.
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This leads a large variety of data sources, column names and documentation being
created on the same subject by a large number of stakeholders from different
Departments some of whom might not be part of the Organization anymore. This
leads to challenges for Data Scientists and the IT Department, which have to identify
the relevant information and people or documents describing the data, especially
when the project involves more than one data source. The most important
consideration here is time spent on actually finding out if data is available and similar
issues as opposed to more productive data analysis.

To bridge this issue, there are large undertakings for an organization wide change
management process, which pushes for standardization. On a technical level this
changes translate to the centralization and standardization of project related
documentation as well as rigid data views in a central database. Due to the complexity
of the data and the Organization itself an Enterprise Data Warehouses or a Wiki-
System cannot directly solve this issue, while satisfying all the requirements on
structure and intelligence. This leads to the creation of Organization wide specialty
tools, data/knowledge repositories and integration layers providing each Department
with access and management capabilities, in order to adapt to the specific
requirements of the Organization.

Essentially what this entails are a full organizational restructure to create solution for
data and information management. In reality, this is a vast and complex process and
can cost a large amount of money and resources from the side of the Organization and
in some cases might decrease productivity. Each individual Department has an
approach of managing projects and in most cases such a monolithic system allows for
less flexibility for individual Departments. This may lead to decreased productivity.
It is often unrealistic to expect full and informed cooperation from each Department
and its staff in order for each project to be documented, every data column described,
every project contributor to be listed and all the interconnections between documents
and data of multiple Departments being identified and documented. This is further
complicated by the fact, that there is always more data and information each year, so
all of the created documentation should be retroactively update periodically. The
learning period for a complete change and standardization of such processes and the
time required to update all of this information, can bring an entire Department to a
halt for an extended period of time.

There are also a large number of technical considerations, such as file format support,
performance of the search and indexing. Data Scientists and the Business Department
would like to see changes to any information as fast as possible.

To summarize, lets pose a list of requirements we accumulated based on our
experience working with teams of Data Scientists at large organizations:

1. Index decentralized documentation repositories. Each Department
should be able to retain their knowledge repositories with little to no
functional changes. Data should be acquired from these repositories with as
little effort as possible from the Departments side.
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2.

10.

11.

12.

Support a large number of formats. Each Department should be able to
use any binary file format for their project documentation.

Document Metadata has to be preserved. Such properties as authors,
auditors, names, comments should all be extracted and preserved and be
uniquely identifiable.

Low Latency Indexing. Changes to or new documents should be reflected
as fast as possible.

Content Indexing. As a minimum all textual content has to be searchable,
there has to be a possibility to later extend this to non-textual content, such
as audio and image files.

Author extraction. Each document must be tagged automatically with the
authors of that document. This can be extracted depending on the metadata
or by analysis of the document or related documents.

Document summarization. A short summary of the Document would be
very beneficial when exploring a large collection. Giving context knowledge
about document can often be use full to understand the content at a glance.
This could be implemented by extracting important sentences or keywords.

Context search. Each document describes a specific context or project in
relation to the organization or the Department. This representation of the
document if very valuable specifically for finding similar projects, but which
are not specifically referring to specific data sources, projects or
Departments.

Cluster by Department context. It is often useful to look at groups of
documents referring to specific contexts as opposed to exploring them one
by one. This is specifically interesting to see if documents of one Department
refer to a context usually associated with another Department.

Data source search. It should be possible to search for specific data sources
referred to in the documents. Meaning every document should point to
specific data sources it mentions. Used with the document clustering
approach, documents that have no mention of any document can also be
tagged.

Data source summarization. It is very important to present an outline of
the data, that is actually available in connection to a Data source a document
refers to.

Flexible faceting. All of this extracted information should be made available
as facet views, available when using the tool to explore the organizational
information.
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13.

14.

15.

16.

17.

Decoupling of functionality. As we described above, the landscape of the
organizational data and systems is always changing and there should be no
hard dependencies between specific Departments or types of analysis. If a
Department stops producing documentation in a specific format or at all or
author information should no longer be stored, the systems should not
require a substantial rewrite to remove these functions.

Flexibility for extensions. Similar to the previous requirement the system
should be easily extensible if further analysis is required, such as for example
support for extracting information from image data. This should also not
invalidate the previous requirement and require a substantial modification to
the system. New attributes or indices should be handled transparently.

Performance. This tool will be used by Data Scientist and the Business
Department in their day to day work, this means it should allow for a
responsive experience and support many hundreds of concurrent users.

Scalability. The entire solution entails fairly complex computation as there
are potentially tens of gigabytes of documentation (from many Departments)
and data meta information (data schemas) as well as terabytes of data that
has to be analysed. This means the solution should be scalable in order to
provide the similar levels of performance independent of new
documentation or data source.

Fault tolerance. This is more of an exploratory tool and as such full end-to-
end correctness is not necessarily required. By correct we mean, that no
documents are processed more than once and all results are always consistent
throughout the solution. Nevertheless, we need to provide a certain level of
fault tolerance thought the system so little to no supervision is required to
ring the system to a consistent state. In this case we are looking more at the
system being eventually consistent [12].

This is not an exhaustive list, but it outlines the base requirements a system for
information retrieval and sharing should fulfill. It is list of complex functional
requirements which we need to map to a technical problem definition and
implementation.

In the next section we will explore this definition and the architecture as well as the
algorithmic implementation of this tool, which we called the Organizational
Information Marketplace.
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Fig. 2. (a) Data-flow requirements in the context of stream processing. (b) Data-flow
requirements in the context of batch processing.

3. Architecture

There are significant architectural and algorithmic considerations when mapping the
requirement set outlined in the previous chapter to a technical implementation. To
achieve all the requirements for performance this has to be distributed application
running on multiple machines, which introduce a large set of benefits and problems.
First let’s consider the architectural side of the problem, before outlining how the
required information is extracted and modelled. To outline the architecture, we first
need to define, what input we have and what required output has to be produced.
Input. Our input is a collections of documents for each Department/data source the
organization has. These collections are unbounded and may increase and decrease as
well as change over time and so can the data sources. Currently a single collection of
documents can be larger than ten gigabytes with documents containing hundreds of
words. Additionally, such a system should be ready to process raw organizational data
as well. This would be important to analyze the actual data content as opposed to
definitions. This can become extremely large with terabytes of data coming every
month.

Output. As the output we require the document with additional extracted or
calculated metadata information, such as the summary of the document, the
semantic/contextual representation of the document, similar documents and others.
This information should be exposed through an interface, that supports a rich set of
text based queries. As the entire content of the document has to be indexed with all
the additional extracted information, we are looking at indexes tens of gigabytes in
size per Departments.

Based on the requirements we need to find a way to get from the input to the output
as fast as possible, whilst applying a non-fixed number of potentially process
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intensive transformation functions in sequence on an unbounded collection of
documents. Additionally, the latency of processing, should not be affected by the
number of documents in a collection at any point in time, meaning there should be a
defined way of scaling each step independent of the others. It is an accepted approach
in the Industry to frame this problem in the context of stream processing [5][4] as
opposed to a periodic batch process. In stream processing each collection of
documents can be represented as a separate stream of documents, which changes
constantly over time. Each new element of the stream is processed one by one, out-
of-order in parallel. The output of each transformation is represented as an another
stream of datum and can be directly consumed by another transformation. This is
quite different from a periodic batch approach, where each collection is considered
static at the point in time and all transformations have to be applied to the entirety of
collection. This is disadvantageous for our case as certain transformations can depend
on others, which means a transformation has to be applied on all documents before
proceeding to the next step. Because This means we need to either join the
transformations together into more monolithic blocks or create large intermediary
collections of transformed documents and orchestrate the order of the batch jobs. In
our experience, this is highly impractical, as this entails either very large, not flexible
transformation steps or a complex scheduling problem. Such problems are very tricky
to tune to scale correctly. Not to mention the fact, that this process be definition is
high latency, but this of course depends on the number of documents and the
complexity of transformations at any point in time. The difference between the two
approaches is highlighted in Fig.2. The main issue comes from the necessity to sync
between transformations. A transform has to be notified that a previous step has been
completed. This introduces complexity and latency. In our approach we settled on
decreasing the granularity of data slices and define a stream of data. This in our
opinion allows for flexibility of adding and removing steps at essentially any point.
As opposed to only passing simple events around [7] we model the data as an
unbounded stream, so we can process these elements on-by-one or in larger batches
as well without intermediate storage. This greatly simplifies the amount of state that
has to be tracked in the entire solution and as a side effect, in our experience, leads to
more concise, performant and testable services. But we still need to define an
approach for scaling this type of solution and more importantly ensuring a certain
amount of automatic fault-tolerance to make the solution as flexibly and low-
maintenance as possible.

3.1 Components for Fault Tolerance and Scalability

ThereisasignificantconnectionbetweenFault-ToleranceandScalability. Scalability is
usually most directly solved by trying to parallelize the costly process, most often, by
launching more instances of the same service and balancing the work between each
instance. But according to the CAP theorem, which states that it is impossible for a
distributed computer system to simultaneously provide Consistency (all nodes see the
same data at the same time), Availability (every request receives a response about
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whether it succeeded or failed) and Partition tolerance (the system continues to
operate despite arbitrary partitioning due to network failures. To this end the most
important architectural block of a streaming processing systems is the representation
of the "stream". As we described we need a proven way of storing unbounded
amounts of information, which has to be tolerant to failures and scale to a large
number of events and services.

3.1.1 Stream component

A widely accepted approach to this is using a distributed message broker, such as
Apache Kafka [25], which is a high throughput, distributed and durable messaging
system. Each stream can be represented as a topic in Kafka. A Topic is a partitioned
log of events. Each partition is an ordered, immutable sequence of messages that is
continually appended to—a commit log. The messages in the partitions are each
assigned a sequential id number called the offset that uniquely identifies each message
within the partition [25]. This is a flexible representation as it allows us to create many
topics per stage, which can be consumed by processors in a stage(consumers). Each
Kafka consumers is part of a consumer group and Kafka itself is balancing the
partitions in the topic over the consumer processes in each group. This means that it
is simple to achieve processing scalability just by launching more consumer
processes. As data is automatically distributed and consumption is balanced,
Availability is straightforwardly addressed by dynamically launching more instances
of the service and relying on a balancing mechanism. On the other hand, as described
in [9][8] streaming systems are most sensitive to Partitioning and Consistency
problems. The generally accepted approach to try and solve this [10] [29] is
essentially based on offset tracking. Offset tracking is tracking how far along in the
stream the processing service is. If each instance of the service has to make sure it
processed a single or batch of event before requesting new events. It would be quite
expensive to commit such offsets for every event, so offsets are usually committed is
small batches. This is supported as a core functionality within Kafka itself, which
offers approaches to store offsets in a separate topic as well as allows for automatic
batching of events. Using Kafka, we introduce a scalable and fault tolerant
representation of a stream, both on the storage and processing level.

3.1.2. Service Scheduling component

With the described approach each service is only responsible for deciding how many
events to process and from which offsets to start and work balancing, storage and
transfer are handled by the stream representation. Kafka has no control over the
consumer processes as well has no idea how costly each operation or what
state(offsets) have to be tracked. This means it is simple to scale processes just by
launching more processes, but making sure all events were processed correctly during
failures, as well as quickly is up to the consumer itself. To this end we require a
defined way for dynamically scaling process as well as restarting and retrying in case
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of consumer outage. To solve this issue, we can exploit the fact, that with the proposed
way of handling data storage and state, each service is essentially immutable. Which
essentially means a crashed service does not need to be restarted or recovered, but we
can just start a new copy, which will catch up to the state the previous service was
automatically. Coupled with the fact, that we have a large number of machines at our
disposable the problem of service fault tolerance and scaling becomes a process
scheduling problem. Technically we have a set amount of resources for each stage,
each stage takes a certain amount of time to compute and we are trying to reach a
certain amount of latency. Using this information, we can approximate how many
processes have to run and where in order to achieve the required latency. We require
a component, that can decide whether to start, stop or restart processes. This is an
accepted approach to handle scaling largescale distributed application and has been
successfully implemented in the industry [11] [27] by means of a global resource
manager. Such a resource manager is essentially a higher level version of an
Operating Systems Kernel, but running on many machines. Applications decide based
on their processing time and requirement, what resources they require. The resource
manager tries to accommaodate this. If the service crashes or the computing node fails,
it can be transparently restarted somewhere else assuming the application can
transparently handle something like this. Which our proposed approach can. Here we
use Apache Mesos, a commonly accepted High-Availability implementation of such
a system. Such a system has also proven to be very flexible to new services or any
adaption [13]. The system just needs to know what resource and what processes to
run.

3.2 View component and Architecture Implementation

The last thing missing from our architecture is the "view “layer. This is where the
output of the processing stages is stored in its final form, as well as as any extra data.
Based on the outlined requirements we need a flexible and scalable storage systems,
that supports a large scale of analytical queries. Considering the fact, that most of our
data are documents. It is more efficient to store the output in a Search Engine. In this
work we use Elasticsearch [26] due to its proven scalability and performance,
specifically in the context of stream processing. Based on this we can define our
general purpose architecture for building a scalable and Fault-Tolerant stage based
Event Driven application for the purpose of extracting information, context from an
organizations documentation and allowing this to be efficiently queried. A high level
overview of the architecture is presented in Fig. 3. It should be noted, that in this work
we concentrate on the architectural aspect of scaling and fault-tolerance and do not
define a novel approach, but more an architectural framework using the contexts from
these projects in order to efficiently and accurately solve the problem for this specific
use case.
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Fig. 3. Information Marketplace Architecture

4. Processing Stages and Implementation

Based on the described architecture we need to map the requirements described in the
previous chapters to a set of stages of transformation a single document has to go
through and queryable views, which are the end result of these transformations. First
lets define the views, which are needed to satisfy the requirements:

e Document Full-Text Search View

e Search View based on Author, Time, File-Format, Department, Data source
e Search View based on extracted keywords, contexts, summaries

e Related document View, based on contexts and keywords

These view are essentially queries against the Elasticsearch database, where the data
will be stored and so we will not outline them in much detail outside of the stage
definitions. What is required is a full representation of the document, data sources and
Departments. Based on this we can define the stages of transformation:

1. Document load from source

Document original format to plain text conversion with metadata extraction

Map document to specific organizational data source

2

3

4. Extract document summary

5. Extract semantic representation of the document(contexts)
6. Find closely related/similar documents

7. Find Departments a data source might refer to

8. Index document

We will now outline in more detail what each stage does and how it is implemented
as well as scalability and fault tolerance considerations for each stage.
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4.1 Load document

e Input — Directories to watch for files
e  Output — Stream of document creation, update, delete

Documents may reside on a filesystem in every Department. We need to detect all the
files already there and detect the creation of new files to fulfill the low-latency
requirement. We implemented a distributed directory watcher, which watches for
filesystem event and emits these events into a Kafka stream. Each watcher keeps a
reverse index of the filesystem it is watching. This is required in order to track what
files we have already processed, as no duplicates should be processes if possible. The
filepath and the last modified date are used as the offset key in the reverse index. The
offsets are only committed if the file was detected, and has not been modified in the
last few seconds. This is done in order to avoid reading files, which are still being
written to. With this approach we ensure fault tolerance and exactly once processing
of all files. Because this index is stored as a collection of offsets in a Kafka topic no
duplicates or missing documents will be processed during service or full node
failures. We implemented these watcher using the Kafka Connect Framework [29],
which is a framework tightly coupled with Kafka and offers some utility methods to
more simply write data to Kafka. Each watcher writes an event to Kafka containing
the source of the event, the nature of the event and the filepath. This stage is then
defined as a collection of such watchers accessing multiple organizational sources
distributed throughout the organization.

4.2 Document conversion

e Input — Stream of document

e  Output — Stream of document metadata and text representations
We need to extract information from a large variety of document formats. As most of
the document ion is written we need to convert it to a simple text representation as
opposed to a native binary format such as Microsoft Word or PDF. For parsing a large
variety of format we use Apache Tika [28]. Tika also allows us to extract a full set of
file metadata from the file, such as authors, modified dates, owners and etc. This stage
produces three different text representations:

1. HTML bases representation, preserving the formatting, useful for display

2. Plain Text representation

3. Filtered text, based on language stop words are filtered, characters are
normalized

As document arrive in a highly asynchronous manner from many data sources in a
single stream we can implement a distributed stream processing application running
on top of Mesos to convert this representation to Text. Essentially each streaming
consumer receives the file, extracts the text and metadata and materializes the result
to another stream. Processes can be pre-allocated based on the number of documents
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committed and average processing time, this is implemented keeping the main ideas
of [14].

4.3. Data source mapping

e Input - Stream of documents
«  Output - Stream of documents with Organization data sources labelled
As we outlined in previous sections understanding which data a document is referring
can be very beneficial to Data Scientists, when trying to build a project. This info can
both be used to find out what the data is about or the reverse, which data matches a
certain topic. What we have as input is a lot of documents with no extra information
apart from their content and origin. We need to map each document received to one
or more data sources. If we had some documentation for each data-source of the
organization we could rephrase this issue as a context matching problem, this could
be solved by one of our other stages of analysis. But it is very rarely the case, that an
Organization has any significant amount of information on every data source they
have, quite often the information is there, but has been lost in the thousands of
documents scattered across Departmental repositories. This is the aspect of the
problem we are trying to solve in this stage. As it stands assuming we have the
technical definition of each data source, schemas, column definitions and etc., we
need to find instances of documents that contain references on these attributes. A
straightforward approach would be to scan through each document and count how
many instances of all permutations of all columns are contained inside the document.
But if we consider the complexity of such calculations for a typical organization, it
becomes a very suboptimal approach. For example, this stage has to function with
low latency processing at an organization with dozens of different database systems,
which have thousands of tables in total and each table containing potentially hundreds
of columns. Such an organization has tens of thousands of pieces of documentation,
with a hundreds of documents being modified or created every day. Such documents
usually contain hundreds of words on average. This is an obviously suboptimal
calculation, which is not practical to compute with low latency. For example, let’s
say we have 3000 tables with 100 column search and 10000 documents with 500
words each. This would mean for one document we would need to do 500300000 =
150000000 not simple comparisons. Another downside of such an approach is, that
we would need to keep all data related information in memory as a collection, which
would lead to large resource requirements. To this we adopt a method similar to the
approach described in [21], which rephrases this issue as a comparison of sets of data.
Indeed, we can efficiently represent a document and each data source specification as
sets, and then our problem would be to find a set most similar to each incoming
document. Of course this would mean, that we are taking the overlap of a document
and a full set of data columns, which would never truly fully overlap, but as described
in [21] this would give us a good approximate match and we could then analyse which
of the matched data source is truly mentioned in the document. For this we build an
efficient representation of each data source specification using the Minhash (min-wise
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independent permutations locality sensitive hashing scheme) algorithm [20]. 4.3.1.
Minhash

The Jaccard similarity coefficient is a commonly used indicator of the similarity
between two sets. For sets A and B, the Jaccard similarity is defined as:

JANB| |AN B
JAB) = 0B ~ AT £ |BI=]AUB]

We can phrase this as the ratio of the size of the intersection of A and B to the size of
their union. J lies in 0 <=J <= 1. More specifically, if ] = 1 the sets are identical, if J
= 0 there are no shared members otherwise the value can be interpreted as “the
probability that a random element from the union of two sets is also in their
intersection” or “the probability that a randomly chosen element chosen from one of
the sets is also in the other set.”. This is widely accepted measure of similarity, but it
is still quite expensive to compute [21] especially for our case. To this end [20]
describes an algorithm to estimate the Jaccard similarity (resemblance) between sets
of arbitrary sizes in linear time using a small and fixed memory space. It is also quite
suitable to use in a stream processing context due to the low computation time and
compact representation. First lets define a matrix representation of the comparison of
multiple sets. Let’s define matrix M where m;; is 1 if element i is in set S; and 0
otherwise. Let’s denote N as the number of all unique elements in each set. Then for
N let’s take K random hash functions {h,, h,, ... h; }, which map each element to a
random unique 1D from[N]. Then for k counters c,c,,...,c; we can define the
Minhash for the set S as: Then set mj(S) = cj and we can define the Jaccard distance
estimate as:

k

1
I(m;(Si) = m;(S;))
1

JS(S;,5;) =

| =

5.
I

, where I(o) =1 ifo=1.

This also gives us a compact representation, which we can calculate and store for each
data source specification, meaning we only need to calculate the Minhash for each
incoming document. But this is still computationally expensive as we still need do the
computation at least O(Nqpies), Meaning the query cost increases linearly with
respect to the number of data sources. A popular alternative is to use Locality
Sensitive Hashing (LSH) index.

4.3.1 Minhash-LSH

One approach to implement LSH is to "hash" each element many times, so that similar
items are more likely to be hashed to the same bucket. We can then just look at the
pairs, which ended up in the same bucket. The main idea as described in [21] is that
most of the dissimilar pairs will never hash to the same bucket, and therefore will
never be checked, and the number of false positives is low.
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Algorithm 1 Min hash on Set S
1: fori=1to N do

2 if S(¢) =1 then

3 for j=1to k do

4 if I?,j (7) < ¢4 then
b Cj h](?)

6: end if

T: end for

8 end if

9: end for

For a Minhash representation computed as described above, an effective way to
choose the hash functions is to take the matrix of the representation and partition it in
to $b$ partitions with $r$ rows each. Then we use a hash function for each partitions
and calculate the mapping to many buckets. Each partitions can use the same has
function and keep a separate bucket for each partition. This means columns with the
same vector in different bands will not hash to the same bucket. Then we can check
each band for matches in each bucket.

Based on the describes algorithms we create a Minhash representation for all data
source specifications and build and LSH index over these. This allows us to very
efficiently query for the most similar data sources for an incoming document in a
stream. We take the 3 top matches and find, which one actually is most referenced
inside the document. This is attached to the document as extra metadata and is written
to another stream. Due to the implementation this can be easily scaled by launching
more instances as the Minhash representation is fairly compact.

4.4 Document summary

e Input — Stream of documents

e  Output — Stream of documents with added summary
This stages receives a stream of documents as input and outputs the same document
with an additional summarization field attached to the metadata. A text summary in
this context is a set of most important phrases/sentences of the document. Such kind
of method are very sensitive to stop words, words that do not impact the semantic
meaning of the text, such as "and" or " and etc. So this stage relies on the third form
of the text representation, which is already filtered and cleaned. As we only have
unstructured documents and most organization do not tag or write abstracts for each
document, we need to rely on an unsupervised method for text summarization [19].
We summarize the given text, by extracting one or more important sentences from
the text. This summarizer is based on the "TextRank™ algorithm [18], which was
chosen when considering its performance and a simpler implementation for key-
sentence extraction vs keywords.
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4.4.1 TextRank

In the TextRank algorithm [18], a text is represented by a graph. Each vertex
corresponds to a word type or sentence. Vertices v; and vj are connected with a
weight w;;, which corresponds to the number of times the corresponding word types
co-occur within a defined window in the text. The main objective of TextRank is to
compute the most important vertices of the text. If we denote the neighbors of vertex
v; as Adj(v;), then the score S(v;) is computed iteratively using the following
formulae:

Wi

S(vi) =(1—d)+dx Z Z

v €Adj (v vk € Adj(v;) (“j)

Vertexes with many neighbors that have high scores will be ranked higher. We are of
course not interested in keyword extraction, but sentences based summarization. To
this end as shown in [18] it is we can adapt the same algorithm to sentences. Each
vertex will represent a sentence and, as “co-occurrence” is not a logical relation
between sentences, defining another similarity measures. A similarity of two
sentences is defined as a function of how much they overlap. The overlap of two
sentences can be determined simply as the number of common tokens
wi...wk between the lexical representations of the two sentences S; and S;. In [18] it
is defined as:

{wg|wy, € Si,wy, € S5}
log(]5il) + log(]S;])

By applying the same ranking algorithm 0.3 and sorting the sentences in reversed
order of their score we can find the most important sentences, that represent the
document. This algorithm was implemented and applied in a stream of document to
produce the output of the stage. The algorithm performance only depends on the
length of the documents, and based on our average length of documents, the
processing speed satisfies out latency requirements.

Sim(S;, Sj) =

4.5 Context extraction

e Input — Stream of documents with extracted information

e  Output — Stream of documents with context

e  Output — Context Model for each Department
We require a representation of each document in the context of the Department it is
generated by, as well as other Departments. To do this we need a model, that captures
the concepts most used and referred to by projects in the Department. This would give
us a valuable contextual representation of key concepts. This could be achieved by
extracting keywords or popular words similar to the methods described in the
Document Summarizing stage, but what this kind of approach lacks is the document
level representation. We want to consider the context both on the level of separate
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concepts as well as groups of these concepts(documents). This would give us a more
complete view of the context of the Department as well as allow us to extract, such a
contextual representation for any document. Meaning we would see how a document
relates to work usually carried out in the Departments. We also want to analyse the
extracted context to find similar concepts. Another requirement we have is that any
model used should be flexible and require little maintenance to be updated in the
future. For this Probabilistic Topic Models are a widely accepted choice [17]. Using
these models, we can infer the semantic structure of a collection of document using
Bayesian analysis. These models are fairly popular and have been used to solve a
wide range of similar problems [23] [24]. In this work we specifically adopted the
Latent Dirichlet allocation (LDA) model.

4.5.1 Latent Dirichlet allocation

One of the most popular models is Latent Dirichlet allocation (LDA) [17]. LDA is a
model for extracting underlying topical information from unstructured data. LDA
models each document as being represent by multiple "topics". The topics are
represented as a collection of words, or more specifically a probability distribution
over a fixed vocabulary of terms. In LDA documents in a corpus are assumed to be
generated from a set of K topics. Each topic k is represented by a Dirichlet distribution
over the vocabulary:

ﬁk ~ Dir

Each document d is also repented as a Dirichlet 8d.Eachword w indocument d is then
assumed to be generated by drawing a topic index z,,, from a multinomial distribution
Mult(0(d)), then choose a word wdn for that topic from Mult (¢,, ). By assuming
this generative process, we can go backwards and estimate these matrices from a
collection of documents. In this case a collection per Department, which will generate
a model per Department. There are a number of way to train such a model [17] [16].
In this work as we require low latency inference as well as flexibility to do automatic
model updates, we adopt the Online Variational Bayes algorithm [16]. This method
also has the quality of being static in memory as the entire stream of documents does
not have to be loaded fully when required. Mini-Batches of documents are processed
to infer these matrices. As with most vibrational algorithms, the processing consists
of two steps:

e The E-Step: Given the minibatch of documents, updates to the

corresponding rows of the topic/word matrix are computed.
e The M-Step: The updates from the E-Step are blended with the current
topic/word matrix resulting in the updated topic/word matrix.

Each document received is added to the model and after that the topics are extracted,
this allows us to continuously update the model as well as extract topics from
documents. It is more effective to update the model with minibatches [16]. A mini-
batch is a small batch of documents. In our case, this is usually set to 100. This is also
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efficient for throughput as well as simplified offset tracking. Offsets are committed
only after a mini-batch of documents has been successfully processed. After each
iteration the model is save to disk and only then the offsets are committed. This means
we ensure the update model always contains all the documents and is up to date. The
topics are attached to the document with their distribution, this is necessary later on
for ranking text matches. A model is produced per Department in order to captured
the unique context of each. This means the stage contains at least one instance of each
model, but the output of the stage is still a single stream. Related documents as we
are extracting the context of each document via the LDA model and attaching this
information with the specific weights to the document that is indexed in the Search
Engine, it is fairly trivial to find contextually related documents, just by including this
field and its weights when executing text searches

4.6 Related documents

As we are extracting the context of each document via the LDA model and attaching
this information with the specific weights to the document that is indexed in the
Search Engine, it is fairly trivial to find contextually related documents, just by
including this field and its weights when executing text searches.

4.7 Departmental context

e Input — Stream of Documents

e  Output — Stream of documents with attached "Department” label
If we take the described LDA Topic Model for each Department as a contextual
representation of the concepts used, we can use this as the representation of what the
Department does in the context of the organization. We essentially have a collection
of sets of topics per Department and we want to find which other Departments this
document relates to. We can exploit the Minhash based set matching approach we
used in the previous stages and apply it to the problem of matching a document to an
organization. We can define an LSH index over each set of topics for each
organization. Then for any incoming document we need to find the most similar set
of topics from each organization a document relates to. Based on this we can extract
a very rough estimation of "related Departments".
As we are using the same efficient representation as with the data source mapping
stage we can efficiently calculate this with low resource requirements.

4.8 Document indexing

e Input — Stream of documents with extracted information
e Output — Elasticsearch indexes

This is the stage that actually indexes the data into a search engine, in this case
Elasticsearch is used to create a reverse token index of the documents.
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We implemented these watcher using the Kafka Connect Framework [29]. Each index
writes an event from Kafka into Elasticsearch. This stage is then defined as a
collection of such indexers accessing multiple sources throughout the organization.
The data is keyed with the filenames, event timestamp, and a unique offset is
generated via a has function to ensure, that no duplicate data is written into
Elasticsearch even during node faults. We can rely on Elasticsearch’s idempotent
write semantics to ensure exactly once delivery. By setting ids in Elasticsearch
documents, the connector can ensure exactly once delivery by simply overwriting the
data and not creating new records. You can restart and kill the processes and they will
pick up where they left off, copying only new data. As opposed to the data loading
stage we can read from and write to Elasticsearch in parallel and so we can launch
more services to scale this stage based on amount of input.

5. Conclusion

We proposed a flexible way for discovering data and interconnections of the data,
based on metadata, functional descriptions and Documentation, in an automated and
intelligent way, while not requiring a full Departmental restructure. We outlined the
set of requirements desired by many Organizations in the industry. We described a
scalable, fault-tolerant and flexible Architecture as well as technical and algorithmic
implementation, that satisfies all these requirements. We believe the approach,
proposed solution and its architecture provide a solid basis for implementing similar
information retrieval solutions at large Organizations, that are starting to explore
Data-Driven projects.
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Abstract. With the growing volume and demand for data, a major concern for an Organization
is the creation of collaborative Data-Driven projects. With the amount of data, number of
departments and the development of potential use cases, the complexity of creating Multitenant
and Collaborative environments for multidisciplinary teams to work and create productive
solutions, is becoming more and more important problem. In this work, we describe an
approach to building such an environment with scalability, flexibility and productivity in mind.
This solution is an integral part of a joint Operational Data Platform for data exploration and
processing at large data driven Organizations.
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1. Introduction

With the growing volume and demand for data a major concern for an Organization
is to find a well-defined way of enabling large teams to work collaboratively on a
large amount of very varied data. This trend is driven by business and technical
demand, which especially stems from the need for more Data-Driven projects
[1][3][4]. Data-Driven projects aim at increasing the quality, speed and/or quantity of
information gained from Data collected by the Organization. But it is very
challenging to move ahead with such projects without the need to define models to
handle data exploration and processing. As we described in our previous work [1][2],
this leads to most of the project time being spent not on data analysis, but finding out
information about the existing data, getting access to a usable form of the data and
requesting a suitable ICT environment to process this data. This can be quite costly
time and resource wise, and each stage of a Data-Driven project is impacted by this.
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There is currently no single accepted approach for tackling such problems, so we
described and implemented a joint Operational Data Platform(ODP) for data
exploration and processing. In [1] we described the building blocks of the platform
and went into detail, how the data is collected and stored. In [2]. we described the
Information Marketplace, which is an intelligent search engine system, specifically
designed to tackle the problem of information retrieval and sharing in a large
multifaceted organization, that already has many systems in place for each
Department. This platform has been successfully implemented and is actively used
by large
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Fig. 1. Operational Data Platform

organizations to implement Data-Driven projects. A high level overview of the entire
solution as presented in our previous work is outlined in Fig.1. In this work we will
outline the third component of the Platform, which centers on providing a scalable
environment to allow for collaborative and multi-developer projects. This approach
aims to simplify testing and deployment in order to bring these highly complex
projects into production. We will first outline why we believe such a solution is
required. Next we will define a set of requirements, such a solution must fulfill. We
will then outline the architecture, that aims to address these requirements, as well as
how it differs from commonly accepted approaches and the various technical
challenges involved in building such a system.

2. Data-Driven project development environment

As highlighted in [1] most Data-Driven projects in the industry often follow a
variation of the Cross Industry Standard Process for Data Mining project lifecycle, as
described in [5]. Which states that most of these project go through the following
steps:

e Business Understanding;
30
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e Data Understanding;
e Data Preparation;

e Modeling;

e Evaluation;

e Deployment.

In [1] we outlined how we address the necessity for enabling and optimizing these
individual steps and in [2] we give more detail how to take step one and two and
greatly simplify step 3 and 4. But we did not fully consider yet, is in what what context
this project is developed. Projects are developed in environments, which first of all
usually reflects internal requirements of the project. In our case project vary greatly
in their complexity and the amount of data they process. So a environment is required
that can generalize their parameters to the main functional requirements of the
problem. A very important point to note in this context is that most Organizations
require for these project to be developed in a a fully on-premise secure environment,
which greatly limits what can be done towards building a scalable solution. This
means we need to design the environment to fit the largest possible problem, that
would need to be solved, which entails processing terabyters of data from many
disparate systems. To this end one practical solution used in the industry is building
clusters of many machines, that can handle these types of workloads [7] [8] In a
modern Organization this usually means using the Hadoop ecosystem [6] to create a
generalized processing environment with support for most data types and approach
to analysis. This usually goes hand in hand with a Data Lake implementation [9] or
alternatively a more flexible and structured approach as described in [1] Hadoop
clusters are immensely powerful and flexible, but suffer from a number of oversights.
Hadoop environment usually do not provide a very flexible way for dozens of users
to access the systems in parallel. The usual approach for this is to provide an Edge
Server [8], which is a secured server, that allows for selective access to certain
resources of the cluster. There are usually a set number of such server per cluster and
are not necessarily very powerful servers. The idea behind such servers is, that they
should only be used to deploy job to the cluster and not carry out any calculation
themselves. This is more geared towards Data-Engineers deploying applications and
not an analysis environment, where Data Scientists have to explore the data and
retrieve results in an ad-hoc manner. For this analysis many routine libraries and tools
are often required and this leads to the Edge Servers running out of resources and
contain a large number of potentially clashing software as these are shared
environments. As more and more users start using these servers this becomes an
impractical approach. To address this there are approaches to use vitalization to
provide on demand environments for each individual team [11] [10] Due to
vitalization overhead multiple teams need to share these machines, which are often
over-provisioned and have much more resource than it is required as reconfiguring
such machines is usually a lengthy administrative task. Requiring multiple teams to
share a virtual environment is also the simplest way to enable collaboration as
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individual developers can access the code, results or services of other team members.
But this leads to the resource of the machines not being fully utilized and decreased
performance when the project requires a large number of services or processing
workloads, that do not run on the cluster. For example, prototyping a system similar
to the Information Marketplace to analyse and index the documents and data of the
Organization, would require, a Search engine, a Database and many other services.
Another downside to such approaches is the complexity it brings to testing and
deploying such projects, once development has finished. It is unclear what libraries
and resources are required to actually run the application outside the development
environment. Dependencies, configurations and resource specifications have to be
supplied to the operations team, which has to somehow package this into a solution
that conforms to the organizations standards and can be run in production. Such Edge
Servers are not self-describing and fully rely on the development team to deliver well
documented, testable, deployable code. This is often not simple to do due to the
multidisciplinary and complex nature of Data-Driven projects. What is required is a
self-describing environment, that is simple to ship into production. It is possible to
directly deploy the vitalized edge-nodes with all the required software inside them,
but this is quite expensive and slow, when working in an on premise environment as
such approached are too rigid in their requirements. To summarize let’s pose a list of
requirements we accumulated based on our experience working with teams of Data
Scientists at large organizations:

1. Single-User Secure isolated environments. It is beneficial for users to have
fully isolated environments as this simplifies development and later on
deployment. Because of this environment need to be fully isolated and
secured in accordance with the Organizations requirements.

2. Support a large variety of demanding workloads. Such environment should
support all types of workloads, that can be submitted to the Hadoop cluster
as well as ran locally inside the environment itself, which is essential for ad-
hoc analysis. Such environments should also support being used as servers
for tools required by other projects. For example, a standalone Database
deployment.

3. Managing Resources in a highly multi-tenant environment. We need
flexibility to manage many of such instances efficiently, potentially on very
limited hardware. Environments should consist of services based on required
resource allocation

4. Collaboration tools.The environment should have in-built tools that enable
collaboration. This is very important to enable well documented, testable
projects and code.

5. Scalability and Fault-Tolerance. It should be straightforward to scale
individual environments up and down on demand, in perspective
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automatized. As it is important to ensure uninterrupted work and no loss of
work data, such environment should be Fault-Tolerant.

6. Going to Test, Production quickly after development. The environments
should be self-descriptive and flexible enough to speed up this process and
not introduce more technical hurdles.

7. Flexible access to all stored Data. Because this is an environment for a Data-
Driven project, the most important thing is access to all required data, but
this access has to be customizable as to provide fun grained access for teams
and individual developers.

This is not an exhaustive list, but it outlines the basic requirements such a system
must fulfill from the view point of teams working on Data-Driven projects. It is list
of complex functional requirements which Project, System Developers and Designers
need to map to a technical problem definition and implementation. To this end we
propose the analytical sandbox environments, which are generated, isolated
environments provided to Data Scientists, Analysts and Engineers so that they can
build up their project on the data. It is a fully isolated environment, where the user
can install or download any extra tools they require and is accessible via an analytical
and console view.

3. On-demand Sandbox environments

There are significant architectural and algorithmic considerations when mapping the
requirement set outlined in the previous chapter to a technical implementation. We
will outline the technical design of these sandboxes and the necessary components
we use to provide the technical functionality.

3.1 Immutable environments

First of all we require access to all the existing cluster resources preferable via the
native interfaces, but provide a remote accessible and simple to use environment. As
one of the main gaols is to simplify development, this approach should also support
some way to distribute source code and dependencies along with the environment. To
summarize we require this environment to be stateless and immutable as possible, but
still contain all the necessary tools and code when moved. To achieve the flexibility
required we just replace it with another instance to make changes or ensure proper
behavior. This would allow sandboxes to not only serve as an analytical environment,
but as a template for all Data-Driven projects, that ever come to production. To this
there has been a large shift in the Industry to use Linux Containerization technology
[12] to solve these types of problems.

3.1.1 Linux Containers

LXC (Linux Containers) is an operating-system-level virtualization method for
running multiple isolated Linux systems (containers) on a control host using a single
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Linux kernel [12] The Linux kernel provides the cgroups functionality, that allows
limitation and prioritization of resources (CPU, memory, block I/O, network, etc.)
without the need for starting any virtual machines, and namespace isolation
functionality that allows complete isolation of an applications’ view of the operating
environment, including process trees, networking, user 1Ds and mounted file systems
[12] Such environments can be created based on a defined specification, which allows
the environment to inherently be self-describing [12] This essentially would allow us
to launch anything we want in completely independent environments. For example,
on-demand edge nodes. This approach is very useful for creating immutable
architectures, where every component can be replaced at any point in time. It is being
used more and more in the Industry and is becoming the standard for running
distributed services and applications [15] The use of this type of process management
and assuming that each sandbox is fully isolated and immutable allows us to easily
reason about Fault-Tolerance and Scalability.

3.2 Fault Tolerance and Scalability

In the context of Immutable containers, service fault tolerance and scaling becomes a
process scheduling problem. Technically we have a set amount of resources in total.
Each sandbox takes a certain amount of resources, such as CPU, RAM, Disk space
and Network. Considering the fact, we need a large amount of resources, but limited
amount of Hardware at our disposal, we need to effectively plan where each sandbox
can run and how much resource it can actually use. This is a well-known problem in
the Industry as is usually tackled by global Resource Manager or planners, such as
Apache Mesos [13], Google Kubernetes [16] or Borg [14] and there are well defined
patterns of tackling such problems [15] In this work we use Apache Mesos due to its
popularity in the Industry and its proven ability to scale. Such a resource manager is
essentially a higher level version of an Operating Systems Kernel running on many
machines. Applications decide what resources they require based on their processing
time and requirement, and the resource manager tries to accommodate this. If the
service crashes or the computing node fails, it can be transparently restarted
somewhere else assuming the application can transparently handle something like
this. This would allow us to efficiently run many sandboxes on very limited hardware
by automatically scaling how much resource each one requires as well as making each
sandbox Fault-Tolerant by launching another one during outages.

3.3 Collaboration

A central aspect of a solution like this is simplifying collaboration. As we propose
isolated environments, this becomes more challenging. The accepted approach using
central source code-based collaboration, such as Git and SVN [21], which we also
adopt. But it is often challenging to share large files, such as models, test data and
dependencies between team members using these systems. To this end we implement
a shared network file-system layer between team members of the same project. Each
project team gets a filesystem, with individual workspaces for each members. Team
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members can then decide how to structure this environment in order for it to be more
productive for them. One crucial requirement for such system is Fault-Tolerance.
Which is even more crucial due to our implantation of Immutable sandboxes. Any
large files generated by the project team should be durable to sandbox and computing
node outages. Loosing modelling results can lead to days of lost work time. To
address this there are a number of high performance and durable implantation of
Network Filesystems being used in the Industry [22] [23] In this work we adopted
GlusterFS as our network storage due to its proven performance, simplicity and
integration capabilities with systems like Mesos [23]

3.4 Isolation

As we outlined above isolating the sandboxes simplifies management and
development. By isolation we are specifically referring to isolation of resources, such
as:

e CPU

e RAM

e Filesystem

e Libraries and System tools
Most of these are out-of-the box supported by Linux container technology and are
supported and managed by Apache Mesos. On the other hand, as these sandbox
environments are not exclusive to Analytical Cases, which produce reports as their
output, but Service based applications as well. An example of this would be a Web
Service that provides recommendations based on customer input data. Such
applications usually run as a web service and most commonly rely on some database
system, which might not be provided as part of the Hadoop installation. Such services
can be easily launched in a separate sandbox environment. We provide teams of
developers with easy access to these services or databases, provided they are part of
the same use case. As there might be any number of such services running inside the
cluster, this might lead to problems as defined in [20] So in order to simplify the
development process we would need full Network isolation as well. To solve this, it
is now an accepted approach in the Industry to use software based overlay network
solutions, which are computer networks that are built on top of another network [18]
[19] This gives us the ability to selectively isolated certain Sandboxes from each
other, allowing the users of these sandboxes to launch any service they want in their
sandboxes and transparently make it accessible to other team members, without
leading to network clashes with other environments. In this solution we use Calico
networking, which is well integrated with Mesos environments.

3.5 Security

Due to the level of isolation provided Security becomes an Authorization problem
and can be implemented as per requirements from the Organization. A commonly
accepted approach in the Industry is to integrate with a central Organization wide
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authority, which has all the information about user rights and permissions. In most
cases we integrate directly with the Organizations central LDAP, such as Kerberos or
Microsoft Active Directory [17] As most Hadoop installation also support this
integration we can transparently enable security throughout the solution without
introducing a new authorization and authentication concept in the Organization.

4. Architecture

Having discusses the individual building blocks of the solution, we will outline how
this translates a technical architecture and implementation as a number of automation
services are required to build the necessary platform based on the concepts outlined
in the previous section. This architecture is implemented similarly to our previous
work and must fulfill the requirements of low-latency and flexible services. To this
end we adopted a Microsservice architecture, which a lightweight and flexible
approach to implementing Service Oriented Architectures [24] The Sandbox
orchestration service is defined with the following components.

4.1. Sandbox Templates

The first required component is a set of templates for sandbox environments. These
vary based on the Organizational standards, but these typically contain all the
necessary tools to interface with the Hadoop Cluster, run analytics and build
applications. For example:

e  Secure Shell access

e Ipython Console, R console, Scala Console

e Hive, Hue, Hadoop

e  Pyspark, Spark, RSpark
These are common tools and having a repository of such as propose built templates
allows to formalize the tool choice and testing and deployment processes during

development. New templates can be added based on demand by extending the already
existing ones.

4.2 Marathon

Marathon is a production-grade container orchestration platform for Apache Mesos
[25] This allows for API based orchestration of containers based on the specific
templates. We use this as our central orchestration platform for all sandboxes.

4.3 Kontrollores

Kontrollores is our central control service. It handles request for creating new teams
and sandboxes for them. It provides the following functionality:

e Handle Sandbox creation requests;
e  Authorize request;
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e Create code repositories;
e Create collaboration file system;
e Initiate Sandbox creation;
e Report status.
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Fig, 2. Sandbox microservice architecture

4.4 Ausbudller

Ausbudller Is an interface service to Marathon and handles the actual creation and
monitoring of a single sandbox. It validates these request based on the user
permissions and quotas stored in the central LDAP.

4.5 Prufer
Prufer handles validation of resource and tools requests based on the users in the team.

4.4 Wegweiser

Wegweiser is the central routing component. As the sandboxes are in isolated
environments we require a secure gateway to dynamically route individual users
through the internal network to their sandbox. This is achieved by discovering
sandbox details based on their definition retrieved from Kontrollores.

The combined architecture defined with these components is outlined in Fig, 2, which

also outlines the interconnection of these components and the general flow of
execution.
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5. Conclusion

We proposed an approach for a scalable, multi-user environment for handling
research and development of Data-Driven projects in the context of a large
organization operating a Hadoop cluster. We described the necessity for such a
solution to handle the complexity of managing multi-user research projects and
outlined the technical challenges faced when implementing similar systems. Based
on this we outlined the set of requirements desired by many Organizations in the
industry and we proposed a scalable, fault-tolerant and flexible Architecture as well
as technical implementation, that satisfies all these requirements. We believe the
approach, proposed solution and its architecture provide a solid basis for
implementing similar systems at large Organizations, that are starting to explore Data-
Driven projects.
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Annotanus. C poctoM 00beMa JaHHBIX ¥ TIOTPEOHOCTEH B HUX OJHOW M3 OCHOBHBIX IPOOIIEM
OpraHu3aluil CTAHOBUTCS CO3JJaHNe KOONIEPATHBHBIX, YIPaBISIEMbIX JAHHBIMU MPOEKTOB. [Ipu
BO3pacTaHNy 00beMa JaHHBIX, YHCIIA MMOJPa3/IeNICHUH 1 MOSBICHUH HOBBIX NMOTEHIHAIBHBIX
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obyajarommeil MacmTabUPyeMOCTbIO, THOKOCTBIO M MPOW3BOJUTEIBHOCTH. JTO pelIeHHe
SBISICTCS HEOTHEMJIEMOH 4YacThl0 COBMECTHOH ONEpaTUBHON IIatOpMbl JAHHBIX IO
M3YUCHHUIO ¥ 00paboTKe OOJNIBIINX JAaHHBIX B KPYIHBIX OpraHHU3alieil, OpHEHTUPOBAaHHBIX Ha
00paboOTKy NaHHBIX.
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Abstract. Automated test generation is a promising direction in hardware verification research
area. Functional test generation methods based on models are widespread at the moment. In
this paper, a functional test generation method based on model checking is proposed and
compared to existing solutions. Automated model extraction from the hardware design’s source
code is used. Supported HDLs include VHDL and Verilog. Several kinds of models are used
at different steps of the test generation method: guarded action decision diagram (GADD),
high-level decision diagram (HLDD) and extended finite-state machine (EFSM). The high-
level decision diagram model (which is extracted from the GADD model) is used as a
functional model. The extended finite-state machine model is used as a coverage model. The
aim of test generation is to cover all the transitions of the extended finite state machine model.
Such criterion leads to the high HDL source code coverage. Specifications based on transition
and state constraints of the EFSM are extracted for this purpose. Later, the functional model
and the specifications are automatically translated into the input format of the nuXmv model
checking tool. nuXmv performs model checking and generates counterexamples. These
counterexamples are translated to functional tests that can be simulated by the HDL simulator.
The proposed method has been implemented as a part of the HDL Retrascope framework.
Experiments show that the method can generate shorter tests than the FATE and RETGA
methods providing the same or better source code coverage.

Keywords: hardware design; functional verification; static analysis; test generation; guarded
action; high-level decision diagram; extended finite state machine; model checking.
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1. Introduction

Functional verification is an expensive and time-consuming stage of hardware design
process [1]. Due to hardware designs increasing complexity, automated test
generation seems to be important and challenging. To avoid design complexity,
automated verification methods often utilize mathematical abstractions of system
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properties and behavior, so-called models. Models can be created manually or
automatically extracted from the system’s source code. Automated verification
methods based on model extraction from the HDL (Hardware Description Language
— a collective name for several languages described below) source code are
considered in this paper. Models can be based on the following formal descriptions:
finite-state machines, decision diagrams, Petri nets [2], etc.

Model checking [3] is an approach to set up the correspondence between the model
of the system and formal conditions (specifications). For every specification a model
checker tries to produce a counterexample — an input stimuli sequence that leads the
system into a specification-contradicting state. Counterexample construction is often
used for functional test generation purposes.

Proof of equivalence of a model and the corresponding system is an important issue
when model checking is used for hardware verification. There is no need in such proof
when the model is automatically extracted from the system’s source code and
translated into the model checker’s format.

A method of functional test generation for hardware is proposed in this paper. It is
based on automatic extraction of High-Level Decision Diagrams (HLDD) [4] from
the system’s source code. Synthesizable sets of VHDL [5] and Verilog [6] HDLs are
supported. Extracted models are then automatically translated into SMV (Symbolic
Model Verifier) language supported by the nuXmv [7] model checker. Extended
Finite State Machine (EFSM) transition constraints are used as specifications for
model checking. EFSM model is also extracted from the system’s source code.
Counterexamples built by the nuXmv model checker are then translated into an HDL
testbench which can be simulated by an HDL simulator.

The rest of the paper is organized as follows. Section 2 contains a review of functional
test generation methods based on model extraction from the HDL source code. In
Section 3 basic definitions are given. Section 4 contains HLDD construction and test
generation methods. Section 5 is dedicated to the experimental results. Section 6
concludes the paper.

2. Related works

The idea of model extraction from the HDL source code and following test generation
is not new. A prototype of CV tool for VHDL description model checking is presented
in [8]. The tool’s execution process consists of five stages. On the first stage, a VHDL
description is parsed and an internal representation is constructed. A Binary Decision
Diagram (BDD) based model is built on the second stage. On the third stage a CTL-
based specification is parsed. The specification language syntax is described in the
paper. On the fourth stage the specification parsing result and the BDD-based model
are passed to the CBMC [9] model checker. On the final stage, the model checker
output is translated into tests that can be executed by the HDL simulator. It is stated
that BDD-based model size plays the key role in the model checking process. Model
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size reduction heuristics usage is suggested to avoid state space explosion but no
heuristics are offered in the paper.

In [10], extraction of the EFSM model and generation of tests that cover all the model
transitions are described (so-called FATE method). This method assumes that the user
provides additional information for the tool about signal semantics (for example,
which of the signals encodes state). The EFSM extraction process contains several
stages of transition structure simplification (embedded conditions elimination,
compatible transitions union, dataflow dependency analysis). The test generation
method is based on the state graph traversal through random walk and backjumping
techniques.

In [11] an improved modification of method [10] is proposed. Optimizations
described concern path reachability (weakest precondition [12] is used instead of the
approximate approach) and test filtering tasks. A new functional test generation
method called RETGA is also proposed in [11]. This method is based on the algorithm
[13] for automated EFSM model extraction from HDL descriptions. The algorithm
does not require additional information about signals\variables semantics; for state
and clock-like variable detection it uses heuristics based on dataflow dependencies.
Experiments have shown that RETGA method produces shorter tests with higher
HDL code coverage than FATE and even improved FATE do.

It should be noted, that state graph traversal techniques (that FATE and RETGA
methods use) do not guarantee coverage of all the EFSM model transitions. One of
the problems concerns counter [11] variables that are defined in transition loops and
used in transition guards, so an EFSM simulation engine needs to recognize at which
value of the counter it is going to finish the loop execution.

3. Basic definitions

Suppose that all models described below run in discrete time that implies clock
presence. Clock C is a set of events {cu,...,ck} where an event ¢ = {signal, edge} is a
pair, consisting of a one-bit signal (so-called clock pulse) and a type of registration
called edge (i.e. positive edge when signal changes its value from 0 to 1 and negative
edge otherwise).

Let V be a set of variables. A valuation is a function that associates a variable v e V
with a value [v] from the corresponding domain. Let Domy be a set of all valuations
of V. A guard is a Boolean function defined on valuations (Domy — {true, false}).
An action is a transform of valuations (Domy — Domy). A pair y — &, where y is a
guard and ¢ is an action, is called a guarded action (GA). It is implied that there is a
description of every function in some HDL-like language (thus, we can reason about
not only semantics, but syntax).

Let guarded actions be synchronized [14], if each GA is associated with a clock. A
system {{C®, y0) — & M};_; | of synchronized guarded actions can be represented by
an oriented acyclic graph G = (N, E, C) called Guarded Actions Decision Diagram
(GADD). Here N is a set of graph nodes, E is a set of graph edges, and C is a clock.
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N contains two non-intersecting subsets: a set Ns of non-terminal nodes ns that are
marked by expressions y(ns); a set N; of terminal nodes n; that are marked by actions
d(ny). Graph edges can start from non-terminal nodes only and finish either in terminal
or in non-terminal nodes. Edges e e E are marked by sets Val(e, n) of accepted values
y(n) (here edge e is an outgoing edge for the node n, e € Out(n)). The node n € Ns
can have no more than one eq € Out(n) that is marked by default keyword — it means
that for this path in G an expression y(n) equals to a value that does not belong to any
marking sets of the other edges outgoing from the node n. Supposing that the GADD
contains exactly one root node nreot (the node without incoming edges, In(Nroot) = &),
a set of paths from the root node to all the terminal nodes produces a system of
synchronized guarded actions. For example, the i path, including n1@,...nn® nodes
and e®,..., en1® edges (MO =nwo, Nm® e Ny e® e out(nu®) A In(nus1®),
u=1,..,m-1), defines a guarded action with pi@...pn1® (p/ = AND(y(n;) == q),
r=1,....,m-1, q € Val(er, ny)) conjunction as a guard and 5(nn®) as an action. The
guarded action clock is a subset of the GADD clock.

In [4] a definition of a high-level decision diagram (HLDD) is given and is shown
that every variable of an HDL description can be represented by a function
v = f(vy,...,va) = f(V) in terms of HLDD H,. Let Z(v) be a finite set of all possible
values of a variable v € V. A High-Level Decision Diagram for v is an oriented
acyclic graph Hy, = (M, 7, V) where M is a set of nodes, and 7"is a mapping M — 2M.
Let 7{m) be a set of subsequent nodes of the node m € M and 7}(m) be a set of
preceding nodes of the node m. A node mo of the graph Hy is said to be initial if the
set of its preceding nodes is empty: 7"-I(mg) = &. M consists of two non-intersecting
subsets: My for non-terminal nodes and M; for terminal nodes. All the non-terminal
nodes m; € M, are marked by variables v(mc) € V and meet the following condition:
2 <|Tmc)| < |Z(v(m))]- This means that m¢ has at least two subsequent nodes but not
more than the number of possible values of v(mc). All the terminal nodes my € M; are
marked by functions v(my) = fi(Vi), f(Vi) € F (Vk < V). Usually some of these
functions are trivial and equal either to variables vy € V or to constants. All the edges
are marked by sets of accepted values of variables in the same manner as in the GADD
definition; the semantics of the default edges is also similar.

On every tick of the clock, the HLDD Hy assigns a value to the target variable v
through an activation procedure. Starting from the initial node my it calculates values
of the variables which mark non-terminal nodes. For a value e of the variable v(mc),
e € Z(v(mc)), the corresponding edge from the node m: € M to the subsequent node
meé e /{m) is activated. A vector V' of variable values activates the path 1(mg, my)
from mq to the terminal node my marked by the function fi(Vi) that determines the
value of the target variable v.

4. HLDD model construction and test generation method
The proposed test generation method consists of the following steps:
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e HDL (VHDL/Verilog) description parsing and GADD model construction.

e HLDD model construction using the GADD model.

e HLDD model and specification translation into the nuXmv model checker
input language (SMV maodel) [16].

e SMV model checking by the nuXmv model checker and translation of
counterexamples into HDL tests.

The first step has been implemented in [13] so we will start from the second step.
Note that all the actions, which mark the terminal nodes of the GADD model, are
represented in the static single assignment (SSA) [15] form.

4.1. HLDD model construction

GADD and HLDD models preserve the module structure of the original HDL
description. Every HDL description process is represented by a single GADD. The
GADD G = (N, E, C) is used as a basis for HLDD construction for every non-input
variable of the process. HLDD construction algorithm pseudo code is listed below:

proto = new;

for node e N do
hldd_node = transform_node(node);
proto.add(hldd_node);

end

copy_edges(E, proto);

for (v : non_input_variables(G)) do
hldd = proto.keep_assigns(v);
hldd.add_missing_terminals();
hldd.transform_identical_assigns();

end

At the first step the HLDD prototype proto is created. GADD nodes are transformed
into HLDD nodes with the help of the transform_node method and added to the
prototype. Terminal GADD nodes n; € N; are transformed into terminal HLDD nodes
my € M. Every terminal node n; marked by multiple assignment action o(ny) is
transformed into a sequence of nodes. Every node in this sequence is marked by a
corresponding single assignment ax. Every terminal HLDD node is marked by a target
variable vy (which is the left-hand side of ax) and a function fi(Vi) (which is the right-
hand side of ay).

Non-terminal GADD nodes ns € N are transformed into non-terminal HLDD nodes
m; € M,. Guard y which marks the node ns is replaced by a new variable guard(mc)
which marks the node m¢. The new HLDD that contains a single terminal node
marked by y is created for this variable (create variable from_ switch method).
GADD edges are transformed into HLDD edges by the copy_edges method. The
corresponding values are not changed.
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Then for every non-input variable v the HLDD hldd is created which is actually a
modified copy of proto. The keep_assigns method removes from M; the terminal
nodes which are not marked by v. After that the add_missing_terminals method adds
new terminal nodes marked by f(v) =v to the edges which lack the subsequent
terminal nodes. This means that the value of v does not change if any path to such
node is activated. The transform_identical_assigns method searches for such non-
terminal nodes m. whose reachable terminal nodes are marked by the same function
f(vk), and replaces mc and its reachable subgraph with the only terminal node marked
by fi(v).

Consider an example of the HLDD model construction for a simple VHDL
description. This description contains a single module and a single process. The
module interface consists of input variables clk, rst, X, y and an output variable res
(all of 1-bit size). The process contains two internal variables: a 1-bit size vector cnt
and an integer state (that can be assigned either 0 or 1). The source code of the process
is listed below:

process (clk, rst, X, y)
variable cnt: std_logic;
variable state: integer range 0 to 1;

begin

if (rst =“1") then
cnt =0’

state :=0;

elsif (clk = “1”) then
if (state = 1) then
cnt:=xory;
state := 0;
elsif (state = 0) then
cnt:=xandy;

state :=1;
end if;
res <= cnt;
end if;

end process;

0 shows the GADD model of the process. Non-terminal nodes of the GADD are
shown as diamonds and correspond to branch expressions. Terminal nodes are shown
as rectangles and correspond to basic blocks. Outgoing edges from the non-terminal
nodes are marked by possible values of the branch expressions. Note that the default
edge on 0 is unreachable because the state variable can only take the value of 0 or 1.
The clock of the GADD is formed by events of clk, rst, x and y signals.
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/
cnt<=0
state<=0

y \ Y
cnt<=(x | y) cnt<=(x & y)
state <= 0 state <=1 res<=cnt empty
res<=(x |y) res<=(x & y)

Fig. 1. GADD model.

0 shows the HLDD prototype. Expressions, which mark the non-terminal nodes, are
replaced by guard0, guardl, guard? variables.

cnt<=(x | y)

res<=(x | y)

res<=(x &y)

Fig.2. HLDD prototype.

Consider the HLDD construction for the cnt variable. Terminal nodes marked by cnt
are highlighted in grey on 0. Terminal nodes, which are not marked by this variable,
are removed. New terminal nodes marked by cnt are added to the free non-terminal
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node edges (this means that the value of cnt does not change on these paths). The final
HLDD is represented on 0. Similar diagrams are constructed for the other non-input
variables of the HDL description (in our example those are: state and res).

Fig. 3. HLDD of a cnt variable.

4.2. SMV model construction and checking

The constructed HLDD model is translated into an SMV language description.
Hardware design module structure is preserved. Any variable constraints (like the
range of possible values that is specified for the state variable) and their initial values
described in the HDL description are added to the SMV model.

Specification construction is based on the EFSM model extracted from the same HDL
description. Formal definition of the EFSM model and its extraction algorithm from
an HDL description are presented in [13]. Here we provide only the informal
definition. Extended finite-state machine is a special case of an ordinary finite-state
machine (FSM). It contains sets of inputs, outputs and internal variables. EFSM
transitions are marked by guard expressions, which depend on input and internal
variable values, and by actions that can change internal and output variable values. A
transition can be enabled only if its guard becomes true. When a transition is enabled,
its action is executed. Specifications used by the proposed method are represented as
negations of the EFSM transition guards. Negation is used to make the model checker
build a counterexample — a sequence of data states and input stimuli that contradicts
the specification (and thus satisfies the corresponding guard).
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The nuXmv model checker checks the SMV model along with the specifications.
Output counterexamples are translated into a test set aimed at covering reachable
EFSM transitions.

Below you can see the HLDD-to-SMV translation result for the cnt and guard0
variables. NuXmv-compatible SMV language format is used. The description
consists of the variable declaration section (VAR) and the assignment section
(ASSIGN). The init construct defines the initial value of a variable. The next construct
defines the value of a variable in the next model state. The assignment (“:=") defines
the value of a variable in the current model state. Numeric values in the example are
of bit vector type and are represented by “O<type><size> <value>" construct.

VAR
cnt : word[1];
guardoO : boolean;

AéSIGN
init(cnt) := 0d1_0;

ASSIGN
next(cnt) :=
case
(guard0 = TRUE) : 0d1_0;
(guardO = FALSE) :
case
(guardl = TRUE) :
case
(guard2 = 0sd32_1) : (x| y);
(guard2 = 0sd32_0) : (x & Y);

TRUE : cnt;
esac;
(guardl = FALSE) : cnt;
esac;
esac;

Q.Liardo = (rst=0d1_1);
guardl := (clk = 0d1_1);
guard?2 := state

The example of an SMV specification is listed next:

LTLSPEC ! F ((state = 0sd32_0) & (clk = 0d1_1) & !(rst = 0d1_1));

EFSM transition reachability condition consists of the state variable constraint (which
determines the source state of the transition) and the guard condition depending on
the clk and rst variables.

The nuXmv model checker generates the following counterexample for this
specification:
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Trace Type: Counterexample

-> State: 1.1 <-
SAMPLE.process.state = 0sd32_0
SAMPLE.process.cnt = 0udl 0
SAMPLE.process.guard2 = 0sd32_0
SAMPLE.process.guardl = FALSE
SAMPLE.process.guard0 = FALSE
SAMPLE.process.res = Qud1l_0
clk =0ud1_0
y=0udl_0
X =0ud1_0
rst=0udl 0

-> State: 1.2 <-
SAMPLE.process.guardl = TRUE
clk =0ud1_1

The first state shows the initial values assigned to the variables. The second state
shows only the values that have changed. We can see that the second state contradicts
the given SMV specification: clk is equal to 1, while the rst and state variables are
equal to 0.

5. Experimental results

The proposed test generation method was implemented as a part of the HDL
Retrascope 0.2.1 software tool [17]. Java language was used for development along
with the Fortress formulae manipulation library [18]. Some HDL descriptions from
the ITC’99 benchmark [19] were used for testing of the proposed approach.

The nuXmv model checker supports both symbolic model checking and bounded
model checking [21] methods. In some cases, symbolic model checking needed too
much time and computer resources because of the state explosion (for example, B04,
B10 and B11 designs). Bounded model checking could manage this problem by
exploring the model state space only up to some bound. However, bound value affects
the model checking results (not all the counterexamples may be obtained at the
specified bound). Therefore, in some cases the bound size was iteratively increased
in order to get all possible counterexamples.

Generated tests were simulated by the QuestaSim HDL simulator [20]. Test properties
(length and source code coverage) were compared to existing test generation methods
like FATE [10], RETGA [11] (these methods are based on EFSM model extraction
from the HDL descriptions and are targeted at covering the EFSM model transitions)
and random test generation.

Ocontains information about the ITC’99 designs that were used for test generation:
their source code size and the corresponding SMV model size (without
specifications). Size is given in lines of code.
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Table 1. HDL description and SMV model size

Design HDL SMV
B01 102 207
B02 70 143
B03 134 637
B04 101 809
B06 127 442
B07 92 370
B08 88 315
B09 100 263
B10 167 755
B1l 118 368

Ocontains the test length information. Test length is given in clock cycles. The length
of tests generated by the random generation method corresponds to the point when
the test coverage growth stops (maximum length was chosen as 1000000 clock
cycles). The sign “-” means that the corresponding method failed to generate tests for
the corresponding HDL design.

Table 2. Test length

Design FATE RETGA SMV Random
B01 115 49 69 300
B02 62 33 47 80
B03 - - 504 2000
B04 104 36 67 200
B06 198 76 88 700
B07 246 166 249 1000
B08 31 52 31 1000000
B09 19 231 84 1000000
B10 173 135 134 650000
B11 101 721 194 1000000

In 5 of 10 cases tests generated by the proposed method are shorter than tests
generated by the FATE method and longer that RETGA tests. Either the rest tests are
of comparable length with the leader (RETGA), or tests generated by the FATE
method provide lower coverage. Definitive conclusion about the advantages or
disadvantages of the proposed method in comparison with the RETGA method cannot
be made using the selected HDL description set.

Notice that unlike the FATE and RETGA methods the proposed method is not based
on EFSM traversal. So it was able to generate the test for BO3 design in contrast to
those methods (EFSM extracted from this design is too complex for traversal).
Oshows the HDL source code statement coverage in comparison to the FATE,
RETGA and random generation methods.
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Table 3. Source code statement coverage

Design FATE RETGA SMV Random
B0O1 97,14% 100% 100% 100%
B02 100% 100% 100% 100%
B03 - - 100% 100%
B04 100% 100% 100% 100%
B06 100% 100% 100% 100%
B07 93,93% 93,93% 93,93% 84,85%
B08 81,81% 100% 100% 90,91%
B09 35,29% 100% 100% 61,77%
B10 95,94% 100% 100% 97,29%
B11l 69,23% 94,87% 94,87% 87,18%

Oshows the HDL source code branch coverage in comparison to the FATE, RETGA
and random generation methods.

Table 4. Source code branch coverage

Design FATE RETGA SMV Random
B01 96,15% 100% 100% 100%
B02 100% 100% 100% 100%
B03 - - 100% 100%
B04 100% 100% 100% 100%
B06 100% 100% 100% 100%
B07 94,73% 94,73% 94,73% 73,69%
B08 76,92% 100% 100% 84,62%
B09 35,71% 100% 100% 57,15%
B10 90,47% 100% 100% 97,61%
B11 71,87% 96,87% 96,87% 90,63%

The proposed method achieved the same code coverage as the RETGA method at the
specified set of HDL descriptions. BO7 and B11 HDL description coverage is less
than 100% because of the unreachable code in these designs.

6. Conclusion and future work

The functional test generation method based on automated HLDD model extraction
and checking with nuXmv is presented in this paper. The main advantage of this
method is its flexibility in choosing a test target (through using different kinds of
specifications). EFSM transition coverage is presented for comparison to the other
test generation methods (FATE, RETGA). Any other specifications can be formulated
and checked in order to get a test aimed at covering the corresponding property of a
model. The presented implementation of the proposed approach does not produce
shorter tests than existing approaches on the chosen hardware design set. Simple
optimizations (like test filtering) can be helpful and are going to be implemented in
the nearest future.
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Future work is focused on applying the method to more complex hardware designs
(including Verilog-based). In this case complexity is defined by the number of
execution paths in processes and the number of processes and modules in an HDL
description. Process decomposition using dataflow analysis methods and predicate
abstraction [22] test generation methods are under research now.
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NeHepauunsa pyHKUMOHANbHbLIX TECTOB ANs
HDL-onucaHn Ha OCHOBE NPOBEPKMU

Moaerneu
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Hnemumym cucmemnoezo npoepammuposanus PAH,
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AHHOTamms. Pa3paboTka MeETONOB aBTOMAaTUYECKOM TIeHepald TEeCTOB COCTaBIAET
TIepCTIEKTUBHOE HAIlpaBJICHUE B 00IacTH BepHpHUKaINK IHppoBoi ammapaTypsl. Ha Texymumit
MOMEHT OOJIBIIIOE PACTIPOCTPAHEHHE UMEIOT METO/Ibl TeHepaluy (HYHKIMOHAIBHBIX TECTOB Ha
ocHOBe Mojieneil. B maHHO# paboTe nmpencTaBieH METo/1 reHepaliy (QYHKIHOHAIBHBIX TECTOB
Ha OCHOBEC ITPOBEPKHU MO}leHeﬁ U pE3YyJIbTAThI €T0 CPABHECHUS C CYIIECTBYIOIIUMHU PECUICHUSAMU.
B Meroze ncmosb3yercs aBTOMaTHUECKOE M3BJIE€YeHHEe Mofeneld u3 ucxoaHoro koma HDL-
onucanus anmnaparypsl. [TognepskuBatores s3eiku VHDL n Verilog. Meton renepanuy TectoB
BKITIOYAa€T aBTOMATHYECKOE IIOCTPOCHHE MOJeNeld CIEAyIONMX THIIOB: peIIaloliue
JMarpaMMbl CHCTeMbI oxpaHsiembix aeiicteuii (Guarded Action Decision Diagram,GADD),
BBICOKOYpOBHeBbIe permraromie nuarpammel (High-Level Decision Diagrams, HLDD) wu
paciupenHbie koneunbie aBTomatsl (Extended Finite-State Machines, EFSM). HLDD-mozens
HCHONB3yeTCsl B KauecTBe (yHKUMOHaNbHOH Momenu. Mopens EFSM wucnomesyercs B
KauecTBE MOJETH MOKpHITHA. Llenplo TecTUpOBaHMS SBISETCS MOKPBHITHE BCEX IEPEXOJ0B
PaCIIMPEHHOT0 KOHEYHOTO aBTOMaTa. BeIOOp Takoro KpuTepHst MO3BOJISET MOTYYHTh BBICOKOE
nokpeitTHe ucxoanoro koga HDL-onucanus. V3 EFSM-moznenu usBnekaroTces cerudukamnim,
OCHOBAaHHbIE HA OrPAaHUYCHMSX HA IIEPEXOJbl M COCTOSHMA. 3aTeM crenuuKamuud u
(yHKIMOHATBHASI MOJISIb aBTOMAaTUIECKH TPAHCIUPYIOTCS BO BXOIHOH ()opMaT HHCTPYMEHTa
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npoBepkud Mozened nuXmv. MHCTpYMEHT BBINOIHAET IIPOBEPKY MOJAEIM U CTPOUT
KOHTpHpHMepsl. KOHTpIIpHMepHI TpaHCIHPYIOTCS B (QYHKIHOHAIBHEBIE TECTHI, KOTOPBIE MOTYT
ObITh UcToNHEeHH ¢ noMomsio HDL-cumynsatopa. IIpemnaraemplii Meton ObIT peaan3oBaH
nporpamMmmHo B uHctpymente HDL Rertrascope. Pe3ynbTaThl S3KCIIEpUMEHTOB MOKa3bIBAIOT,
YTO METOJ reHepupyer Oomnee kopoTkue TecThl, yeM Metoabl FATE um RETGA, mpu
obecriedeHIN TaKoOTO0 e WM JIYYIIero MOKPHITHS HCXOIHOTO KOJa.

KmioueBsie cioBa: nudposast ammaparypa; GyHKIMOHAIbHAs BepH(UKanus; CTaTHYECKHit
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Abstract. This paper introduces a method for scalable verification of cache coherence
protocols described in the PROMELA language. Scalability means that resources spent on
verification (first of all, machine time and memory) do not depend on the number of processors
in the system under verification. The method is comprised of three main steps. First, a PROMELA
model written for a certain configuration of the system is generalized to the model being
parameterized with the number of processors. To do it, some assumptions on the protocol are
used as well as simple induction rules. Second, the parameterized model is abstracted from the
number of processors. It is done by syntactical transformations of the model assignments,
expressions, and communication actions. Finally, the abstract model is verified with the SpiN
model checker in a usual way. The method description is accompanied by the proof of its
correctness. It is stated that the suggested abstraction is conservative in a sense that every
invariant (a property that is true in all reachable states) of the abstract model is an invariant of
the original model (invariant properties are the properties of interest during verification of
cache coherence protocols). The method has been automated by a tool prototype that, given a
PROMELA model, parses the code, builds the abstract syntax tree, transforms it according to the
rules, and maps it back to PROMELA. The tool (and the method in general) has been successfully
applied to verification of the MOSI protocols implemented in the Elbrus computer systems.
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1. Introduction

Shared memory multiprocessors (SMP) constitute one of the most commaon classes of
high-performance computer systems. In particular, it includes multicore
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microprocessors, which combine several processors (cores) on a single chip [1].
Nowadays, 8- and 16-core microprocessors are in mass production; hardware vendors
have announced forthcoming 48-, 80-, and even 100-core designs. Multicore
microprocessors and SMP systems are also designed by Russian companies such as
MCST and INEUM, e.g., Elbrus-4C (4 cores, 2014) and Elbrus-8C (8 cores, 2015)
[2].

The main problem arising in the development of SMP systems is ensuring memory
coherency. As each processor contains a local cache, multiple copies of the same data
may exist in the system: one copy is in the main memory, and several copies are in
the processors’ caches. Modification of a copy should cause either the invalidation of
the other copies or their consistent modification. This is supported by so-called cache
controllers, i.e. memory devices connected into a network and cooperating in
accordance with a special protocol, so-called cache coherence protocol (CCP) [3].
Development of cache coherence mechanisms includes two stages: first, design of a
CCP; second, its implementation in hardware. The both stages are error-prone;
accordingly, methods for protocol verification and methods for hardware verification
are in use [4]. Protocol bugs are especially critical and should be revealed before
implementing the hardware. The widely recognized method for protocol verification
is model checking [5]. It is fully automated, but suffers from a principal drawback —
it is not scalable due to the state space explosion problem. Using the traditional
methods for verifying a CCP of a system with four and more processors is impossible
(at least, highly problematic) [6].

To overcome the issue and develop scalable verification technologies, researchers
utilize parameterized model checking [7]. The idea is to construct abstract models
that are independent of the number of processors and may be verified with the existing
tools. Correctness of the abstract model guarantees correctness of the original one
(checking, however, may produce wrong error messages, so-called false positives).
The proposed approach is also of that type. In contrast to the existing ones, it supports
the PROMELA language used in the SPIN model checker [8] and the message passing
primitives. The method was successfully used for verifying the CCPs implemented in
the Elbrus computer systems [2].

The paper is structured as follows. In Section 2, we analyze the existing approaches
to CCP verification. In Section 3, we propose a method for constructing an abstract
model out of a PROMELA protocol model. In Section 4, we describe theoretical
foundations of the suggested method. In Section 5, we provide a case study on using
the method for verifying a MOSI protocol. In Section 6, we summarize our work and
outline directions of further research.

2. Related work

As it has been said, classical model checking is inapplicable to CCPs with an arbitrary
number of processors. There exists an alternative approach, called deductive
verification; however, it is hardly automated due to the need of so-called inductive
invariants [9] and does not provide any diagnostic information if there are errors.
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Parameterized model checking seems to be a more promising approach. It is worth
mentioning two directions.

First, verification of a parameterized model (in essence, a family of models) can be
reduced to the verification of a single model of the family. Corresponding methods
are aimed at finding such number N that verification of the model for N components
(processors, cache controllers, etc.) is sufficient for proving correctness in general. In
[7], such kind of method is presented, and it is reported that N = 7 is enough for the
protocols having been examined. However, that value is too big to make the method
applicable to industrial SMP systems [6].

Second, a model (parameterized model) can be abstracted so as to reduce the state
space size (make it independent of the number of components). In [10], a method for
abstracting a model from the exact number of replicated identical components (e.g.,
caches in which the cache line is in a given state) is introduced. The technique
significantly reduces the state space size; however, the use of a modified version of
the Mur¢ tool complicates its real-life application. A similar idea, called (0,1, ©)-
counter abstraction, is employed in [11]-[13]. Though the technique seems to be
powerful, it often leads to overly detailed abstract models, which makes the approach
inapplicable to complex protocols.

In [14], a general method for compositional verification is proposed. The idea is to
replace a subset of identical components with an abstract one, called environment.
Such replacement usually leads to false positives, and considerable efforts are
required to eliminate them. In [15]-[18], the approach has been adapted to CCPs. The
suggested method is based on syntactical transformations of Mure models and
counterexample-guided abstraction refinement (CEGAR). The main drawbacks are
as follows:

e  Murg does not support the message passing primitives, which complicates
CCP description;

e restrictions on Murg models of CCPs are not clearly defined;
e the tools are not in open access.

3. Suggested method

The problem to be solved is as follows. Given a PROMELA model of a CCP for some
configuration of an SMP system (i.e. a model with a fixed number n > 2 of
processors), it is required to check the CCP correctness for an arbitrary configuration
of the system (i.e. for any N = n).

Models considered in this paper satisfy the following conditions (obtained from the
verification practice and shown to be sufficient for specifying CCPs). The allowed
statements are if, do, goto, = (assignment), ! (send), and ? (receive). Each guarded
action is placed in an atomic block and therefore is executed with no interruption;
else alternatives are absent. Assignments’ right-hand sides contain only primary
expressions, i.e. variables and constants; left-hand sides are variables and array
elements (an array index is a primary expression). Atomic logic formulae are of the
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form x == ¢ or B(ch), where x is a variable (or an array element), c is a constant,
ch is a channel, and B is a predicate: empty, full, etc.

3.1 Model parameterization

From the conceptual point of view, a CCP model consists of an unbounded number
of replicated identical processes, so-called basic processes, and a fixed humber of
auxiliary processes. Without loss of generality we will assume that there is only one
auxiliary process. All processes are enumerated from 0 to N, where N is a parameter:
0 is the identifier of the auxiliary process, while 1, ..., N are the identifiers of the basic
processes. All arrays used in the model (arrays of variables and arrays of channels)
are of length N and indexed with the identifiers of the basic processes.

To generalize the original model to a parameterized one, the following induction rules
are used:

e each condition containing an array is either a conjunction or a disjunction of
similar conditions on all array elements:
o @{i/1} A ...A@{i/n}is interpreted as Vi € {1, ..., N}: ¢;
o ¢@f{i/1}V ..V @{i/n}is interpreted as 3i € {1, ..., N}: ¢;
e ecach sequence of statements afi/1};...;a{i/n} is interpreted as a loop
for (i:1..N) {a}.

Here, ¢ (a) is a formula (statement) containing an index i as a free variable, and
o{i/t} (afi/t}) denotes the result of substitution of ¢ for all occurrences of i in ¢ ().

3.2 Assumptions

Let us consider a CCP where request processing is coordinated by a system
commutator of the home processor (the processor that owns the requested data).
Accordingly, the PROMELA model contains two process types: proc is a cache
controller (a basic process), and home is a home processor’s commutator (an
auxiliary process). As usual, the CCP model deals with a single cache line.

Broadly speaking, the CCP works as follows. Each proc instance may initiate an
operation on the cache line by sending a primary request to the home process. Upon
its reception and analysis, home sends snoop requests to all processes except for the
sender. After snoop reception, a proc sends a response to the sender (data or an
acknowledgement that it has completed an action on the cache line). Having collected
all of the answers, the sender informs home on the completion of the operation. As
soon as the completion message is received, home can accept the next primary
request (see Fig. 1).
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sender

M
primary
request

(4)
operation
completion

Fig. 1. Generalized scheme of a CCP

It is worth emphasizing that at most one primary request is being processed at each
moment of time. It is assumed that values of global variables (e.g., a current sender
identifier) are set by home upon reception of a primary request and do not change
during its processing.

Each channel can be read by a single process; however, multiple processes are

allowed to write into it. A channel is called simple if there is only one sender;

otherwise, it is called multiplexed. Let Cs_,, be the set of channels with the reader r

and senders from the set S. Channels are divided into three groups (hereinafter,

singletons are written without brackets, e.g., 0 — j stands for {0} - j):

o (., = U?’:o Cp1,.., vy 18 the set of multiplexed channels of capacity N used by
home and proc to receive messages from the basic processes (e.g., a channel
over which home receives primary requests, and channels over which
processes receive responses);

o Chyp= U?’zl Co-; is the set of simple channels of positive capacity (which
is defined by the CCP, but independent of N) used by the basic processes to
receive messages from home (e.g., channels over which home transmits
Snoop requests);

o Cpp= UM, Ci_ is the set of simple channels of capacity 1 used by home
to receive messages from the basic processes (e.g., channels over which a
sender informs home on operation completion).

Messages transmitted via channels are ordered pairs of the form (opc, i), where opc

is an operation code, and i is an identifier of the message sender.

A verified CCP property looks as follows:
G{Vk,l {1, .N}:(k #1) - ofi/k,j/1}},
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where G is an operator that requires its argument to be true in all reachable states of
the model [5]; ¢ is a formula with two free indices (i and j) that characterizes cache
coherency in the corresponding caches. For MOSI protocols [3], ¢ is as follows:

{ﬁ(cache[i] = M A cachelj] # I);
—(cacheli] = 0 A cache[j] = 0);
where cache is an array that stores the cache line states.

3.3 Informal description

The core of the proposed method is syntactical transformation of PROMELA code. The
transformations change the process types and retain four processes of N + 1: a
modified home process (home,s), two modified proc processes (procgys), and an
environment process representing the rest of the processes (proc.,,). Accordingly,
the initialization process of the abstract model is as follows (ABS is a constant distinct
from 0, 1, and 2):
init {
atomic {
run homeaps(0);
run procCans(1);
run procaps(2);
run procen(ABS);
}
}
The length of all arrays is changed from N to 2 (recall that arrays are indexed with
the identifiers of the proc processes). Each array access is supplied with the guard
i < 2, where i is the index of the element being accessed.
e Onread (in a condition), the atomic formula containing the array access, is
replaced with undef (an undefined value) if the index is rejected by the
guard:

B(x[i],...) = (i <2 - B(x[i], ...) : undef).
In PROMELA, a formula of the kind (B — t; : t,) corresponds to the
conditional construct if B then t, else t, fi.
e On write (in an assignment), the assignment to the array is placed inside the
selection statement:
x[i] = t = if :: atomic {i < 2 — x[i] = t} :: else fi.
Assignments to the global variables as well as conditions on the global
variables remain unchanged.
Channels of the set C;,_,,, are represented as an array (let us denote it as ch). Similarly
to other arrays, it is truncated to length 2. Each atomic formula over ch[i], where i >

2, is replaced with undef, while each operation on such a channel is removed.
Channels of the sets C, and C,_,, are represented by individual variables, not arrays.
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Send statements are either unchanged or removed. A statement ch!m in a process
type P is removed only in the following cases:
o ch€ Cyand P = homegy,, Where Gy, = UY_5 Co_,j;
e.g., homeg,s does not send snoop requests to proceyy;
o cheC,uP =proce,;
€.g., Proc.,,, does not send primary requests / Snoop responses.
Receive statements may be left unchanged, modified, or removed. A statement ch? m
in a process type P is removed only in the following case:
e cheC(,,.and P = proce,,;
€.g., ProC.n, does not receive snoop requests.
Modification of ch? m takes place solely in the following case:
e cheC(, and P € {homegy,s, procyps}-
The corresponding transformation replaces a guarded action of the kind
atomic {B — ch? m} with the following selection statement:
if
::atomic {B" — ch?m}
. atomic {m.opc = opcy; m.i = ABS}

. atomic {m.opc = opci; m.i = ABS}

fi
where B’ is the result of B transformation, and opc, ..., opc, are all possible
operation codes that may be sent along the channel ch.

proc(1)
abs

proc(2)
abs

primary
request

primary
reguest

,’ operation
| completion
1 operation

completion

operation |
completion |
primary
request

ack /

proc(3), ..., proc(N)

Fig. 2. Abstraction of a CCP model

Fig. 2 provides a simplified view on CCP model abstraction. All processes except for
home(0), proc(1), and proc(2) are merged into the environment process
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proc.n,(ABS). Solid arrows represent the unmodified send / receive statements.
Dashed arrows correspond to the removed sends / modified receives.

Having performed the above transformations, all logical formulae containing undef
(in essence, formulae of Kleene’s strong three-valued logic) are transformed into
classic logic formulae such that undef in the outer scope is interpreted as true. This
is achieved by the obvious transformation F:

e F(p) = G(p,true);

o G(undef,T)=T;

e G(B,T) = B, where B is an atom distinct from undef;

b G(_'(P' T) = _‘G((pv _'T);

o G(poyY,T)= G(p,T)GW,T), where o € {AV}.
When transforming the PROMELA model, the following optimizations are applied:

e constant propagation and folding;

e dead code elimination.
Here are some simple examples:

o (i <2) = truein homeg,, and procys;

e (true AB) = B and (false A B) = false;

e atomic {true - a} = a.
It should be said that in general case the abstraction procedure transforms N + 1
processes to the k + 2 ones, where k € {2,...N — 1}: procgy, (in the number k),
homegy,s, and procey,,.

4. Theoretical foundations

4.1 Basic definitions

Let Var be a set of variables and Chan be a set of channels. Data = Var U Chan is
referred to as the set of data. For each ¢ € Chan, a value |c| > 0, called capacity, is
defined. A data state (or state for short) is a valuation of data, i.e. a mapping s that
maps each variable v to the value s(v) € N and each channel ¢ to the sequence of
messages s(c) € M* such that |s(c)| < |c|. The set of all states is denoted by S. A
designated state s, € S is called initial.

Let us assume that there is a language over the data that includes logic formulae and
statements, such as x = t (assignment), ¢ ! m (send), and ¢ ? m (read).

A guard is a formula; an action is a sequence of statements; a guarded action is a pair
y — a, where y is a guard, and « is an action. The guarded action true — €, where
€ is the empty sequence of statements, is called empty and designated as €. The set of
all guarded actions is denoted by Act. A guarded action y — « is called executable
ins € Siff (ifand only if) s = y.

A process graph (or process for short) isa triple (V, vy, E'), where V is a set of vertices,
v, € Visan initial vertex, and E € V X Act X V is a set of edges.
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Process structure is defined by the control statements: if (selection), do (repetition),
and goto (jump). Correspondence between code and processes is straightforward and
not described here.
A system is a set of processes, i.e. {(Vi, Vo, Ei)}io. Hereinafter, P; is considered to be
a shortcut for (V;,v,,E;). A configuration of {P}, is a pair (l,s), where
1:{0,...,N} - UN, V; such that (i) € V; for all i € {0, ..., N}, so-called the control
state, and s € S. The configuration (o, s), where [, (i) = vy, forall i € {0, ..., N}, is
called initial.
The state space of a system {P,}}, is a triple (C, c,, T), where C is the set of all
configurations of the system, ¢, is the initial configuration, and T < C X
({O, ., N} x (UYL, Ei)) x C is a transition relation such that the following property
holds: (¢, s), (i, v,y = a,v")),{l',s")) € T iff:

o (D)=

e (vy—-av')EE;

e SFkEYVY;

o U'=(\{imvhulirv}

o 5" =[al(s), where [a]:S — S is the semantics of a (actions are assumed

to be deterministic).

It is worth mentioning that the restrictions on the transition relation conform to the
notion of asynchronous parallelism.

A configuration c is called reachable in a state space (C, T, c,) iff there isa path in T
from ¢, to c. A state s is called reachable iff a configuration (I, s), for some [, is
reachable.

4.2 System abstraction

A process transformation (or transformation for short) is a function that maps one
process to another.
Let Datag = (Vars U Chang) € Data be a set of significant data. States s and s’ are
called equivalent (it is designated as s ~ s") iff Spara; = S'|patag-
A guarded action y' — «a' is referred to as an abstraction of a guarded action y - «
ins € Siff:
e the truth of ¥’ is determined only by the significant data: for all s’ € S such
thats' ~s,s" By iffs £V,
o the effect of ' is determined only by the significant data: for all s’ € S such
that s’ ~ s, there holds [a'](s") ~ [a'l(s);
e y'isweakerthany:s Ey - y';
e ¢ actssimilarto a: [a'](s) ~ [al(s).
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A set of guarded actions {y; — a;}/%, is referred to as an abstraction of a guarded
actiony — ains € Siffthereexists i € {1, ..., m} such that y; — «; isan abstraction
ofy - ains.

A guarded action y’ = a' (aset {y; — a;}7,) is referred to as an abstraction of y —
aiffy’ - o ({y/ - a;}%,) is an abstraction of y — « in all states.

An abstraction function is a mapping f: Act — 24¢t such that for all y - a € Act,
f(y = a) is an abstraction of y — a. The abstraction function I(y - a) = {y - a}
is called trivial.

It should be emphasized that this view to abstraction is a bit simplified. An abstraction
function should take into account context of a guarded action (the process edge, the
process, and the model). Thus, it is assumed that each guarded action contains the
context information.

Let P = (V,v,, E) be a process, f be an abstraction function, V' be some set, and
R:V - V' be a mapping. An abstraction of P induced by f and R is the process
f(P,R) = (V',R(vy),E"), where E" is defined as follows:

o if wy—oaweE and f(y-a)={y; >}, then {(R®)y{ -

ai, RW)HKZ, S EY;

e no other edges belong to E'.
An abstraction f(P, R), where R is a bijection, is referred to as a bijective abstraction.
Besides transforming individual processes, there are of interest transformations that
merges several processes into one. Let us consider a particular kind of such
transformations, where processes to be merged are identical.

Given a system {P;}\,, the following denotations can be introduced (i € {0, ..., N}):

e Use; is the set of variables read by P;;

e Def; is the set of variables assigned by P;;

e Var; = Use; U Def; is the set of variables of P;;

e Var, is the set of local variables of P; (we do not define the set Var,

assuming that it is provided);

e Varg =Var\ (UY, Var,,) is the set of global variables.
Similarly, the following sets of channels (including the sets of local channels and the
set of global channels) can be defined: In;, Out;, Chan;, Chan,,, and Chang. In
addition,

e Data; = Var; U Chan; is the set of data of P;;

e Data,; = Vary,; U Chan, is the set of local data of P;;

e Data; = Varg U Chang is the set of global data.

Processes are called identical if they can be transformed one another by renaming
their local data. More formally, processes P; and P; are called identical if there are a

bijection R:V; - V; and a bijection r: Data,, —~ Data, such that R(vo,) = Vo, and
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(v,y » a,u) € E; iff (R(v),r(y - a),R(u)) € Ej, where r(y — a) is the result of
renaming the local data in y — « in accordance with r.
Let {PL-}'iZk1 be a system of identical processes, Datag N (UfﬁleataLi) =0 (the
processes’ local data are insignificant), g be an abstraction function, V' be some set,
and R:V,, — V' be a mapping. The process g(Px,, ..., Px,; R) = g(Py,, R) is called
a unifying abstraction of {P,}¥_, induced by g and R.
The definition needs to be clarified. Provided that the processes {Pi}fﬁkl operate
simultaneously, there are control states that cannot be represented by a single vertex
of the abstraction g(Px,, ..., Px,; R). Thus, a unifying abstraction may appear to be
inadequate. Let us assume that each process can be either active or passive, and it is
prohibited two or more processes to be active simultaneously. Besides, the passive
mode is organized as the following loop:

e arequest is received;

e the local data are updated;

e aresponse is sent;

e the control is returned to the initial vertex.
Let V(E") be the set of all vertices of the edges from E’'.
A process P = (V, vy, E, U Ep) is referred to as a bimodal process with the set of

active edges E, and the set of passive edges Ep iff E, N Ep = @ and the graph
(V(Ep), Ep) is strongly connected.
Given a bimodal process P = (V,v,, E, U Ep), the following denotation can be
introduced: V, = V(E4) and Vp, = V(Ep) (generally speaking, V, N Vp #+ 0).
The process g(P,R) = (V', vy, E'), where g is an abstraction function,and R: V - V'
is a mapping, is called a serializing abstraction of P iff R satisfies the following
properties:

e RWw)=vwforallveV,\V;

e R:V, - V'isa bijection;
and E’ is defined as follows:

o if Wy-auweE and gy - a) ={y; > aj}it;, then {(R(),y; -

al, Ra), S E'

e (v}, € 1) € E' (so-called e-self loop);

e no other edges belong to E';
and for every (v,y = a,u) € Ep, the empty guarded action ¢ is an abstraction of y —
a, i.e. a depends on and affects solely insignificant data.
The nature of serializing abstraction is removing all passive edges and replacing them
with the e-self loop (v, €, vg). Being applied to identical bimodal processes, such
abstraction makes them unimodal and serializable (at most one process is operating,
i.e. being in a non-initial state, at each moment of time) and allows constructing an
adequate unifying abstraction.
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Let M = {P,}I_,, be a system where all processes, except maybe {P,}_,, for some k €
{0, ..., N}, are identical and bimodal; Datas be significant data; V;, where i €
{0, ..., k + 1}, be some sets; R;: V; = V; be some mappings; f;, where i € {0, ..., k},
and g be abstraction functions; at that, f;(P;, R;) are bijective abstractions, while
9(Pry1, -, Py; Ri41) is a serializing abstraction. Then, the system

M’ = {fi(Pi, R)}=o U {g(Pis1, ) Pi Ricsn)}
is called an abstraction of M. A process f;(P;; R;), where i € {0, ..., k}, is called an
abstraction of the process P;. The process g(Pyi1,.,»Py; Rr+1) is called an
abstraction of the environment.
Statement. Let M = {P,}}_, and M’ = {P/}¥*} be, respectively, a system and its
abstraction. Given an arbitrary state s, if s is reachable in the state space of M, then
there is a state s’ reachable in the state space of M’ such that s’ ~ s.

Proof. Let ABS = k + 1. This denotation is introduced to emphasize that the
abstraction of the environment, the process P,gzs = Py, generalizes not only the
process Py 1, but also the processes Py, ..., Py-

A configuration (I', s") of M is said to conform to a configuration (I, s) of M iff the
following conditions are satisfied:

o U'()=Ry(l())foralli€ {0, ..,k};
o ifl'(ABS) = Ryps(Vo ), then L(i) = vy, forall i € {k + 1,...,N};
o if I'(ABS) # Ryps(Vo ), then there is only one index i € {k +1,..., N}
such that I'(ABS) = Ri(l(i));
o s'~s.
Let us consider a path in the state space of M starting with ([, s,):

= {( s, (i (7 - “ﬁ”fﬂ))'(lf“’sf“))};n:_ol

Here, i; € {0, ..., N} is a process index; v; = [;(i;) € v and v,y = (i) € v, are
the process’s vertices connected with the edge labelled by y; — a;; s; £ y;and sj., =
[a;]Cs;) forall j € {0, ..., m — 1}.

Our goal is to show that, in the state space of M’, there is a path 7’ of the same length

as 1 such that each configuration of 7' conforms to the corresponding configuration
of m:

’ o ./ o0 o0 I I m-1
= {((lj:sj): @, (v, v = ajtvj+1))'<lj+1!Sj+1>)}j=0 '

Obviously, existence of such a path implies that there is a state s,, reachable in the
state space of M’ such that s;, ~ s,,,. Let us consider how to construct 7',
Induction basis. The initial configuration (ls, ) certainly conforms to (ly, so): vo, =

I'()) = R(1(D) = Ry(v,,) forall i € {0, ..., N}.
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Inductive step. Given an arbitrary index q € {0, ..., m — 1}, we will show that if the
configuration (lg, s,) conformsto (l,, s, ), then there are a process of M’ (let us denote
its index as i;) and an edge (v;,v; — a;,vj4,) Of that process such that
(U sher) = (1 \ {ig = vg}) iy = vis1) [a'T(sg)) (see the definition of the
state space) conforms to (l, .1, Sq+1). There are two cases:

o i, €{0,.. k};

e i,e{k+1,... N}
Case 1. If i, € {0,...,k}, let iz = i,: the transition is executed by the process P{q =
figPig Riy)-
The edge (vq,yq - aq,vq+1) of the process Py, is abstracted to the set of edges

. . t . N4

{(Rey 7" > 0 Ry )} o where £y (rg = ) = {rg” = af?)
Among them, there is selected an edge whose label, y; — ag, is an abstraction of
Yq = @q In s,. Such an edge always exists (see the definition of the process
abstraction). We need to proof that the chosen edge belongs to the state space of M’
and the configuration (lg,,s44+1) conforms to (I, Sq41)- It is sufficient to proof
the following statements:

* SiFYg

o [a'l(sq) ~ [al(sy).
The first of them can be deduced from the facts that s,  y, (otherwise, the state
space of M would not include the transition under consideration), y, — a is an
abstraction of y, — a4 ins,, and s; ~ s, (the induction assumption). Obviously, s, F
Yq @nd s, E v, — ¥4 lead to s, E yg, which, in couple with s; ~ s,, leads to s; = y;.
The second statement is an implication of the facts that y; — a; is an abstraction of
Yq = @q insgand sg ~ s4.
Case 2. Ifi; € {k + 1,...,N}, leti; = ABS: the transition is executed by the process
Pigs = 9(Pyisq, -, Py Ryps). There are two subcases:

o the edge (vq,yq - ag, vq+1) is active;

o the edge (vq,yq - ag, vq+1) is passive.
Subcase 2.1. If the edge is active, then, by definition of configuration conformance,
l'(ABS) = Ry, (vg)- In P,gs, there is selected an edge between Ri,(vg) and Ry (vg+41)
whose label is an abstraction of y, - a, in s,. Such an edge always exists (active
edges are abstracted in a usual way). The further proof is similar to that in Case 1.

Subcase 2.2. If the edge is passive, then R, (v,) = R;,(vq+1) = R, (voiq) = Vf, 55

In P, 5., there is selected an edge (v, ..., & V§ . Conformance of the configuration
ABS 04Bs 04Bs

follows from the facts that passive edges do not depend on sufficient data and do not
affect them.
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Conclusion. Given an arbitrary path  in the state space of M, there is a path " in the
state space of M’ such that the ending state of 7' is equivalent to the ending state of
s

Q..E.D.

Corollary. Let M = {P}¥., and M’ = {P/}*} be, respectively, a system and its
abstraction. Given an arbitrary formula ¢ over significant data, if ¢ is true (false) in
all states reachable in the state space of M’, then ¢ is true (false) in all states reachable
in the state space of M.

4.3 Model transformation

This section defines abstraction functions used for protocol model transformation.
The description is not quite formal: rigorous definition requires, first, formalization
of the PROMELA semantics and, seconds, usage of formalisms for describing code
transformations. Nevertheless, we believe that the explanations below are sufficient
for formalizing and automating the abstraction procedure.

Let M = {P}}', and M' = {P/}¥*} be, respectively, a system (referred to as an
original model) and its abstraction (referred to as an abstract model).

Let us recall that each message circulating in the model includes the sender’s
identifier. A state of a channel being written by {P,}\,,,, as well as messages being
read from the channel may contain identifiers from the set {k + 1,...,N}. In the
abstract model, there are no such identifiers: they are mapped to ABS (usually, ABS =
k + 1). The definition of state equivalence should be modified so as not to distinguish
between i and ABS ifi € {k + 1, ..., N}.

Another issue is as follows. State of a channel’s buffer is not of importance until a
message is read. The idea is to ignore some messages (in particular, messages written
by {P,}},.,). In this case, a send statement can be replaced with . To preserve the
abstraction properties, each read from the channel should be supplied (as alternative
behavior) with the assignments of all possible values that could be sent via the
channel by the removed statement to the message variable.

To be more precise, the definition of state equivalence should take into account the
following considerations:

e given a channel ¢ € C,, an abstract state s’ is (quasi) equivalent to a state s
(state is a sequence of messages) iff s’ is produced from s by removing all
messages with identifiers from {k + 1, ..., N};

e the channels from C;_,, = U?’:k+1 Co-j are insignificant (every two states of
a channel are equivalent);

e an abstract state s’ of the channels C,_, = UM, Cino (as a whole) is
equivalent to a state s iff there is i € {k + 1, ..., N} such that for each c €
Ci_o, the state s'(c"), where ¢’ is a channel that corresponds to ¢ in P,gs, is
produced from s(c) by replacing i with ABS while the remaining channels
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are empty in both states.
The suggested approach implies the following restrictions on the input model:

e Datag = Data \ (UlLy4, Datay,);

e for each i €{1,..,N}, there holds Chan; = Chan,, U Chanp,, where
Chan,, and Chanp, are the sets of channels used, respectively, in the active
and passive modes, and:

o Chany, N Chanp, = @;
o Chany, S Chang (Chany, = Cy,. nj-o Y Ciso);
o Chanp, € Chan,, (Chanp, = Co; U (U=, Cu,. ny3o7));

e the only channel predicate in use is empty (behavior does not depend on
the number of messages in the channels’ buffers);

e there are no dependencies via variables between the processes {P;}N_; (all
dependencies are via messages);

e cach guarded action is closed under data dependencies via variables;
e there are no data dependencies from the local data (control dependencies
from the local data are allowed).
M’ = {P/}* ) = {fi(P;, R)Y- o U{g(Pes1, - Py; Ris1)}, the abstract model, is
constructed as follows (the description below can be viewed as a definition of the
mappings R; and the abstraction functions f; and g). Initially, each process P;, where
i €{0,..,k+1}, is isomorphic to P;: P/ = I(Pi,ROi), where [ is the trivial
abstraction function, while Ry:V; > V; is a bijection. Then, the following
transformations are applied to P;zs = Py, and the rest of the processes:
o all passive edges of P,y are removed and replaced with the e-self loops;
e when removing a passive edge whose action contains a read from some
channel ¢ (a write to some channel ¢):

o in{P},, forallj e {k+1,..,N}, all writes to ¢; (all reads from
¢;), where ¢; is a channel of P; that corresponds to ¢ (the processes
are identical), are removed;

o when removing a read of a message m:

= in the guards dependent on m, the minimal subformulae
dependent on m are replaced with undef;
e the active edges of P,z are processed as follows:
o all assignments to the local variables are removed;
o when removing an assignment to a local variable x:

= in the guards dependent on x, the minimal subformulae
dependent on x are replaced with undef;

o eachread from a global channel ¢ is not modified:
= in{P/}¥,, writes to ¢ are not modified;
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o each write to a global channel ¢ is removed:
= in {P/}*,, each read c?m is supplemented with the
. t t .
alternatives {m:vj}jzl’ where {”i}j=1 contains all
possible values that P,z can send via c.

Statement. The processes {f;(P;, R;)}*, (constructed as it is described above) are
bijective abstractions, while the process g(Pi41,-,Py; Rixs1) 1S @ serializing
abstraction. Thus, M’ is an abstraction of M.

As the description is informal, the statement is given without a proof. It should be
noticed that the abovementioned method has been implemented in a tool prototype.
Given a PROMELA model, the tool parses the code, builds the abstract syntax tree,
transforms it according to the rules, and maps it back to PROMELA.

5. Case study

The tool and the underlying method were used to verify the MOSI family CCPs
implemented in the Elbrus computer systems. The developed PROMELA model
supports memory accesses of the types Write Back, Write Through, and Write
Combined. The experiments were performed on Intel Core i7-4771 with a clock rate
of 3.5 GHz. The verified properties are as follows:

o  G{—=(cache[l] = M A cache[2] = M)};

o  G{=(cache[l1l] = 0 A cache[2] = 0)};

e G{—(cache[l] = M A cache[2] € {0,5})}.
Table 1 and Table 2 show time and memory resources consumed for checking the
property (1), respectively, on the original model (n = 3) and on the abstract one. Note
that in the case n = 3 abstraction preserves the number of processes: home(0),
proc(1), and proc(2) are replaced with their abstract counterparts, while proc(3) is
replaced with proce,, (ABS).

Table 1. Resources required for checking the original model

SPIN State space Memory Verification
optimization size consumption time
Absent 5.1 x 108 682 Mb 9s
COLLAPSE 5.1 x 10° 328 Mb 155

Table 2. Resources required for checking the abstract model

SPIN State space Memory Verification
optimization size consumption time
Absent 2.2 x 108 256 Mb 3.7s
COLLAPSE 2.2 x 108 108 Mb 6.2s

The tables show that even for n = 3 there is a gain in state space size and memory
consumption. Meanwhile, correctness of the abstract model implies correctness of the
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original one for any n = 3. It is shown that the suggested approach reduces
verification of the parameterized CCP model to visiting and testing ~10° states,
which requires ~100 Mb of memory.

6. Conclusion

SMP computer systems utilize complicated caching mechanisms. To ensure that
multiple copies of the same data are kept up-to-date, CCPs are employed. Errors in
the CCPs and their implementations may cause data corruption and system hanging.
This explains why CCP verification methods are of high value and importance.

The main problem arising in CCP verification is state explosion. In this paper, we
have proposed an approach to overcome the issue and make verification scalable. The
method having been described is aimed at transforming a CCP PROMELA model so as
the result is independent of the number of processors and can be verified by the SPIN
model checker on a regular basis. The approach was successfully applied to the MOSI
family CCPs implemented in the Elbrus computer systems.

In the future, we are planning to extend the method with CEGAR, to develop an open-
source tool for syntactical transformations of PROMELA models (a prototype is already
available), and to create a unified model-based technology for checking CCPs and
verifying memory management units.
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AnHoTammsi. B crathe mpencraeieH Mmeron Macmirabupyemoll Bepudukanmn PROMELA-
MoJieNiell MTPOTOKOJIOB OOEeCTeueHns] KOTePeHTHOCTH maMsaTH. [loJ MacimTabupyeMocThio
MOHUMAETCs He3aBUCHMOCTh 3aTpar Ha BepH(HUKauuio (Mpex/e BCero, MallmHHOTO BpEMEHHU
M TaMSTH) OT YHCIIA IIPOIIECCOPOB B cHcTeMe. MeTo COCTONT M3 TPEeX OCHOBHBIX maros. Ha
TIEpBOM IIIare B MO/ MMPOTOKOJIA, CO3JAHHYIO IS OTPE/IeIeHHOH KOHPHUTYpaui CHCTEMBI
(U1 KOHKPETHOTO 4YHCIa IPOLECCOPOB), BBOJWTCS IapaMeTp, MPEACTaBISIOMNI YHCIIO
MPOLIECCOPOB B cHcTeMe. [l 3TOro MCMoJb3yIOTCS MPOCThIe MHAYKTHUBHBIC MPaBHIA, YTO
BO3MOXKHO TOJIBKO TIPH ONpPE/EICHHBIX JOMYIICHUsIX Ha BUJI IpoTokosa. Ha BTOpOM Imare
MOCTPOEHHAs TApaMETPU30BaHHAsI MOJIETb a0CTparupyeTcs OT uKcia nporeccopos. {i1s 3Toro
HaJ TPUCBAaUBAHHAMH, BBIPAKEHUSIMH M KOMMYHUKALIMOHHBIMH JEHCTBHAMH MOJEIN
COBepIIaeTcs psiJi CHHTAKCHYECKHX IpeoOpasoBaHmil. Ha TperbeMm mmare mnomydeHHas
abcTpakTHasi MOJENb BEPUPUIMPYETCS ¢ IMTOMOIIBI0 HHCTPYMEHTa SPIN OOBIYHBIM 00pa3oM.
IlomuMo onmcaHusT MeToma, B CTaThe IPHBOJUTCS JOKA3aTENBECTBO €T0 KOPPEKTHOCTH:
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YTBEpKIAeTCs, YTO TNPEMJIOKEHHas cxeMa aOCTpakKIMU sBISETCS KOHCEPBAaTUBHOW B TOM
CMEBICIIE, 4TO JI000H MHBapHaHT (CBOHCTBO MCTHHHOE BO BCEX IOCTIDKMMBIX COCTOSHHSIX)
a0CTpaKTHOM MOJENH SIBISIETC MHBAPHAHTOM HMCXOAHON MOAeNH (CBOMCTBa-MHBApHAHTHI —
3TO UMCHHO T€ CBOWCTBA, KOTOPBIC MPEICTABISAIOT MHTEPEC NP BepUHKALMU IIPOTOKOJIOB
obecreueHns] KOTePEeHTHOCTH MaMsTH). [IpeanoxeHHbIii MeTo] OBUT BOILUIONIEH B IPOTOTHITE
WHCTPYMEHTa, KOTOPBII pa3bupaeT Kox Ha si3blke PROMELA, CTPOUT AEpPEBO aOCTPAaKTHOTO
CHHTAaKCHCa, MpeoOpasyeT ero Io 3aJaHHBIM IIpaBHJIaM H oToOpaxkaeT oOpaTHO B PROMELA
Kon. MHCTpyMeHT (M MeTox B IeJoM) OBUT YCIIEIIHO HCIIOJB30BaH HpPH BepH(UKAIMH
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Abstract. Test program generation and simulation is the most widely used approach to
functional verification of microprocessors. High complexity of modern hardware designs
creates a demand for automated tools that are able to generate test programs covering non-
trivial situations in microprocessor functioning. The majority of such tools use test program
templates that describe scenarios to be covered in an abstract way. This provides verification
engineers with a flexible way to describe a wide range of test generation tasks with minimum
effort. Test program templates are developed in special domain-specific languages. These
languages must fulfill the following requirements: (1) be simple enough to be used by
verification engineers with no sufficient programming skills; (2) be applicable to various
microprocessor architectures and (3) be easy to extend with facilities for describing new types
of test generation tasks. The present work discusses the test program template description
language used in the reconfigurable and extensible test program generation framework
MicroTESK being developed at ISP RAS. It is a flexible Ruby-based domain-specific language
that allows describing a wide range of test generation tasks in terms of hardware abstractions.
The tool and the language have been applied in industrial projects dedicated to verification of
MIPS and ARM microprocessors.

Keywords: microprocessors; functional verification; test program generation; test templates;
domain-specific languages.

DOI: 10.15514/ISPRAS-2016-28(4)-5

For citation: Tatarnikov A.D. Language for Describing Templates for Test Program
Generation for Microprocessors. Trudy ISP RAN/Proc. ISP RAS, vol. 28, issue 4, 2016. pp. 77-
98. DOI: 10.15514/ISPRAS-2016-28(4)-5

1. Introduction

Functional verification is acknowledged to be the bottleneck in microprocessor
design cycle. According to various estimates, it accounts for more than 70% of overall
project time and resources. In the current industrial practice, function verification
mainly relies on test program generation (TPG) which is done by special automation
tools [1]. Generated test programs (TP) are instruction sequences aimed to trigger
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certain events in the microprocessor design under verification. TPG tools are aimed
to provide a high level of test coverage by applying a rich set of generation methods.
As modern microprocessors are getting more and more complex, new more advanced
methods emerge. A common problem for TPG tool developers is how to overcome
the complexity and make it easy to apply the growing set of methods to a wide range
of microprocessor designs.

One of possible ways to increase the flexibility of a TPG tool is to separate generation
logic from descriptions of test cases. This method is known as template-based
generation. The key idea of the method is that test programs are generated on the basis
of abstract descriptions called test program templates or test templates (TTs). The
method helps generate high-quality tests directed towards specific situations or
classes of situations. TTs specify methods to be used for constructing instruction
sequences and constraints on instruction operand values which must be satisfied to
make certain events to fire. Test data are generated by finding random solutions to the
given constraint systems. Such approach is usually referred to as constraint-based
random generation [2]).

The template-based approach is implemented in a number of TPG tools including
MicroTESK [3], a reconfigurable [4] and extensible [5] TPG framework being
developed at ISP RAS. The framework uses formal specifications to construct TPG
tools for specific microprocessor designs. A constructed TPG tool is separated into
two main components: (1) an architecture-independent test generation core and (2) an
architecture specification, or a model. The approach called model-based [1] helps
significantly reduce the efforts to support a new microprocessor architecture by
reusing the core. The core is designed as a set of generation engines which can be
easily extended with plugins implementing new TPG methods. Test programs are
generated by processing TTs that describe verification tasks in terms of the model and
the generation methods implemented by the core.

This paper describes the test template description language (TTDL) used in
MicroTESK. This is a domain-specific language implemented as a set of Ruby [6]
libraries, which is easy adaptable to changing configurations. Facilities for describing
instruction calls for a specific ISA are dynamically added and are based on
information provided by the model. Also, the MicroTESK TTDL provides a rich set
of facilities for describing verification tasks which are common for all microprocessor
configurations. When MicroTESK is extended with new TPG methods, support for
these features is added in the TTDL by providing new Ruby libraries.

The rest of the paper is divided into five sections. Section 2 contains a brief survey of
the existing TPG tools that follow the template-based approach. Section 3 formulates
the requirements for a TTDL imposed by MicroTESK that led to creating the
described TTDL. Section 4 provides a detailed description of the architecture and
facilities of the MicroTESK TTDL. Section 5 contains a case study of applying the
TTDL for describing test cases in industrial projects. Section 6 discusses the results
and outlines directions of future research and development.
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2. Related work

Functional verification has always been a major issue for the research community.
Over the last decades, a lot of TPG methods and tools have emerged. The template-
based approach described in this paper has been applied in a number of tools
developed by different teams. This section gives an overview of the most significant
of existing TPG tools and discusses strong and weak points of their TTDLSs.

IBM Research has been one of the major contributors in the field of TPG for
microprocessors during the last decades. Genesys-Pro [1], one of their most recent
tools, uses TTs to describe TPG tasks as constraint satisfaction problems (CSP) [2]
and generates test data by solving these CSPs. Constraints can be used to specify such
aspects of functionality as boundary conditions, exceptions, cache hits/misses, etc.
The TTDL used by Genesys-Pro is a completely impendent domain-specific language
which provides a rich set of features. The language features it offers can be divided
into four groups: (1) basic instruction statements, (2) sequencing-control statements,
(3) standard programming constructs, and (4) constraint statements. By combining
these constructs, users can compose complex TTs with a degree of randomness varied
from completely random to completely directed. The main advantage of the language
is that it is designed for describing test scenarios and it does not confuse verification
engineers with any unnecessary programming constructs. At the same time, being not
based on existing languages, it does not take advantage of well-tried constructs that
can help organize TTs into reusable libraries. This can be important as industrial
testbenches usually contain thousands lines of code. Also, it is unclear how easy the
language can be extended with new constructs for describing new types of TPG tasks.
Another company that has made a significant contribution in development of TPG
tools is Obsidian Software (now acquired by ARM) [7]. Their tool RAVEN (Random
Architecture Verification Engine) [8] generates random and directed tests based on
TTs. Test templates are focused on coverage grids and use constraints to formulate
specific coverage goals. There is no detailed information available on this technology.
It is known that TTs can be either generated by the tool’s GUI or created as text. The
language must suit well for the TPG tasks that can be accomplished with RAVEN.
However, the question whether it is suitable for more general tasks stays open.

Also, Samsung Electronics created a TPG framework called RDG (Random
Diagnostics Generator) [9] for testing reconfigurable processors. It uses TTs created
in the C++ language to specify instructions that will be used in a TP and constraints
on their input values that should be satisfied in order to meet testing goals. This
approach takes advantage of power and performance of C++, but requires solid
programming skills which are not common for verification engineers.

Finally, MicroTESK [3] version 1.0 used TTs written using Java libraries [10]. This
is not convenient as verification engineers are forced to deal with Java abstractions
such as classes and interfaces, which are not related to verification tasks. Moreover,
details of language implementation must be hidden from users in order to be able to
change it without breaking existing TTs. This motivated to create a new domain-
specific language for the new version of MicroTESK.
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3. Requirements for TTDL

Requirements for a TTDL can be divided in two groups: (1) general requirements for
a TTDL; (2) requirements related to integration into the MicroTESK framework. Let
us first consider the general requirements that are common for all TTDLs. A TTDL
used to describe scenarios for random and directed tests must provide facilities:

1) to describe instructions calls and data definitions using syntax similar to the
one used in assembly code;
2) to manage memory allocations in the same way as in the assembly language;
3) to fill memory with data generated according to specific rules;
4) to compose instruction sequences using a wide range of methods (random,
combinatorial, etc.) and to merge these sequences;
5) to specify random values and the degree of their randomness described by
distributions;
6) to select instructions at random with the specified degree of randomness;
7) to specify constraints on instruction arguments;
8) to describe initialization code that places generated test data to proper
registers or memory addresses;
9) to specify code of self-checks that check validity of the resulting state of the
microprocessor;
10)to describe exception handlers;
11)to specify conditions for generating different code depending on the context;
12)to insert comments and custom text into generated TPs;
13)to reuse existing TTs and their parts;
14)to split generated TPs into multiple files.
This list is not complete, but it is enough to conclude that the TTDL must be a domain-
specific language that provides constructs for the listed facilities.
Another important consideration is that it must be integrated into MicroTESK. First
of all, MicroTESK is written in Java and its generation engines operate with Java
objects. Therefore, the result of TT processing must be a hierarchy of Java objects
that then will be passed to TPG engines. The front-end of a TTDL processor can be
implemented using two approaches: (1) creating a Java-based parser for the new
language or (2) reusing an existing Java-based parser for one of the popular

programming languages. A crucial requirement for the second approach is that the
language must be easy to extend with new domain-specific constructs.

Now let us consider the requirements imposed by reconfigurability and extensibility
of MicroTESK:

1) Reconfigurability means that it can be applied to microprocessors with
different ISAs. Consequently, facilities used to describe instruction calls
must be changeable. Ideally, they must be added dynamically depending on
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the information provided in the model that describes the configuration of the
design under verification.

2) Extensibility means that the set of supported TPG methods can be extended
by adding plugins implementing new methods. Often it will require adding
new constructs in the TTDL. Thus, it must be possible to dynamically add
language constructs depending on the installed plugins.

In other words, a crucial requirement for the MicroTESK TTDL is the ability to
dynamically change the set of supported language constructs. Obviously, changes in
the tool configuration must not involve modification of the TTDL processor. Creating
a flexible language processor from scratch is a challenging task. A simpler solution
would be to reuse a parser of an existing language.

Having considered several possible alternatives, it was decided to use JRuby [11], a
Java-based implementation of the Ruby language, as a front-end of the TTDL
processor. Ruby was selected because of its support for metaprogramming [12],
which allows adding new language features at runtime. Thus, the created TTDL
combines basic programming constructs provided by the Ruby core with constructs
for describing TTs provided by MicroTESK. The TTDL front-end is implemented as
a set of Ruby libraries that define language facilities for the above mentioned
requirements. Facilities that depend on the current configuration are dynamically
added using metaprogramming.

It is also worth mentioning that scripting languages like Ruby are quite popular among
verification engineers, who often use them to create in-house test generators. So,
another advantage of using Ruby is that it can make the TTDL easier to learn.

4. TTDL Description

4.1 Language Processor Architecture

The job of the TTDL processor is to build a hierarchy of Java objects describinga TT
and to pass it to the MicroTESK generation engines for further processing. The TTDL
processor is divided into a Ruby-based front-end and Java-based back-end. The back-
end is implemented as set of factories for creating Java objects that correspond to
specific entities of a TT. The front-end is represented by Ruby libraries that provide
language constructs for describing these entities and perform interaction with the
back-end to build corresponding Java objects. In other words, a language feature is
defined by a Ruby module that specifies its syntax and a Java module that describes
corresponding entities and provides means of constructing them. New language
features can be supported by providing corresponding modules.

The TTDL contains features that are configuration dependent. This includes facilities
for describing instruction calls, which are determined by the model built by
MicroTESK from ISA specifications. These language features are managed by a
special Ruby module that uses metaprogramming to define corresponding constructs
at runtime based on the information provided by the model.
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4.2 Test Template Structure

A TT is a program in Ruby executed by MicroTESK with the help of JRuby to build
Java objects that formulate tasks for the TPG engines implemented by the tool core.
More technically, it is a subclass of the Template base class provided by the
MicroTESK library. All domain-specific language constructs are implemented as
methods of this class. The Template class is not monolithic, it unites a set of Ruby
modules responsible for various features into a single class. Language extensions are
also implemented as modules to be included in the base class. Configuration-specific
methods are dynamically defined when the class is loaded.
The listing below shows the structure of a TT class:
require ENV[’TEMPLATE’]
class MyTemplate < Template
def initialize
super
# Initialize settings here
end
def pre
# Place your initialization code here
end
def post
# Place your finalization code here
end
defrun
# Place your testing task description here
end
end

The first line imports the Template base class from the location specified by the
TEMPLATE environment variable. The exact location depends on the configuration
and is determined automatically.

Classes describing TTs define four methods:
o initialize - configures TT settings if there is a need to override the default;

e pre - defines ISA-specific constructs and specifies initialization code to be
inserted in the beginning of TPs;

e post - specifies finalization code to be inserted in the end of TPs;

e run - contains descriptions of test cases to be generated.
The methods will be filled with constructs described further.

4.3 Managing Memory Allocation

It may be required to place code and data sections of generated TPs at specific
memory locations. The assembly language provides special directives to accomplish
this task. The TTDL offers similar constructs. An important note is that MicroTESK
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simulates TPs in the process of their generation. Consequently, these constructs not
only specify directives to be placed into TPs, but also manage memory allocation in
the simulator.

The TTDL provides the following methods for managing addresses, which are
applicable to both code and data sections:

o align - aligns the allocation address by the amount n passed as an argument,
which by default means 2n bytes.

e org - sets the allocation origin, which is required to increase the allocation
address. It is possible to set an absolute or relative origin. The former can be
specified as org n and means an offset by n bytes from the base virtual
address. The latter can be specified as org :delta=>n and means an offset by
n bytes from the most recent allocation address.

o label - associates the specified label with the current address.

The listed methods rely on the following TT settings:

o align_format - specifies textual format for the align directive;
o org_format - specifies textual format for the org directive;

e base virtual_address - specifies the base virtual address for memory
allocation;

e base_physical_address - specifies the base physical address for memory
allocation;

o alignment_in_bytes - specifies how the alignment amount should be
interpreted.
The first four settings are initialized with default values in the initialize method of the
Template base class as shown below and can be changed in the current TT class:

@org_format = ".org 0x%x"
@align_format = ".align %d"
@base_virtual_address = 0x0
@base_physical_address = 0x0

The last setting is implemented as a method that can be overridden to change its
behavior:
def alignment_in_bytes(n) 2 ** n end

4.4 Defining Random Distributions

Many TPG tasks involve selection based on random distribution. The TTDL provides
the following methods to define random distributions:

e range - creates an object describing a range of values and its weight, which
are specified by the value and bias attributes. Values can be one of the
following types:

- single value;
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- range of values;
- array of values;
- distribution of values.

The bias attribute can be skipped which means default weight. Default
weights are used to specify an even distribution based on ranges with equal
weights.

o dist - creates an object describing a random distribution from a collection of
ranges.
The code below illustrates how to create weighted distributions for integer numbers:
simple_dist = dist(
range(:value => 0, :bias => 25), # Value
range(:value =>1..2, :bias =>25),  # Range
range(:value => [3, 5, 7], :bias => 50) # Array
)
composite_dist = dist(
range(:value=> simple_dist, :bias => 80), # Distribution
range(:value=> [4, 6, 8], :bias =>20)  # Array

4.5 Describing Data Definitions

Data definitions are based on assembler-specific directives, which are not described
by the microprocessor model and, therefore, must be configured in TTs. The
configuration information includes textual format of the directives and mappings
between data types used by the assembler and the microprocessor model. Data
directives are configured using the data_config construct, which must be placed in
the pre method. Here is an example:
data_config(:text=>".data", :target=>"MEM") {
define_type :id=>:byte, :text=>".byte", :type=>card(8)
define_type :id=>:half, :text=>".half", :type=>card(16)
define_type :id=>:word, :text=>".word", :type=>card(32)
define_space :id=>:space, :text=>".space", :fillWith=>0
define_ascii :id=>:ascii, :text=>".ascii", :zero=>false
define_ascii :id=>:asciiz, :text=>".asciiz", :zero=>true
}
The data_config method has the following parameters:

o text - specifies the textual format of a directive that marks the beginning of
a data section;

e target - specifies the memory array defined in the model to which data will
be placed during simulation;

e Dbase_virtual_address (optional, 0 by default) - specifies the base virtual
address for data sections.
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Distinct data directives are configured using special methods that must be called
inside the data_config block. All of these methods share two common parameters: id
and text. The first specifies the keyword to be used in a TT to address the directive
and the second specifies how it will be printed into the TP. Here is the list of methods:

o define_type - defines a directive to allocate memory for a data element of the
data type specified by the type parameter;

o define_space - defines a directive to allocate memory filled with a default
value specified by the fillWith parameter;

o define_ascii_string - defines a directive to allocate memory for an ASCII
string terminated or not terminated with zero depending on the zero
parameter.

The above example defines directives byte, half, word, ascii (non-zero terminated
string) and asciiz (zero terminated string) that place data in the memory array MEM
defined in the microprocessor model.

Once data directives have been configured, data sections can be defined using the
data construct. Data definitions can be of two kinds depending on the context:

1) Global data that are available to all test cases generated from the given TT.
They are defined in the root of the pre or run methods. Global data are placed
into the simulator’s memory during initial processing of a TT.

2) Test case level data that are defined and used by specific test cases. Such
data are placed into the simulator’s memory when the test case is being
generated.

The data method has two optional parameters:

e global - a flag that states that the data definition should be treated as global
regardless of the context.

o separate_file - a flag that specifies whether the generated data definitions
should be placed into a separate source code file.

Here is an example of a data definition:

data(:global => true, :separate_file => false) {
org 0x00001000
label :byte_values
byte 1,2, 3,4
label :word_values
word OXDEADBEEF, 0XBAADF00D

}

The above code defines global data: four byte values and two word values. Memory
is allocated at offset 0x00001000. Data values are aligned by their size (1 and 4 bytes).
Labels byte_values and word_values point at the beginning of the byte and the word
arrays correspondingly.
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4.6 Describing Instruction Calls

To describe instruction calls, the TTDL provides runtime methods that are defined
using the metaprogramming facilities of Ruby on the basis of information provided
by the model. Methods have the same names and parameters as operations describing
corresponding instructions, which are defined in ISA specifications. Operations use
parameters of three kinds:

1) Immediate values that represent constants.

2) Addressing modes that encapsulate logic of reading and writing data to
memory resources. Usually they provide access to registers or memory.

3) Operations that specify operations to be performed as a part of execution of
the current operation. They are used to describe complex instructions
composed of several operations (e.g. VLIW instructions).

For example, a call to the add instruction from the MIPS ISA [13], which adds two
general-purpose registers t0 ($8), t1 ($9) and t2 ($10) described by the reg addressing
mode, can be specified in the following way:

add reg(8), reg(9), reg(10)

The TTDL supports creating aliases for addressing modes and operations invoked
with certain arguments. Aliases help make TTs more human-readable. They are
created by defining Ruby functions with corresponding names. The code below shows
how to create aliases for the registers from the previous example:

def t0 reg(8) end

def t1 reg(9) end

def t2 reg(10) end
Now the arguments of the add instruction can be specified using alises:

add to, t1, t2
Also, the TTDL provides the pseudo function that can be used to specify calls to
pseudo instructions that do not have corresponding operations in ISA specifications.
They print user-specified text, but are not simulated by the generator. Here is an
example:

pseudo ’syscall’

4.7 Defining Groups

Addressing modes and operations can be organized into groups. Groups are used
when it is required to randomly select an addressing mode or operation from the
specified set. Groups can be defined in ISA specifications or in TTs. To do this in
TTs, the define_mode_group and define_op_group functions are used. Both functions
take the name and distribution arguments that specify the group name and the
distribution used to select its items.

For example, the code below defines an instruction group called alu that contains
instructions add, sub, and, or, nor, and xor selected randomly according to the
specified distribution:
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alu_dist = dist(
range(:value => ’add’, :bias => 40),
range(:value => ’sub’, :bias => 30),
range(:value => [’and’, ’or’, 'nor’, ’xor’], :bias => 30)
)
define_op_group(Calu’, alu_dist)
The following code specifies three calls that use instructions randomly selected from
the alu group:
alu t0, t1, t2
alu t3, t4, t5
alu t6, t7, t8

4.8 Describing Instruction Call Sequences

Instruction call sequences are described using block-like structures. Each block
specifies a sequence or a collection of sequences. Blocks can be nested to construct
complex sequences. The algorithm used for sequence construction depends on the
type and the attributes of a block.
An individual instruction call is considered a primitive block describing a single
sequence that consists of a single instruction call. A single sequence that consists of
multiple calls can be described using the sequence or the atomic construct. The
difference between the two is that an atomic sequence is never mixed with other
instruction calls when sequences are merged. The code below demonstrates how to
specify a sequence of three instruction calls:
sequence {
add t0, t1, t2
sub t3, t4, t5
or t6, t7, t8
}
A collection of sequences that are processed one by one can be specified using the
iterate construct. For example, the code below describes three sequences consisting
of one instruction call:
iterate {
add t0, t1, t2
sub t3, t4, t5
or t6, 17, t8
}
Sequences can be combined using the block construct. The resulting sequences are
constructed by sequentially applying the following engines to sequences returned by
nested blocks:

e combinator - builds combinations of sequences returned by nested blocks.
Each combination is a tuple of length equal to the number of nested blocks.

e permutator - modifies combinations returned by combinator by rearranging
some sequences.
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e compositor - merges (multiplexes) sequences in a combination into a single
sequence preserving the initial order of instructions calls in each sequence.

e rearranger - rearranges sequences constructed by compositor.

e obfuscator - modifies sequences returned by rearranger by permuting some
instruction calls.
Each engine has several implementations based on different methods. It is possible to
extend the list of supported methods with new implementations. Specific methods are
selected by specifying corresponding block attributes. When they are not specified,
default methods are applied. The format of a block structure for combining sequences
looks as follows:
block(

:combinator => ’combinator-name’,

:permutator => ’permutator-name’,

:compositor => ’compositor-name’,

‘rearranger => ‘rearranger-name’,

:obfuscator => ’obfuscator-name’) {

# Block A. 3 sequences of length 1: {A11}, {A21}, {A31}

iterate { A11; A21; A31}

# Block B. 2 sequences of length 2: {B11, B12}, {B21, B22}

iterate { sequence { B11, B12 }; sequence { B21, B22 } }

# Block C. 1 sequence of length 3: {C11, C12, C13}

iterate { sequence { C11; C12; C13 } }

}

The default method names are: diagonal for combinator, catenation for compositor,
and trivial for permutator, rearranger and obfuscator. Such a combination of engines
describes a collection of sequences constructed as a concatenation of sequences
returned by nested blocks. For example, sequences constructed for the block in the
above example will be as follows: {A11, B11, B12, C11, C12, C13}, {A21, B21, B22,
C11, C12, C13} and {A31, B11, B12, C11, C12, C13}.

4.9 Specifying Test Situations

Test situations are associated with specific instruction calls and specify methods used
to generate their input data. There is a wide range of data generation methods
implemented by various data generation engines. Test situations are specified using
the situation construct. It takes the situation name and a map of optional attributes
that specify situation-specific parameters. For example, the following line of code
causes input registers of the add instruction to be filled with zeros:
add t1, t2, t3 do situation(’zero’) end

When no situation is specified, a default situation is used. This situation places
random values into input registers. It is possible to assign a custom default situation
for individual instructions and instruction groups with the set default_situation
function. For example:
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set_default_situation *add’ do situation(’zero”) end
Situations can be selected at random. The selection is based on a distribution. This
can be done by using the random_situation construct. For example:
sit_dist = dist(
range(:value => situation(’add.overflow)),
range(:value => situation(’add.normal”)),
range(:value => situation(’zero’)),
range(:value => situation(’random’, :dist => int_dist))

add t1, t2, t3 do random_situation(sit_dist) end
Unknown immediate arguments that should have their values generated are specified
using the ”_” symbol. For example, the code below states that a random value should
be added to a value stored in a random register and the result should be placed to
another random register:

addi reg(), reg(_), _ do situation(’random’) end

4.10 Selecting Registers

Unknown immediate arguments of addressing modes are a special case and their
values are generated in a slightly different way. Typically, they specify register
indexes and are bounded by the lenght of register arrays. Often such indexes must be
selected from a specific range taking into account previous selections. For example,
registers are allocated at random and they must not overlap. To be able to solve such
tasks, all values passed to addressing modes are tracked. The allowed value range and
the method of value selection are specified in configuration files. Values are selected
using the specified method before the instruction call is processed by the engine that
generates data for the test situation. The selection method can be customized by using
the mode_allocator function. It takes the allocation method name and a map of
method-specific parameters. For example, the following code states that the output
register of the add instruction must be a random register which is not used in the
current test case:

add reg(_ mode_allocator(’free’)), t0, t1
Also, the TTDL allows customizing the allowed range for selected values. It is
possible to exclude some elements from the range by using the exclude attribute or to
provide a new range by using the retain attribute. For example:

add reg(_ :exclude=>[1, 5, 7]), t0, t1

add reg(_ :retain=>8..15), t0, t1
Addressing modes with specific argument values can be marked as free using the
free_allocated_mode function. To free all allocated addressing modes, the
free_all_allocated_modes function can be used.

411 Describing Preparators

Preparators describe instruction sequences that place data into registers or memory
accessed via the specified addressing mode. They are inserted into TPs to set up the
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initial state of the microprocessor required by test situations. It is possible to overload
preparators for specific cases (value masks, register numbers, etc). Preparators are
defined in the pre method using the preparator construct, which uses the following
parameters describing conditions under which it is applied:

e target - the name of the target addressing mode;

o mask (optional) - the mask that should be matched by the value in order for
the preparator to be selected;

e arguments (optional) - values of the target addressing mode arguments that
should be matched in order for the preparator to be selected;

e name (optional) - the name that identifies the current preparator to resolve
ambiguity when there are several different preparators that have the same
target, mask and arguments.

It is possible to define several variants of a preparator which are selected at random
according to the specified distribution. They are described using the variant construct.
It has two optional parameters:

¢ name (optional) - identifies the variant to make it possible to explicitly select
a specific variant;

e bias - specifies the weight of the variant, can be skipped to set up an even
distribution.

Here is an example of a preparator what places a value into a 32-bit register described
by the REG addressing mode and two its special cases for values equal to 0x00000000
and OxFFFFFFFF:
preparator(:target => 'REG’) {
variant(:bias => 25) {
data {
label :preparator_data
word value
}
la at, :preparator_data
Iw target, 0, at
}
variant(:bias => 75) {
lui target, value(16, 31)
ori target, target, value(0, 15)
}
}
preparator(:target = 'REG’, :mask => "00000000°) {
XOr target, zero, zero
}
preparator(:target => "REG’, :mask => "FFFFFFFF’) {
nor target, zero, zero

}
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Code inside the preparator block uses the target and value functions to access the
target addressing mode and the value passed to the preparator.

The TTDL provides the prepare function to explicitly insert preparators into TPs. It
can be used to create composite preparators. The function has the following
arguments:

o target - specifies the target addressing mode;
o value - specifies the value to be written;

e attrs (optional) - specifies the preparator name and the variant name to select
a specific preparator.
For example, the following line of code places value OXDEADBEEF into the t0
register:
prepare t0, OXDEADBEEF

4.12 Describing Self-Checks

TPs can include self-checks that check validity of the microprocessor state after a test
case has been executed. These checks are instruction sequences inserted in the end of
test cases which compare values stored in registers with expected values. If the values
do not match control is transferred to a handler that reports an error. Expected values
are produced by the MicroTESK simulator. Self-check are described using the
comparator construct which has the same features as the preparator construct, but
serves a different purpose. Here is an example of a comparator for 32-bit registers and
its special case for value equal to 0x00000000:
comparator(:target => "REG”) {

prepare target, value

bne at, target, :check_failed

nop

}

comparator(:target => "REG’, :mask => "00000000") {
bne zero, target, :check_failed
nop

}

4.13 Describing Test Cases

A TP can be described by the following formula:
IT = Tstart - {{7tstarts Xi, Tstopy Fi=1,n - [stop, Where:
o Tlsar is a TP prologue that consists of instructions aimed for microprocessor
initialization;
o (T, Xi, Tstop) IS @ test case that specifies an individual stimulus and consists
of:
Tistart 1S @ test case prologue that performs all necessary preparations
for the test case;
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- Xjis a test case action that contains the main code of the test case;

- Tsop IS @ test case epilogue that performs finalization actions for the
test case such as self-checks.

o Tlgop is a TP epilogue that consists of instructions aimed for microprocessor
finalization;

e nisthe number of test cases ina TP.

The TTDL provides means of describing each part of a TP. Ilstar and Ilsop are
described in the pre and post methods of a TT class correspondingly. Test cases are
specified in the run method.
Test cases are described by block constructs specifying one or more sequences of
instruction calls. Each sequence is a separate test case. It is possible to process a block
multiple times. This makes sense when sequences use randomization. In this case, it
results different test cases based on the same description. For example, the code below
describes five test cases based on the same sequence of three calls. Input data for the
calls are generated at random and will be different for all test cases.
def run
sequence {

add t0, t1, t2

sub t3, t4, t5

or t6, t7, t8

}.runb
end

Tstart that contains preparators for input registers and msop that contains self-checks
will be generated by the tool automatically. Also, it is possible to specify additional
prologue and epilogue for test cases. They will be inserted between automatically
generated prologue and epilogue and main code of the test cases. They are specified
using the prologue and epilogue blocks nested into the sequence block. The syntax
looks like this:

sequence {
prologue { ... }
ébilogue{ .}
}runn

When instruction sequences are merged by nesting blocks, prologue and epilogue of
nested blocks wrap sequences returned by these blocks.

Test cases can be processed by different TPG engines. A specific engine can be
selected by passing the engine parameter to the block construct that describes the test
cases.

4.14 Describing Exception Handlers

TPs must contain handlers of exceptions that may occur during their execution.
Exception handlers are described using the exception_handler construct. This
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description is also used by the MicroTESK simulator to handle exceptions. Separate
exception handlers are described using the section construct nested into the
exception_handler block. The section function has two arguments: org that specifies
the handler’s location in memory and exception that specifies names of associated
exceptions. For example, the code below describes a handler for the IntegerOverflow,
SystemCall and Breakpoint exceptions, which resumes execution from the next
instruction:
exception_handler {
section(:org =>0x380, :exception => ["IntegerOverflow’, ’SystemCall’, "Breakpoint’]) {
mfcO ra, cop0(14)
addi ra, ra, 4
jrra
nop
}
}

4.15 Printing Text

TPs are printed in textual form to source code files. The printed text includes various
supplementary messages such as comments and separators. They are generated by
MicroTESK engines or specified by users in TTs. The format of printed text is set up
using the following settings:

e sl_comment_starts_with - starting characters for single-line comments.
Default value is ”//”.

o ml_comment_starts with - starting characters for multi-line comments.
Default value is ”/*”.

o ml_comment_ends_with - terminating characters for multi-line comments.
Default value is ”*/”.

e indent_token - indentation token. Default value is ”\t”.

99__9

e separator_token - token used in separator lines. Default value is

The settings are initialized with default values in the initialize method of the Template
class can be redefined in the initialize method ofa TT.

The TTDL provides functions for printing custom text messages. Text messages are
printed either into the generated source code or into the simulator log. Here is the list
of supported functions:

e newline - adds the new line character into the TP;
e text - adds text into the TP;

e trace - prints text into the simulator execution log;
e comment - adds a comment into the TP;

e start_comment - starts a multi-line comment;

e end_comment - ends a multi-line comment.
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The text, trace and comment functions print formatted text. They take a format string
and an array of objects to be printed, which can be constants or memory locations. To
specify locations to be printed (registers, memory), the location function should be
used. It takes the name of the memory array and the index of the selected element.
For example, the code below prints a constant value and a value stored in a register
in the hexadecimal format:

text ’Constant: 0x%X’, 0xDEADBEEF

text "Register: 0x%X’, location(’GPR’, 8)

5. Case Study

MicroTESK and its TTDL have been applied in industrial projects to generate TPs
for MIPS64 [13] and ARMv8 [14] microprocessors. Table 1 provides characteristics
of the MIPS64 and ARMV8 specifications used to configure MicroTESK for
generating TPs for these designs.

Table 1. Industrial application of the proposed TTDL and supporting tool

Project MIPS64 ARMVE
Number of instructions 102 207
ISA specification size (lines of code) 70 143
MMU specification size (lines of code) 134 637
Efforts (person-months) 101 809

Created tests include:
o tests for arithmetical instructions;
o tests for floating-point instructions;
e tests for branch instructions;

o tests for memory access instructions.

To describe tests for branch and memory instruction, the TTDL was extended with
additional constructs based on existing ones. The language was evolving in the
process of working on the projects. Some features were changed and some were
added. A number of language features came as requirements from customers. The
approach based on using dynamic languages such as Ruby to create TTDLs has
proved its flexibility. The TTDL allowed describing test cases in a format which is
maximally close to assembly language for corresponding microprocessors. This
allows verification engineers to concentrate on verification problems instead of issues
related to the use of a specific programming language.

5. Conclusion

A concept of a TTDL for a reconfigurable and extensible TPG framework has been
considered. The proposed solution was implemented in the MicroTESK [3]
framework. The developed TTDL is based on the Ruby [6] language and uses its
metaprogramming facilities to dynamically add configuration-dependent language
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constructs. The language is integrated into MicroTESK, which is a Java-based tool,
with the help of JRuby [11]. Facilities of the TTDL can be extended by adding new
Ruby libraries.

Directions for further research and development are to apply the described principles
to create TTDLs based on other programming languages. First of all, it is Python and
its Java-based implementation called Jython. It provides facilities similar to those of
Ruby and is also popular among verification engineers. For this reason, it would be
advantageous to provide a Python-based version of the TTDL for those who are more
comfortable with this language.

Another task is development of a TTDL based on C++. It will be a part of a large
research project dedicated to on-line generation. An on-line TPG tool is represented
by a binary image with basic functions of an operating system, which is loaded
directly to a microprocessor chip where it generates and executes test stimuli. The
tool will be created by MicroTESK from C++ libraries based on formal specifications.
For further unification of TPG tools, it is important that TTs for on-line generation
are developed using the same principles.
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A3bIK onucaHus WabnoHOB ANS reHepauun
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AHHoTanms. ['eHepamus TECTOBBIX MPOTpaMM Ha s3bIKe accemOiepa ¥ TPOBEpKa
KOPPEKTHOCTH PE3yJbTaTOB MX BBINOJHEHUS SBISIETCS HauOojee MIMPOKO IMPUMEHSIEMBIM
MOJXOJIOM K (PYHKIIMOHAILHON BepU(BHUKAIIUU MUKPOIIPOIIECCOPOB. JlaHHas 3amada pemaercs
IpU TIOMOLIM CIICIMAIBHEIX aBTOMATH3MPOBAHHBIX CPEACTB, Ha3bIBAEMBIX T'€HEpaTOpaMu
TECTOBBIX MPOTrpaMM. BBICOKast CIOKHOCTE COBPEMEHHBIX 3JIEKTPOHHBIX YCTPOMCTB CO3JAeT
MOTPEeOHOCTh B aBTOMATH3MPOBAHHBIX CPEJCTBAaX, CIIOCOOHBIX T€HEPHPOBATH TECTOBHIE
TIPOTpaMMBI, TTOKPHIBAIOIINE HETPUBHAIBHBIE CHTYallnd B UX paboTe. BoNBMIMHCTBO Takmx
CPEJICTB UCHONB3YIOT B KAUECTBE BXOJHBIX JaHHBIX MIA0IOHBI TECTOBBIX IIPOTPAMM, KOTOPEIE
MO3BOJISIIOT ~ OIMCHIBAaTh TECTOBBIE CLEHApUM B aOCTpakTHOM Bujae. Takodl MOAXO.X
NPEeOCTaBIseT HH)XeHepaM-BeprduKaTopaM BO3MOXKHOCTb OITMCHIBATh LIMPOKHH CIEKTP
3a71a4 TeHepalnuW, 3aTpayMBas MHUHUManbHble ycuius. [1IaGloHBI TECTOBBIX MPOrpamMm
pa3pabaThIBalOTCS Ha CIENUAJIBbHBIX MPEAMETHO-OPUEHTHPOBAHHBIX S3bIKAaX. Takue S3BIKH
TOJDKHBI  YIOBIIETBOPATH CIEAYIOMNM TpeOoBaHHsAM: (1) OHH JOIKHBI OBITH JOCTaTOYHO
MPOCTHIMH  JUISt  WCIIONB30BAHUS HMHXEHEPaMH-BepH(UKATOPaMH, HE  O0O0JIaJaloMNuMH
Cepbe3HBIMU HAaBBIKAMU IIPOTPAMMHUPOBAHMS; (2) OHM MOJDKHBI OBITH HPHMEHHMBI JUIS
IIMPOKOTO CIIEKTPa MHUKPOIPOLECCOPHBIX ApPXUTEKTyp M (3) OHH IOKHEI OBITH JIETKO
paciupsieMsl JUlsl TOJ/ICP)KKN OTMCaHMsl HOBBIX THIIOB 3aja4 reHepanuu. B nanHoii paborte
paccMaTpHBaeTCs S3bIK OMMCAHMUS Ia0JOHOB TECTOBBIX MPOIPaMM, KOTOPBIi ObUI cO3aH JUis
paciupsieMoil cpeabl reHepanuu TectoBhIXx nporpamMMm MicroTESK, paspabarsiBaemoii B
VCII PAH. Dto rubKuii mpeAMeTHO-OpUEHTHPOBAHHBIN S13bIK, OCHOBaHHbBIH Ha s3bike Ruby,
KOTOPBI MO3BOJISIET OMKCHIBATh MIMPOKUH HAOOp 3a7ad reHepalvi B TePMUHAX aOCTpakiuii
uupposoit ammapatypel. Cpema renepauun MiCrOTESK u s3bIk  ommcaHHs TECTOBBIX
m1abJIOHOB  YCITIEITHO NPHMEHSIOTCS B MPOMBIIUICHHBIX MPOEKTaX 110 BepHHUKANN
MHKpOIIpo1ieccopoB Ha 6a3e apxutektyp MIPS u ARM.

KiroueBble cJI0Ba: MUKpOIpOLECCOPhl; (DYHKIMOHANbHAs BepU(UKALMA, TIeHepalus
TECTOBBIX IPOTPaMM; TECTOBBIC LIA0JIOHBI; IPEIMETHO-OPUEHTUPOBAHHBIC S3BIKH.
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Abstract. In this paper, a tool for automatically generating test programs for MIPS64 memory
management units is described. The solution is based on the MicroTESK framework being
developed at the Institute for System Programming of the Russian Academy of Sciences. The
tool consists of two parts: an architecture-independent test program generation core and
MIPS64 memory subsystem specifications. Such separation is not a new principle in the area:
it is applied in a number of industrial test program generators, including IBM’s Genesys-Pro.
The main distinction is in how specifications are represented, what sort of information is
extracted from them, and how that information is exploited. In the suggested approach,
specifications comprise descriptions of the memory access instructions, loads and stores, and
definition of the memory management mechanisms such as translation lookaside buffers, page
tables, table lookup units, and caches. A dedicated problem-oriented language, called MmuSL,
is used for the task. The tool analyzes the MMmuSL specifications and extracts all possible
instruction execution paths as well as all possible inter-path dependencies. The extracted
information is used to systematically enumerate test programs for a given user-defined test
template and allows exhaustively exercising co-execution of the template instructions,
including corner cases. Test data for a particular program are generated by using symbolic
execution and constraint solving techniques.
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1. Introduction

A computer memory is known to be a complex hierarchy of data storage devices
varying in volume, latency and price. In addition to registers and main memory,
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microprocessors include a multi-level cache memory and address translation buffers.
The set of devices responsible for handling memory accesses is referred to as a
memory subsystem or a memory management unit (MMU). Being one of the key
microprocessor components, the memory subsystem is strongly required to be correct
and reliable. Due to the complicated structure of the memory, the number of situations
that can occur in processing load and store instructions is huge; this makes it
improbable to verify the subsystem «manually».

It is widely accepted that test program generation (TPG) is an essential approach to
microprocessor verification [3]. The problem is how to overcome the complexity and
at the same time provide acceptable test coverage. It is a fallacy that (naive) random
TPG is a good way to optimize testing [4]. A better solution, we think, is a
specification-based approach [3]. A TPG tool consists of two components: (1) an
architecture-independent test generation core and (2) an architecture specification, or
model. The approach reduces the efforts to create a generator by reusing the core —
the only thing one needs to develop is a specification.

There exist a number of tools implementing the paradigm mentioned above [3], [5],
[6]. However, only few of them are distributed under open licenses. ISP RAS’s
MicroTESK [7] is one of those few. The tool uses a dialect of the nML language[8]
for specifying instruction set architectures (ISA) and an extensible set of dedicated
languages for specifying particular microarchitectural features, including, first of all,
a memory management. In this work, we would like to share our experience in
creating a MicroTESK-based TPG for verifying MIPS64 MMUs [1], [2].

The remainder of this paper is divided into four sections. Section 2 contains a brief
survey of the existing approaches to TPG for MMUs. Section 3 presents the
MicroTESK framework and its facilities aimed at MMU specification and testing.
Section 4 studies application of the TPG approach for MIPS64 MMU. Section 5
discusses the results of the work and outlines directions of future research and
development.

2. Related work

There are several TPG tools based on formal specifications of memory subsystems.
IBM's DeepTrans [9] uses a dedicated specification language. Address translation is
depicted as a directed acyclic graph (DAG) whose vertices correspond to the process
stages and whose edges relate to the transitions between the stages. A path from the
source of the DAG to the sink defines a particular situation in the address translation.
Such situations can be referred from high-level descriptions of test programs (TPs),
so-called test templates (TTs). The latter are processed by Genesys-Pro [3], which
formulates constraints on instruction operands, solves them and transforms the
solutions into the instruction sequences. The major advantage of the approach is the
use of the highly developed languages for modeling MMUs and describing TTs. A
possible disadvantage is that the tool seems not to be able to automatically extract
MMU-related dependencies between instructions.
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In [10], the Java language coupled with a special library is used to model MMUs. As
in DeepTrans, the situations correspond to the paths in the DAG describing the MMU.
For example, {TLB(va).hit, TLB(va).entry.V, —L1(pa).hit}: there is a hit in the
translation lookaside buffer (TLB); the matched entry is valid; there occurs a miss in
the first-level cache (L1). In addition, the approach provides facilities for specifying
MMU-related dependencies between instructions. For example, {TLB —~ —tagEqual,
L1 ~ indexEqual}: instructions access different TLB entries; data are mapped onto
the same set of L1. TTs are constructed automatically by combining situations and
dependencies for short sequences of instructions. Building TTs and creating TPs is
done by MicroTESK (version 1) [7]. The strength of the approach is systematic TT
enumeration that takes into consideration instruction execution paths as well as
dependencies between instructions. The principal weakness is underdeveloped
specification facilities.

3. MicroTESK Framework

MicroTESK (version 2.3 or higher) [11] combines the advantages of the approaches
presented in [9] and [10]. The tool inputs are ISA specifications in nML [8], MMU
specifications in MMUSL (MMU Specification Language) and TTs in Ruby [12]. The
basic principles of MicroTESK are close to ones implemented in Genesys-Pro [3].
The specifications are analyzed to extract testing knowledge (situations and
dependencies), which is used to generate TPs from the given TTs as well as to
systematically enumerate TTs. More information on the tool can be found in [13] and
[14]. Here we provide a brief introduction to MicroTESK by the example of an
MIPS64 MMU [2].

3.1 ISA Specifications

ISA specifications include definitions of data types, constants, registers, access
modes, memories and instructions. Here comes an example (a fragment of the
MIPS64 specification), where there are listed three data types, BYTE, SHORT and
DWORD.

type BYTE = card(8) I/l unsigned 8-bit vectors
type SHORT =int(16)  // signed 16-bit vectors
type DWORD = card(64) // unsigned 64-bit vectors

Registers of the same type are grouped into arrays. Register access logic is
encapsulated in so-called modes, which, besides other things, define assembly format
(syntax) and binary encoding (image) of the registers. The following example
declares an array GPR, consisting of thirty two 64-bit registers, designates a stack
pointer alias SP = GPR[29], and defines a mode REG aimed at accessing those
registers.
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reg GPR [32, DWORD] Il Array of 32 DWORD Registers
reg SP[DWORD] alias = GPR[29] // Stack Pointer Alias

mode REG (i: card(5)) = GPR[i] // One-to-One Mapping

syntax = format("'r%d", i) Il Assembly Format
image = format("%5s", i) // Binary Encoding
number =i // Custom Attribute

Like a group of registers, a memory unit is represented as a plain array. In the example
below, an array MEM is interpreted as a physical memory comprised of 236 bytes.
Virtual memory issues such as address translation, caching, and the like are specified
separately with the use of a dedicated language (see the next section).

mem MEM[2 ** 36, BYTE] // Physical Memory Array

The attributes of instructions include syntax, image and action. Actions of load and
store instructions are described in an intuitive manner by reading or writing data from
or to the array representing the physical memory. Here is a specification of the Load
Byte instruction (LB), which derives an address from a base register (base) with given
offset (offset), loads a byte from the memory, and writes it to a register (rt).

op LB (rt: REG, offset: SHORT, base: REG)
syntax = format("'lb %s, %d(%s)", rt.syntax, offset, base.syntax)
image = format(*"100000%5s%5s%16s", base.image, rt.image, offset.image)
action = { rt = MEM[base + offset]; }

Notwithstanding MEM is interpreted as the physical memory, it is accessed through
virtual addresses — an access triggers the address translation mechanisms and other
MMU logic.

3.2 MMU Specifications

Being rather simple, nML does not have adequate facilities to describe MMUs. For
this purpose, a special MMUSL language is used. MMU specifications include address
types, memory segments, buffers, and control logic for handling loads and stores. In
the following example, address type, VA, is declared. It is a structure with single field
— address itself.

address VA(vaddress : 64)

A memory segment is considered as a mapping from a set of addresses of some type
to a set of addresses of another type. An example given below defines a segment
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XKPHYS that maps a VA of the given set (range) to the physical address (PA). The
segment performs flat translation with no use of TLBs and tables (read).

segment XKPHYS (va: VA) = (pa: PA)
range = (0x8000000000000000, OxbfffFFFFffffFFFF)
read = {
pa.paddress = va.vaddress<35..0>;
pa.cca = va.vaddress<61..59>;

¥

Buffers (TLBs, cache units, page tables, etc.) are specified with the following
parameters: the associativity (ways), the number of sets (sets), the entry format
(entry), the index calculation function (index), the tag calculation function (tag) and
the data eviction policy (policy). Their meaning passes current among
microprocessors designers. Here comes a sample description of TLB. It is accessed
by VAs. The keyword register means that the buffer is mapped to the registers and
can be accessed from the ISA specifications.

register buffer TLB (va: VA)
sets = 1 // Fully associative buffer
ways = 64
entry = (R: 2, VPN2: 27, ASID: 8, PageMask: 16, G: 1, ...)
tag = va<39..13>

Processing of memory access instructions is specified by requesting the segments and
buffers. The syntax is similar to nML though allows using such constructs as B(A).hit
(the buffer B contains an entry for the address A), E=B(A) (the entry for the address
A is read from the buffer B and assigned to E), B(A)=E (the entry E for the address
A is written to the buffer B), and the like. Here is a fragment of the MIPS64 MMU
specification. It contains two attributes, read and write, which, respectively, define
logic of loads and stores.

mmu MMU (va: VA) = (data: DATA_SIZE)
var pa: PA;
var line: DATA_SIZE;
var I1Entry: L1.entry;
read = {
pa = TranslateAddress(va); // Address Translation
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if IsCached(pa.cca) == 1 then
if L1(pa).hit then // L1 Cache Access
I11Entry = L1(pa);
line = [1Entry.DATA,
else
line = MEM(pa);
I1Entry. TAG = pa.paddress<...>; // L1 Cache Update
I1Entry.DATA = lineg;
L1(pa) = I1Entry;
endif;
else
line = MEM(pa);
endif;
data = line;
}

write=1{ ... }

3.3 TPG Approach

The MicroTESK TPG approach is based on TTs written in Ruby [12]. In general
terms, the process is as follows [14]. A TT describing a microprocessor verification
scenario is given to MicroTESK. The tool processes the TT and builds a series of
symbolic TPs, where abstract situations and dependencies (often in the form of
constraints) are used instead of specific values. Each symbolic TP is instantiated with
appropriate test data (TD). The resultant TP is supplemented with preparation code
that initializes the registers, the buffers, and the memory.

TTs are allowed to use modes and instructions defined in the specifications as well as
special TPG constructs (blocks, situations, etc) [14]. More technically, a TT is a
subclass of the Template base class provided by the MicroTESK library. In the
example below, MmuTemplate is a subclass of Mips64BaseTemplate, which, in turn,
is a subclass of Template. The entry point is method run. This method declares a
block of two instructions, LD and SD, to be processed with the dedicated memory
engine. The situation access guides TPG by specifying constraints and biases for the
MMU variables and buffers. The denotation reg(_) means any instance of the mode
REG, i.e. any GPR.

class MmuTemplate < Mips64BaseTemplate
def run
block(:engine => "memory", ...) {
Id reg( ), Ox0, reg( )
do situation("access", hit("L1"), ...) end
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sd reg(), 0x0, reg( )
}

end
end

Let us consider how TPG for MMUs is organized. Parsing specifications results in
two entities: an interpreter, which is a part of the instruction set simulator (ISS), and
a symbolic representation in the form of a labeled DAG. The DAG is traversed, and
all possible execution paths are extracted. An execution path describes processing of
a single memory request and finishes either with a memory access or with an
exception (alignment fault, TLB refill event, etc.). Paths are composed of transitions.
Each transition is supplied with a guard, i.e. a condition that enables the transition,
and an action to be performed; it can also be labeled with a buffer being used in the
guarded action. Here is a fragment of the execution path in MMU (see above)
represented in a hypothetical language.

path PATH(va: VA) = (data: DATA_SIZE)
transition {
guard = TRUE
action = {} // Go to TranslateAddress(va)
b
transition {
guard = L1(pa).hit
action = { I11Entry = L1(pa); line = I1Entry.DATA; }
buffer = L1
b
Given two execution paths, the tool can extract possible dependencies between them.
A dependency is a map from the set of buffers common for the given paths to the set
of conflict types. More formally, let p; and p, be execution paths, C be a non-empty
set of conflict types, and B(p) be the set of buffers used in a path p. A dependency
between p; and p, isamap d: B(p,) N B(p,) — C. The set C is supposed to include
the following elements and their negations:
o indexEqual — access to the same set of the buffer;
e tagEqual — access to the same entry of the buffer;

e tagEvicted — access to the recently evicted entry.
Givena TT, symbolic TPs are systematically enumerated. The main, but not the only,
approach supported by MicroTESK is combinatorial generation. Symbolic TPs are
constructed by selecting all relevant execution paths for the TT’s instructions and
producing all satisfiable dependencies for each combination of the paths. To avoid
combinatorial explosion, special heuristics are used, including factorization of the
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paths and limitation of the depth of the dependencies. Among them, a buffer-event
factorization is frequently used. Let p be a path, and event,, : B(p) — { hit,miss}
be the induced map of the buffers to the events. Two paths, p, and p,, are equivalent,
if B(p1) = B(p,) and for each b € B(p;), event, (b) = event,,(b) holds.
During TPG, the equivalence classes are enumerated, while their representatives are
randomized.

. . . n . .
Symbolic TP is a pair ({p;}-, '{dij}i,jzl(i<j))’ where p; is an execution path, and d;;

is a dependency between p; and p;. To produce a TP from a symbolic TP, appropriate
TD are required, including addresses of the instructions, entries of the buffers being
accessed (except replaceable ones, such as caches) and sequences of addresses to be
used to load or evict data to or from the replaceable buffers. Formally, TD are a tuple
({addr;}i=,, {entry}1=,, load, evict), where addr;(a) is an address of the type a
used in the path p;, entry;(b is an entry of the buffer b accessed by the path p;,
load (b, s is a sequence of addresses to load data to the set s of the buffer b and,
finally, evict (b, s) is a sequence of addresses to evict data from the set s of the buffer
b.

Here is an approximation of the TD generation algorithm implemented in
MicroTESK’s memory engine. The following denotations are used: : d;(b, c) is the
minimal i, such that 1 < i < j and d;;(b) = c, or a special value € ¢ N if there
are no such i; addr;(b) is equivalent to addr;(a,), where a,, is the address type of
the buffer b; tag, (addr) and index, (addr) are, respectively, the tag and the index
extracted from addr by using the corresponding functions of the buffer b;
newAddr,(tag,index,...) is an address constructed from tag, index, and,
probably, some other information; newEntry, (id, index) is an empty entry of the
buffer b with specified id and index; given a buffer b, its state s, and index,
victim, (s, index) is a tag to be evicted. Other functions will be briefly explained
further below.

forallje {1,..., n}do
addr; « Solver.constructAddresses(p;)
forall b € B(p)) do
if d;(b,tagEqual) + € then
i< dj(b tagEqual)
addr;(b) < newAddr,(tag,(addr;(b)),index,(addr;(b)),...)
else if d;(b, indexEqual) # € then
i « d;(b,indexEqual)
tagpe, < Allocator.allocTag(b,index,(addr;(b)))
addr;(b) < newAddr,(tagy.,, index,(addr;(h)),...)
endif
endfor

forall b € B(p;) do
if b.policy # none then
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if event,, (b) = hit then
load(b,index) < load(b,index) - {addr;(b)}
else

forallk € {1,...,b.ways} do
tagnew < Allocator.allocTag (b, index,(addr;(b)))
addr ., « newAddr,(tagy,,, index,(addr;(b)),...)
evict(b,index) « evict(b,index) - {addr,,;.}
endfor
endif
else
if event, (b) = hit then
if d;(b,tagEqual) + € then
i« dj(b,tagEqual)
entry;(b) « entry;(b)
else
id,., < Allocator.allocEntryld(b,index,(addr;(b)))
entryjy) « newEntry,(id,,,, index,(addr;(b)))
endif
endif
endif
endfor
endfor

state < Interpreter.observeState()
loads < Loader.prepareloads(load, evict)
state < Interpreter.execMmu(loads, state)

forallje {1,...,n}do
forall b € B(pj,a) do
if d;(b,tagReplace) + € then
i< dj(b tagReplace)
addr;(b) « newAddr,(Tag.yi.:(b,p;), index,(addr;(b)),...)
endif
if event, (b) = miss then
Tagvic(b,pj) < victimy(state, index,(addr;(b)))
endif
state « Interpreter.execBuffer(b,{addr;(b)}, state)
endfor
endfor

forallje {1,...,n} do
entry; < Solver.constructEntries(p;)
endfor

Generator exploits several auxiliary components: Solver, Allocator, Interpreter
and Loader. Solver performs symbolic execution of a given path and constructs
required entities (addresses, entries, etc.) by calling constraint solvers. Interface with
solvers is provided by Fortress library [15]. It supports SMT solvers, such as Z3 [16]
and CVC4 [17], as well as in-house solvers aimed at particular tasks. Allocator
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chooses buffer indices, tags and other address fields taking into account user-defined
constraints (e.g., forbidden memory regions). The default strategy is to allocate a new
index or a new tag for a given index on every request. This allows avoiding
undesirable dependencies between instructions. Interpreter simulates accesses to
buffers and predicts data evictions. The results of the predictions are used to satisfy
tagEvicted conflicts. Loader prepares a sequence of accesses so as to fulfill hit and
miss requirements. The default strategy is as follows. Buffers are handled in reverse
order; for every buffer b and every set s, evict(b, s) and load (b, s) are added to the
sequence.

Finally, TD are transformed to the ISA-specific preparation code. For this job, the
tool needs to know what instructions have to be used to set up addresses and entries.
Such information is provided in TTs in the form of so-called preparators.
Technically, a preparator is a piece of code that defines a sequence of instructions to
reach a certain goal. Given a register type (to be more precise, an access mode), there
usually exists a family of preparators differing in patterns of loaded values. For
example, Mips64BaseTemplate contains the following preparator for loading a 32-bit
value into a GPR via the mode REG.

preparator( :target => "REG", :mask => "00000000xxxxxxxx") {
ori target, target, value(16, 31)
dsll target, target, 16
ori target, zero, value(0, 15)

}

For each buffer, there should be a preparator to write an entry into it. A preparator for
MIPS64 DTLB is given below.

buffer_preparator(:target => "DTLB") {
ori t0, zero, address(48, 63)
dsll t0, t0, 16
ori t0, t0, address(32, 47)
dsll t0, t0, 16
ori t0, t0, address(16, 31)
dsll t0, t0, 16
ori t0, t0, address(0, 15)
Ib 0, 0, t0
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4. MIPS64 MMU Case Study

The most challenging part of developing a specification-based TPG tool for a
microprocessor is MMU specification. Speaking of MIPS64, the following things
have been specified [2]: address spaces, a TLB entry format, and an address
translation procedure. Additionally, we have described a two-level write-through
cache memory.

MicroTESK’s MMUSL has allowed specifying MIPS64 MMU in quite a compact way
(approximately 220 lines of code). The specifications involve a TLB (JTLB and
DTLB), two-level cache memory buffers (L1 and L2) and memory segments (kseg0,
ksegl, xkphys, and useg). On the base of the ISA [18] and MMU [2] specifications,
18 memory access instructions and several auxiliary instructions to access the TLB
and the cache have been defined. Description of a single instruction makes up
approximately 10 lines of nML code on average.

Table 1. Complexity of MIPS64 MMU Specification

Min Max Average
Number of Transitions if an Execution Path 7 52 38
Number of Variables in a Path Formula 3 76 49
Number of Execution Paths of an Instruction 76

Table 1 contains numeric data on MIPS64 MMU execution path complexity. While
the complexity is relatively low (average path consists of less than 40 transitions and
comprises less than 50 variables), only very short TTs can be processed by exhaustive
enumeration of symbolic TPs. In more complicated cases, heuristics become of
crucial importance. E.g., the buffer-event factorization gives only 9 path equivalence
classes, enabling systematic enumeration of longer sequences of memory accesses.
Generation of more complicated TPs is done with the help of constrained random
generation. This requires verification engineers to explicate their knowledge in the
form of constraints and biases.

This is an ongoing project, and some useful information, such as test coverage, is not
available at the moment. Though it is worth considering the lessons learned. We found
it convenient to use domain-specific languages (DSLs) for specifying ISAs and
MMUs. The use of DSLs, first, eases extraction of testing knowledge and, second,
simplifies learning of the TPG tool. On the other hand, it seems that dynamic
programming languages, such as Ruby and Python, suit well for describing TTs. Such
languages can be easily extended with TPG constructs. Our negative experience is
mostly connected with low performance of the tool. Constraint solving needs to be
optimized. As the authors of [19], we believe that specialized solvers will help.
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5. Conclusion

TPG is a widely-accepted approach to microprocessor verification, including, in
particular, MMU verification. State-of-the-art MMUs are extremely complex devices
comprising multi-level address translation and caching. Naive approaches to
automated TPG for MMUs — meaning, first of all, random generation techniques —
are highly improbable to reach high level of test coverage in reasonable time.
Specification-based TPG, in our opinion, is one of the most promising directions in
the area. Since 1990s, it has been successfully applied to microprocessor testing and
verification, e.g., in IBM [3], and it continues to evolve.

The MicroTESK team [7] contributes its mite to the evolution of the specification-
based approach. Our goal is to create an open-source, extensible and reconfigurable
TPG framework [13], [14]. Different versions of MicroTESK, including the one
described in [10], have been applied to several industrial microprocessors and allowed
to reveal a large number of critical bugs, which had not been detected by randomly
generated TPs.

The proposed solution is based on ISA specifications in nML [8] and MMU
specifications in MMUSL. ISA specifications formally describe microprocessor
instructions, while MMU specifications define memory segments and buffers.
MicroTESK is able to automatically extract testing knowledge from the specifications
and to exploit it for TPG. TTs are created with the help of Ruby [12]. To generate
TD, symbolic execution and constraint solving techniques are intensively used.

The work is still in progress, and a number of things need to be done. The most
priority task is a performance optimization of the constraint solving. Another task is
to extend the approach to multicore designs and multiprocessor systems. The main
challenge here is to create a unified technology that would include formal verification
of cache coherence protocols, unit-level verification of MMUs, and system-level
TPG.
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NeHepauunsa TeCcTOBbLIX NporpaMm AnA
noacucteMbl ynpasrneHus namatbio MIPS64
Ha OCHOoBe cneuudukayum

A.C. Kamxun <kamkin@ispras.ru>
A.M. Koywinax <kotsynyak@ispras.ru>
Hucmumym cucmemnozo npoepammuposanusi PAH,
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AHHoTanus. B nanHON paboTe OnmcaH WHCTPYMEHT aBTOMATHYECKOH TeHepaIi TECTOBBIX
nporpaMM Jjsl MOJCUCTEM YIPABICHHUS MAMATBIO MHKPOIPOLIECCOPOB C apXUTEKTYpOM
MIPS64. TIpennaraemoe cpeactBo Gaszupyercst Ha cpene MicroTESK, paspabatsiBaemoii B
Wucturyre cuctemHoro nporpammuposanust PAH. MHCTpyMEHT cOCTOMT M3 IBYX YacTei:
APXUTEKTYPHO HE3aBUCHMOTO SI[pa TEHEpalMd TECTOBBIX MPOrpaMM U CICHUPHUKAIMN
noncucteMbl mamsaTa MIPS64. Takoe pasnencHue He SBISICTCS HOBBIM — aHAJIOTHYHBII
MOAXOJ TpPUMEHSIETCS B IPOMBIIUIEHHBIX TeHeparopax, B ToM umcie B Genesys-Pro,
pa3pabarsiBaeMOM B HCCIIEIOBATENLCKOM mojpasjeiiciun komranud IBM. OcHOBHbIE
pa3IuyKs MEXKIy MHCTPYMEHTaMH COCTOST B (JOpMe Ipe/CTaBlicHUs CrelupUKauii, THIIE
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H3BJIEKaeMON W3 HHX HHQPOPMANUH U CHOCO0aX HCIIONIB30BaHUS STOH MH(OPMAIWU IS
TIOCTPOCHHUS TeCTOB. B mpemmaraeMoM noaxone crienuyUKaUy BKIIOYAIOT B ce0sl ONHMCAHUS
MHCTPYKIMIl TOCTyNa K MaMsATH (MHCTPYKLMI YTEHHS M 3alMCH) M ONHMCAHHMSA MEXaHU3MOB
yIpaBJIeHUS IaMATHIO, TAKMX KaK Oydep TpaHCIAMu anpecos, Tabikla CTpaHHL], YCTPOICTBO
anmnapaTHOTO MOMCKA MO TaOJIMLE CTPAHML, K3LI-AaMATh. st crnenuduKkamuym Takoro pona
MEXaHU3MOB (YCTPOHCTB) pa3paboTaH mHpOOIEMHO-OPUEHTUPOBAHHBIN S3bIK, Ha3BaHHBII
MMUSL. WHCTpyMeHT aHammsupyer MMUSL-crierupukamyiy M H3BIEKaeT BCe BO3MOXKHBIE
ITyTH MCHOJHEHNS HHCTPYKIHUH (BapraHTH 00pabOTKH 3aIIpOCOB K ITOJICHCTEME NTaMsTH) U BCe
BO3MOJKHBIE 3aBHCHMOCTH MEXIY dTHMH ITyTSMHU (KOH(IMKTHI HCIIOJIB30BaHUS YCTPOWCTB).
W3Bneuennass MHGOpPMAIWS HCIOIB3YeTCS I CHCTEMaTHYEeCKOro Iepedopa TEeCTOBBIX
TIporpaMM I 33JaHHOTO IT0JIb30BaTeIeM TECTOBOTO MIa0JI0Ha M MO3BOJIIET HCUEPIIHIBAIOIINM
00pa3oM HccIe0BaTh COBMECTHOE HCIIOJIHEHUE TPYIIBI HHCTPYKLMH, BKIIFOYAs pPa3HOro poja
rpaHUYHbIe Cioydan. TeCTOBBIC JaHHBIC Ui TECTOBBIX INPOrpaMM (3HAYCHHS aapecoB,
conepxumoe Oy(epoB U T.II.) TEHEPUPYIOTCS C HCIOJIH30BAaHHEM TEXHUK CHMBOJIHYECKOTO
WCIIOTHEHWSI U pEeLIeHHs] OTpaHHIEeHHH.

KnawueBbie cioBa: MUKPOIIPOUECCOP, IMOACHUCTEMA MNaMATH, KIOIIUPOBAHUE, TPaHCIANUA

azipecoB, opMarbHas CleNU(pHUKAINs, TECTOBAS IIPOrpaMMa, TeHEPaTOp TECTOBBIX IPOTPAMM,
MIPS64.
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TpaHcnauma BrnoXxeHHbIX ceten lNetpu B
Knaccuyeckue cetu lNMetpu gna
Bepudmkaumm pasBepTok
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National Research University Higher School of Economics,
20 Myasnitskaya St., Moscow, 101000, Russia

AHHoTanus. Brnoxennsie cetn [lerpu sABIAOTCA OOHUM U3 yHOOHBIX (HOPMAIM3MOB IS
MOJICIIMPOBaHMs U aHalM3a IOBEAEHUS pacIpelelCHHBIX MYJIbTHAreHTHBIX cucreM. OHH
€CTECTBEHHBIM 00pa30M IPEJCTaBISIIOT CTPYKTYPY MYJIbTHAareHTHBIX CHCTEM, TaK KakK (GUIIKu
B CHCTEMHOM CETH CaMH SIBIAIOTCS KIIACCHIECKUMU CEeTSIMH I1eTpH 1 MOTYT HIMETh aBTOHOMHOE
HoBe/eHNHe. MyNbTHAareHTHBIE CHCTEMBI SBIAIOTCS CHCTEMAMH C BBICOKHM YPOBHEM
napauienu3mMa. IIpu BepuduUKAlMM TaKMX CHCTEM METOJaMH INpoBepku Mozenn (model
checking) Bo3HHMKAOT cephe3HbIE TPYAHOCTH, CBS3aHHBIE C B3PBIBHBIM POCTOM YHCIA
MPOMEXYTOUHBIX COCTOSIHHI cucTeMsl (State-space explosion problem). Jlns pemenus stoit
npoOJsieMBl B JIMTEpaType ObUI MPEJIOKEH MOJX0/A, OCHOBAaHHBINH Ha MOCTPOSHUH PA3BEPTKH
MOBEJIeHUsI cucTeMbl. Panee Oblla M3ydeHa NMPUMEHHMMOCTH Pa3BepTOK Uil BepH(UKAIMN
BIIOJKEHHBIX ceTedl [leTpu M mpemyiokeH METOJ MOCTPOSHMSI Pa3BepTOK Ui Oe30MacHBIX
KOHCEPBaTHBHBIX BIIOKEHHBIX cereil [letpu. B aroif paboTe mpemmaraercss Apyroil MeTonm
MOCTPOCHUSI Pa3BEPTOK Il OE30IMacHBIX KOHCEPBAaTHBHBIX BIOXKEHHBIX cered IleTpw,
OCHOBaHHBIIl Ha TPaHCILIIUM TaKUX ceTed B knaccudyeckue cerd Ilerpu. [lisa xnaccudeckux
cereil [lerpn 3aTeM MPHUMEHSIOTCS CTAaHAAPTHBIE METOJBI IOCTPOEHHS pa3BepTOK. Takke B
paboTe 00CyKIal0TCsl CPAaBHUTEIBHBIE JOCTOMHCTBA ABYX MOIXOMOB.

KuroueBsble ciI0Ba: MyIbTHAT€HTHBIE CHCTEMBI; BepuHKaIys,; ceTn [IeTpu; BIoskeHHBIE CeTH
Ilerpwu; pa3BepTku.
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B Kiaccuueckue cetu [lerpu ms Bepudukaunu passeprok. Tpyasr ICII PAH, Tom 28, Bbim,
4,2016, ctp. 115-136. DOI: 10.15514/ISPRAS-2016-28(4)-7

1. BeedeHue

MyJ'H;TI/Ial"CHTHI)Ie CUCTEMbl AKTHBHO HU3YYalOTCA YK€ B TCUYCHUC HCCKOJBbKUX
ﬂeCﬂTHHeTHﬁ. Onu HCIIOJB3YIOTCH B PA3JIMYHBIX NPAKTUICCKUX 06nacmx, TaKHX KakK
I/ICKYCCTBGHHHﬁ HUHTCJLICKT, 00J1aYHbIE CCPBHUCHI, TIpuUA CHUCTEMbI, CHUCTCMbI
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BCTPOEHHOW PEabHOCTH ¢ MHTEPAKTUBHBIMHU areHTaMH Cpeibl, cOope HH(POpMaLuH,
KOOIepa MOOHIIBHBIX ar€HTOB U KOMMYHHKAIIUH.

MynbTHAreHTHBIE CHCTEMBI CIOXKHBI M3-32 MX PACIpeneleHHOH CTPyKTyphl. OHH
COCTOSIT U3 B3aHMMOACHCTBYIOIUX ar¢HTOB, MMEIOIIUX OOLIYIO Cpely U aBTOHOMHOE
noBenenune. Korma paspabareiBaeTcs Takas CHCTEMa, BaXKHO NPOBEPHUTH, OYACT JH
OHa OTBEYaTh HEOOXOIUMBIM TpeOOBaHUAM. I CIIOKHBIX PAaCIIPENEICHHBIX CUCTEM
OOBIYHO CHaYajla CTPOSAT W AHATU3UPYIOT (BEpU(UIMPYIOT) MOICIh CHCTEMBI H
TOJIBKO TIOCTIC POBEPKH KOPPEKTHOCTH MOJICIIH TIEPEXOIAT K ATAIy pean3aliiy.
OnHuM 13 GopMannu3MOB, YCIICIITHO MPEACTABIIAIONINX OBEJCHHIE paclpeeIeHHbIX
cucteM, sBistorest cetd [lerpu. OfHAKO H3-3a IUIOCKON CTPYKTYpPBI KIACCHUSCKUX
cereil IleTpy OHHM OKa3bIBAIOTCS HEYHAOOHBI IS MOJCIHUPOBAHUS CIIOXHBIX
MyJIBTHATCHTHBIX CHCTEM. JIJsl TaKMX CHCTEM HCIONB3YEeTCsl CICIHATbHBIC
pacmupenus ceteit [letpu, B yacTHOCTH, BioxkeHHbIe ceT lletu [1]. Bnoxennsie
certu [leTpu eCTECTBEHHO MPECTABISIOT CTPYKTYPY U MOBEACHHUE MYJIbTHATCHTHBIX
CHCTEM, TaK KaK (QUIIKK B CHCTEMHON CETH CaMH SBJIAIOTCA ceTamu [IeTpu U UMeroT
COOCTBEHHOE ITOBE/ICHUE.

Jnst mpoBepku CBOMCTB ceteid [leTpu 4acTo MCHONB3YIOTCST METO/IbI Bepr(HKaIHH,
ocHoBaHHbIe Ha mpoBepke Mozeneit (model checking). OchoBHas wmes 3TOrO
HOJIX0/a 3aK/II0YACTCS B IIOCTPOCHUH Tpada TOCTIKUMOCTH U POBEPKE CBOKCTB Ha
noyrydeHHoM rpade. OJHaKO NPH HCIOJIb30BAHUH 3TOTO METOAA ISl BepHUDUKALIHH
BBICOKO TapaJUICNIbHBIX CHCTEM BO3HHMKAeT Cephe3Has NpoOiieMa, CBs3aHHAS C
pasMepoM Tpada TOCTHXUMOCTH CUCTEMBI. JTa mpoblieMa U3BECTHA Kak Mpodiema
B3pBIBHOTO pOCTa uucia cocrosiauit (State-space explosion problem) — wuwmcio
NPOMEXYTOYHBIX COCTOSHHI CHCTEMBI pPacTeT SKCIIOHCHIHMAIbHO OT 4YHCIa
HE3aBHCHUMBIX NAPaJJICIbHBIX areHTOB.

OIHMM U3 peleHud 3Toi mpoOIeMBl SIBISETCS NPOBEPKa CBOMCTB CHCTEMBI HE Ha
rpade DOCTHIKUMOCTH, a Ha Tak HasbiBaemo# passeptke (unfolding) ee moBenenus
[2,3]. Panee B pabore [4] ObUIO TMOKa3aHO, KaK TEOPHs Pa3sBEPTOK MOXKET OBITH
NpHMEHEHa IS BEpU(UKAIINK BIOKEHHBIX ceteii [leTpu, a UMEHHO, itst 6e30MacHbIX
KOHCEPBATHBHBIX BIIOKCHHBIX ceTeil [leTpu OBLTO JaHO OMpEeNiCHHe Pa3BepPTKU H
OITHICaH AJITOPHUTM €€ MOCTPOCHHUS. BBIIO TOKa3aHO, UTO IS BIOKEHHBIX ceTelt [leTpu
BBITIONTHSIETCS (DyHIAMEHTAIFHOE CBOWCTBO PAa3BEPTOK H, CIEAOBATEIBHO, Pa3BEPTKH
BIIOXKCHHBIX CETEil MOTYT OBITH UCIIOJIB30BaHbI Ui BepHU(UKALMHA KOHCEPBATUBHBIX
BIIOXKEHHBIX ceTeil [leTpu Tak ke, Kak KJIaCCHYECKHEe Pa3BepPTKH HCIOJIBb3YIOTCS IS
BepH(DUKALMN KIACCHIECKHX ceTeil [leTpu.

B 3T0ii paboTe onuchIBaeTCst APYyroii crnocob mocTpoeHuUs pa3BepTOK 11l 6e30MacHBIX
KOHCEPBAaTHUBHBIX BIOXKEHHBIX ceTell [letpu. KoHcepBaTMBHOCTH O3HAYaeT, 4TO
ceTeBble (DUIIKH, MPEICTABISIOLIAE ArceHTOB, HE MOTYT OBITh YHHYTOXCHBI HJIH
CO3/1aHbl, HO MOTYT H3MEHSTH CBOC TOJIOKEHUE B CUCTEMHOI! CETH, a TAKXKE MCHSTh
CBOE BHYTPCHHEE COCTOSHHE, T.C. KOJMYECTBO arcHTOB B CHCTEME HE MEHSETCH.
Be3omacHOCTh O3HAYaeT, YTO B KaXKIOH MO3ULUM CHCTEMHOH CETH MOXKET
OJIHOBPEMEHHO HaXOJUTKLCS He Ooiee 0THOM ceTeBOM (PUIIKM (areHra).
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MpbI Toka3biBaeM, 4To I JII000# 0e30MmacHOi KOHCEPBATHUBHON BIIOKEHHOUW CETH
Iletpn MOXHO TOCTPOHTH SKBHBAICHTHYIO KJIACCHYECKYIO ceThb lleTpm, a 3aTem
MPUMEHHUTH METOJ IIOCTPOCHUS Pa3BEPTOK IS Kilaccuyeckux cetell. [lomyuennas B
pe3ynbpTaTe pasBepTka OymeT m3oMopdHa pa3BepTKe BIOXKEHHOW cetu llerpw,
MOCTPOCHHON METOIOM, OTHCAHHBIM B [4].

1.1 CpaeHeHue ¢ dpya2umMu uccriedogaHusIMu

Brnoxennele cetu IleTpum  IIMPOKO  HCHONB3YIOTCS B MOJCIHPOBAHUU
pacmpe/ieNieHHbIX CHCTEeM [5,0,7], TOCIEAOBATENbHBIX H PEKOHPHUIYPUPYSMBIX
cuctemax [8,9,10], Bepudukanuu npoTokonos [11], koopAWHAIIMK CEHCOPHBIX CeTEeH
¢ MOOWIBbHBIMH areHTamMu [12], MHHOBAIMOHHBIX APXUTEKTypax KOCMHYECKUX
cucteM [13], pacmpeneneHHbIX BEIYUCICHUsIX [14].

B nurepatype ObLI0 IpeIoKEeHO HECKOJIBKO METO/IOB JUIs IOBEJCHYECKOTO aHaIn3a
BJIOJKEHHBIX cereil [leTpu, cpey HUX KOMIO3UIIMOHATIBHBIE METOJIBI ISl IPOBEPKH
OTPaHHYCHHOCTH M JKHBOCTH BIOXEHHBIX cetedl Ilerpu [15], TpaHcasims
BIIOJKeHHBIX ceTell [leTpu B packpamennsle cetd Ilerpu u Bepudukanus ux c
nomorpio CPNtools [16], Bepudukaius moakiacca PeKypCHBHBIX BIIOKEHHBIX
cereit [lerpu ¢ momormipto SPIN [17].

[Toaxoxn, OCHOBaHHBIN Ha MOCTPOCHHM Pa3BEPTKH, M MpoOJieMa B3PBIBHOTO pocTa
YHCJIa COCTOSIHMM IOJpOOHO omucaHbl B juTeparype. Hawano paspaborkam B
005IacTH OCTPOCHHMS Pa3BEePTOK M Klaccuueckux cereid [leTpu ObLIO MOJ0XKEHO B
[18]. K. MakMwmnan [2] Obul mepBBIM, KTO HCIOJB30BA Pa3BEPTKH LIS
Bepudukanuu. OH MPEJCTaBUI KOHLENLIHUIO KOHEYHBIX NPe(pHKCOB pa3BEPTOK U
NOKa3aJ NPUMEHUMOCTb TOTO MOAX0A JJIsl BepHU(DUKALUH aCHHXPOHHBIX LICTICH.
Wcxonmnblid anroput™M MakMuiiaHa ObUT MCIOJNB30BaH JUI PEIICHUsS MPOOIIeMBI
BBITIOJTHUIMOCTH II€PEX0/1a — IPOBEPUT, MOXKET IaHHBIN Mepexo]] cpaboTaTh WK HET.
DTOT aNropuT™ NPUMEHHM TaKOKe JJIsl HPOBEPKH HATHYHUS ACIJIOKOB H JUTS PELICHHS
HEKOTOPBIX Apyrux mpobiiem. [lozxe ymydnieHus aaroputMa ObUIH IPeCTaBICHbI B
[19,20,21]. MmetoTest Takke pabOTHI O MPUMEHEHHIO Pa3BePTOK sk BepU(UKAIHK
BBICOKOYPOBHEBBIX cereit [Tetpu [22], anre6p mpoteccos [23] u M-ceteit [22].
OO01muii HoAXo U1t OTCEUSHHUS Pa3BEPTOK C COXpaHEHNEM HH(POPMAIK B KOHEYHOM
npedukce pasBepTKH Npeaaoxed B [24,25]. DTOT MeTo[ OCHOBaH HA IOHITHH
YCEUEHHOT0 KOHTeKCTa. MBI HCHOJNB3yeM J3TOT TMOJAXOJA JUIS OIpEACICHHs
BETBALLETOCS IPOLECCA U PA3BEPTKU KOHCEPBATUBHOM BII0KEHHOU cetu IleTpu.

1.2 Cmpykmypa pabomsi

B paznerne 2 nansl OCHOBHBIE OTpeienieHns ceTeid [leTpu u BiIokeHHbIX ceTel [leTpu.
B paszgene 3 npeacTaBieH alrOPUTM IS TPAHCIIAIUE OC30MMACHBIX KOHCEPBATHBHBIX
BIIO’KEHHBIX ceTelt [leTpu B kiaccuueckue. Pasnen 4 mocBseH cpaBHEHNIO METOAA
MIOCTPOCHUSI Pa3BEPTOK HA OCHOBE TPAHCISIIUU BIOXEHHOW cetu Iletpu B
KJIACCHUECKYI0 ¥ METOJ[a HETIOCPEJCTBEHHOTI'O0 MOCTPOCHUS Pa3BEPTKH BIIOKEHHOM
cetn. [locienHuii pa3jen COACPIKUT BHIBOJBI U OOCYKICHHS PE3YJIbTATOB PAOOTHI.
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2. MpedeapumenbHbie ceedeHus

Ilycte S — KOHEYHOE MHOXKECTBO. MYJIBTUMHO)XECTBOM 1M HaJ MHOKECTBOM S
Ha3pBaeTcs QyHKs m: S — Nat, rae Nat — MHOKECTBO HEOTPHUIIATEIbHBIX IEIBIX
qrcen. J[pyrumMu cioBaMu, MYJIbTHMHOKECTBO MOYKET COIEPKATh HECKOIBKO KOTIHit
OJIHOTO M TOTO XK€ 3JIEMEHTA.

Jlns AByX MYJIBTUMHOKECTB m U m' mojaraeM m S m', ecimu Vs € S : m(s) <
m' (s) (otHorenue BkIoUeHUs). CymMMa U 0OBEIUHEHUE IBYX MYJIBTHMHOKECTB
mum' TakKe ONPENENATCs CTaHAapTHo: Vs €S : (m+ m')(s) = m(s) +
m'(s),(m um’)(s) = max(m(s),m’(s)).

2.1 Knaccu4yeckue cemu lNempu

Iycte P u T — B2 KOHEYHBIX HETIEPECEKAOIINXCS MHOKECTBA O3UIMI U TIEPEXO/I0B
u F S(PXT)U(T XP) — ¢yuximus wunmaentaoctd. Torma N = (P, T,F)
seisiercst  cethto  Ilerpu.  Pasmerkoit cetm N = (P,T,F) wHaspiBaercs
MYJIBTHUMHOXECTBO HaJ MHOXeCTBOM nosuiuii P. Yepez M (N) Gyaem 0603HAYATH
MHOYECTBO BceX pa3MeTok cetd N. Pasmeuennas (mMapkupoBaHHas) ceTh [leTpu
(N, M,) — 10 cetb IleTpu BMecTe ¢ €€ HauambHOMN pa3sMeTKON M.

I'paduuecku ceth IleTpu mpeacTaBiseTcs B BUAEC OPUCHTHPOBAaHHOTO rpada, B
KOTOPOM BEPIIMHBI-TIO3UIIUN U300paKaroTCs KPyramu, a BEpPIIMHBI-IEPEXObI —
OpSIMOYTOJIbHUKAMH. [lO3UIMK  MOTYT COAep)KaTh (HUIIKH, MPEICTABICHHBIC
3aKpaIIeHHBIMU KpyXKamu. Tekyiasi pasMeTrka 1m OMPeaeiseTcsl MOMEIICHUEM
m(p) duiek B KaxIyro MO3UIMIO p € P.

Hus mepexona t € T gyra (x, t) Ha3pIBaeTCs BXOISIICH yToH, a (t, x) — UCXOIsIIeH.
st kaxcoii BepuirHel X € P U T MblI onipejiesisieM Ipei-MHOXKECTBO 3JIEMEHTOB IS
BepuuHbl X Kak » x = {y | (y,x) € F}.

Ms1 roBopuM, uto mepexon t B cetu Ilerpu N = (P, T, F) aktuBeH B pasmetke M
ecnmi ot © M. AKTHBHBIH TEPEeXOJ MOXET cpaboTaTh M MPOHM3BECTH HOBYIO

t
pasmetky M' = M —e t + t o (0603Hauaercst kak M — M"). PasmeTka M Ha3bIBaeTCs

JOCTHKHUMOH, €CIH CYIIECTBYeT (BO3MOXKHO, IIyCTas)) IIOCIEJOBaTEIbHOCTD
t1 t2
cpabareBanuit My - M; - M, - -+ - M u3 HauanpHOW pasmerku B M. Uepes

RM (N) 0603HaUNM MHOKECTBO BCEX JIOCTIKMMBIX pa3MeTOK B N.

Pasmerka M HasbiBaeTcs G€30MACHOM, €CIIN IS BCeX MO3UIMiA p € P umeem M (p) <
1. MapkupoBanHas ceTb IleTpu Ha3pIBaeTCs 6€30MaCHOM, eCITM KaXkaast JOCTIKUMAst
pasmerka M € RM (N) Geszomacua. I'pad moctmkumoctu cetu Iletpu (N, M)
MPENCTaBJsIeT AEeTalbHYI0 WH(GOPMAIUI0O O TIOBEIEHUH CETH. JTO IMMOMEYCHHBIN
OpHUEHTUPOBAaHHBIH Tpad, B KOTOPOM BEPIIMHBI SIBJISIOTCS JTOCTHKAMBIMH
pasmetkamu cetd (N, M), a Ayru COOTBETCTBYIOT cpabaThIBAHUIM IEPEX00B. B
rpade JOCTIKUMOCTH JIyTa t MeX Ay pasMeTkamu M u M’cyliecTByeT TOr/ia v TOJIBKO

¢
toraa, korna M - M',
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2.2. Pazeepmku knaccu4veckux cemel lMempu

Pa3BepTKU HCIOIB3YIOTCS VTSI IPEICTABICHHUSI CEMAHTHUKH HCTHHHOTO Mapalien3mMa
(true concurrency) cereit Iletpu. Jlisi BepHUUKAIWK WCIIOIB3YIOTCS KOHEYHBIC
npeuKCchl pa3BEPTOK. 34eCh MBI IPUBOJMM HEOOXOIMMBIE OCHOBHBIC MOHSATHS U
ONIpE/ICIICHNsI, CBA3aHHbIE C pa3BepTKaMu. boiee IeTanpHOe OMMCaHne MOKHO HAUTH
B [26,27].

Mycts, N = (P,T,F) — cers Ilerpu. Cremyroinue OTHOIICHHUS OTpPEACICHB Ha
MHOxecTBe P U T BepmivH B N

e OrHomenre (Kay3anpHOM) 3aBuCHMMOCTH (0OO3HadaeTcss <) — 93TO
TPaH3UTHUBHOE 3aMblkaHHe F, COOTBETCTBEHHO, < — pe(IIeKCUBHOE
3aMbIKaHKHe <; MbI TOBOPUM, 4TO Y 3aBHCHT OT X, €CIH X < Y.

e OrHomeHne KoH(aukTa (06o3Hawaercst #). mis BepumH X,y € P U
T,x#y =3t,t' ET.t #t' NetnNet' = OAt<x AL <y;

e OrtHoureHne napauieibHOCTH (0003HAYaeTCsi C0): JBE BEPIIMHBI CETH
HapaJulesIbHBI, €CTM OHM HE HaXOAATCS B KOH(IMKTE M HHA OJHA M3 HUX HE
3aBUCHT OT JPYTOH.

s MmHOKecTBa BeplinH B Mbl nuinem co(B) ecnu Bce BepIIMHBI B B SIBISIOTCS
MONIapHO MapaJlIeIbHBIMHU.

CeTbto coObITH HasbIBaeTcs Ge3onacHas ceth [letpu ON = (B, E, G) Takas, 4ro:
e ON — anKIN4HA,
e VpEB:|lep|l<1;
e Vx € BU E muoxectBO {y | ¥ < X} KOHEUHO, TO €CTh KaK/Aas BEPIIMHA B
ON wMeeT KOHEYHOE YHUCIIO MPEIIECTBYIONIMX BEPIINH,;

e VxEBUE:=(x#x), To ecTb, HM OJHA BepIIMHA HE HaXOJUTCS B
KOH(IUKTE ¢ COOOH.

B cerax coObITHIT 37IeMEHTHI W3 B OOBIYHO HA3BIBAIOTCS YCIOBHSMH, a DIIEMEHTEHI
npuHajyexampe E — coObITHAMHE.
Cetu COOBITHH TPEACTABIAIOT IOBEJCHWE CHCTEMBI B CEMAaHTHKE «HUCTHHHOTO
napauteninamay (true concurrency semantics). CemMaHTHKa MCTHHHOTO TIapajulein3Ma
OTIMYAeTCA OT TIOCIEeNIOBATEIbHON (MHTEPIMBHHIOBOM) CEMaHTHKH TEeM, 4YTO B
[OCJIE0BATEIbHON CEMAHTUKE B KaKIblM KOHKPETHBII MOMEHT BPEMEHU MOXKET
MPOMCXOIUTh He Ooyiee OJHOTO COOBITHS. B ceMaHTHKe MCTHHHOTO Mapajuleln3Ma
3TO HE TaK, U HECKOJIBKO COOBITHHA MOTYT NMPOUCXOAUTH OJHOBPEMEHHO. BHemHuit
HAOJIOaTeNlb HE pa3in4yaeT 3TH JBE CEMAaHTHUKU. Takke, IOCIeJI0BaTEIbHAS
CEMaHTHKa Tpolle U Ooyee ymoOHa s aHaIK3a MOBEACHYSCKUX CBOHCTB, OATOMY
OHa 4acTo ucrnojb3yercs. Tem He MeHee, KOTia MOJElb TOJKHA YUUTHIBATh BpeMs,
pa3HUIA MEXYy STUMHU CEMAHTUKaMH CTAHOBUTCS 3aMETHOM.
[epeiinem K ornpeaeaeHUI0 BETBAIINXCS NpoLieccoB U pazBepTok. Kondurypauueii C
B cetd coOsituii ON = (B,E,G) Ha3bBalOT OECKOHMIMKTHOE MOIAMHOKECTBO
BEpLINH, KOTOPO€ 3aMKHYTO OTHOCUTEIBHO OTHOWIEHHS <, TO ecTb VX,y €
C:a(x#ty)u (x <y)Ay € C,rae x € C. Jnsa xaxaoro x € B U E mbl onpeeinsieM

119



Ermakova V.O., Lomazova I.A. Translation of Nested Petri Nets into Petri Nets for Unfoldings Verification. Trudy ISP
RAN/Proc. ISP RAS, vol. 28, issue 4, 2016, pp. 115-136.

JOKaIbHYI0  KOHurypamuio x T1akyw uto [x] ={y|ly € BUE,y < x}.
OmnpeneneHre JIOKaIbHOH KOH(HUTYpanmnud MOXKeT OBITE 0000meHO Ha Jroboe
OeckOH(IMKTHOE  MHOXKeCTBO BepmmH X S BUE, a wumenno [X]=
{ylyeBUE,x € X,y <«x}.

OmnpexnenrM MHOKECTBO BETBAIIMXCS IPOIIECCOB I TaHHOH MapKHpOBaHHOH ceTn
Ilerpu N = (P,T,F,M,), wcmons3yss, TaKk Ha3bIBAEMOE, KAHOHHYECKOE
Ipe/ICTaBJICHUE.

MuoxecTBo € KaHOHHYECKUX UMEH N OIpezieseHO PeKypCHBHO, KAK MUHUMAJIbHOE
MHOECTBO Takoe, uTto ecii X €E PUT u A — KoHe4yHOe MOAMHOXeCTBO C, TO
(4,x)€c.

Cetb coObituii (B,E,G) Ha3bIBacTCs -CEThIO, €CJIA BBIMOJHIIOTCS CICAYIOIIHE
YCIIOBHS:

e BUECC
e V(A,x)EBUE, «(4,x) =A.
Havanenass pasmeTka -cetd IleTpy — 3TO  MOJAMHOMKECTBO  BEPINHH

{(@,2)](@,x € B)}. ina xaxnoit C-cetut CN onpenensercs Gpynxuus (Mopdhusm) h,
otoOpakaromas BepiiHbl CN Ha BepIIuHEI ceTH N h((A, x)) = Xx.

[Tycts S — KOHEUHOE WM OECKOHEYHOE MHOXKECTBO -ceTeid. Torma oObeauHeHHE
cereil U3 S onpeensieTcsi MIOKOMIIOHEHTHO, TO €CTh:

US = (U rmesP UerrmesT, UprrmesFr UerrmesM)-
MHOXECTBO BETBAIIMXCS MpolieccoB MapkupoBanHoi cetu [letpu N = (P, T, F, M)
orpeziesseTcs Kak HAMMEHbIIIee MHOKECTBO -CETeH, YIOBJIETBOPSIOIIEE CIIEYIOIIUM
YCIIOBUSIM:

e C-cetb (1,0,0), tne I = {(@,p)|p € My} (cocrosimiast u3 ycnoBuii I u e
coJieprkariiasi COOBITHIT) — 3TO BETBSILIIUICS MTPOLIECC.
e Ilycte B, — BeTBsIIMiics nporiecc, M — noctmwkumast pasmerka st By, u M’

C M, tak uro h(M') =et nus mexkoroporo t B T. Ilycte B, — ceTh,

HONyYeHHas: C IOMOIIBI0 noGaBienus coObitust (M',t) u  ycnoBwmii

{({M', )}, p)|p €t »} x B;. Torna B, — BETBAIIHIACS TPOIIECC.

e [lyctb BB — KOHEYHOE WM OECKOHEYHOE MHOXKECTBO BETBSAIIUXCS

nporeccoB. O0venuHeHre UBB TakKe SBISCTCS BETBSIIAMCS IIPOLIECCOM.
Ha Puc.2 nokasan mpumep BerBamierocs mpomecca ans cetu Iletpu PN1 ¢
HavanpHOI pazmerkoit {p1}, nsobpaxennoi Ha Puc.1.
Betssmiics npouece By = ((Py, Eq, Fy), hy) Ha3bIBaeTCs IPePHKCOM BETBAIIETOCS
nponecca B, = ((Py, E,, F,), hy), (o6o3nauaercs B; EB,), e P, € P, u E; ©
E,.
MakcumanbHbIH OTHOCHTEIBHO YaCTUYHOTO MOpsiAKa = BETBSILUICS MpoLecc ceT!
N naspiBaeTcs pazseprioii cet N u obo3nauaercs kak U(N).
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Puc. 1 Cemyw [lempu PN1
Fig. 1 Petri Net PN1

N o /N
- Jal{e (e -l

/

{ P2 ) /
/) . - . 7N 7N N
(P1 —{t1 | t3 [ pa W - g )_>._><f6 ( p1 )
_/ 1] s ] \_/ a N/
“‘/P-:; )

Puc. 2 Bemesawuiics npoyecc onss PN1
Fig 2 Branching process for PN1

2.3. ®yH0ameHmManbHoe ceolicmeo pa3eepmok

BrimonHenue QpyHIaMeHTaIbHOTO CBOMCTBAa Pa3BEPTOK O3HAYAET, YTO IS JIFOO0OH
cetu Ilerpu moBeneHUE pPa3BEPTKU HKBUBAICHTHO MOBEACHHMIO HCXOJHOM CETH.
DyHIaMEHTAILHOE CBOUCTBO (OPMYIUPYETCS CIEAYIOMUM 00pa3oMm.

Ilycte M — poctmxumas MapkupoBka cetu Iletpu N, u mycts My sBnsercs
JocTmxumMoit pasmerkoit B U(N) takoit, uto h(My) = M. Torxa:

t ¢
e  eClH CcyllecTByeT mar My 3 My' B8 U(N), 10 cymiectByer mar M - M’ B N
takoi, uro h(ty) = t Ah(M'y) = M';

t t
e eciu cymecTByer mar M — M'B N, To cymiecTByer mar My, 3 M, B U(N)
Takoi, uro h(ty) =t Ah(M'y) = M'.
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Jpyrumu cioBamu, (GyHIaMEHTaIbHOE CBOMCTBO pPa3BEpTOK TIIACHT, 4TO rpad
JOCTIKMMOCTH Pa3BepTKH M30MopheH rpady MTOCTHKAMOCTH WCXOIHON CETH
Ierpu. DTO CBOWCTBO OYECHBb BA)KHO JUIS WCIIOJB30BAHWS PasBEPTOK IMPH aHAIM3E
CEMaHTHYECKUX CBOWCTB M BepHU(UKAIMU. Pa3BepTKy ONpPEEICHBI W U3YUECHBI JUTs
pasnuuHbiXx KiaccoB ceredl Ilerpu: mis cereir Iletpu Bbicokoro ypoBHs [22],
KOHTEKCTHBIX ceTell [28], Bpemennbix ceteit [letpu [29], runepcereii [30]. Bee atu
KOHCTPYKIIMM HMEIOT CXOJHBIE CBOMCTBA, KOTOpBIE CIyXaT OOOCHOBaHUEM
NPUMEHUMOCTH OTPEJIEIEHHBIX B 3THX paboTax pa3sepTok i Bepudukanuu. Janee
OymeT MpUBEAEHO OMNpeAeiIeHHe Pa3BEePTKU I BIOKEHHBIX cereit [lerpw, ass
KOTOPOTO TAKKe BBITIONHSIETCS (PYHIaMEHTAIBLHOE CBOMCTBO Pa3BEPTOK.

2.4 BnoxxeHHbIe cemu lNMempu

B oroit pabore MBI paccMaTpuBaeM BIIOKGHHble ceTu I[leTpu, TO4Hee, HuX
CTIEIUANIbHBIN TMOJAKIIACC, Ha3bIBAEMBIM CTPOr0 KOHCEPBATUBHBIMH BIIOKEHHBIMU
cersimu [lerpu. Boree moapoOHyto mHBOpMAIHIO 0 BIOKEHHBIX ceTax [leTpn MOoXHO
Haiit B [1,7]. 31ech Mbl MPUBOJMM COKPAIEHHOE ONPEACICHHE, MOAXOISIIee s
paccMaTpuBaeMoOro ciryyasi.
Bo BioxennbIx cetsx [letpu ¢umku camu MoryT ObITh ceTssmu [letpu. Brnoxennas
cetb IleTpy COCTOMT W3 CHUCTEMHOW M 3JEMEHTHBIX ceTeil. Mbl Ha3plBaeM HUX
KOMIIOHEHTaMu BJOKeHHOW cetu Iletpu. MapkupoBaHHbBIE 3JEMEHTHBIE CETH
Ha3BIBAIOTCS CETEBBIMU (uIkaMu. CeTeBbIe (PUIIKH, TAKKE KaK U OOBIYHBIC YSpHBIC
(UIIKH, MOTYT HAXOIUTHCA B TIO3UIMSIX CUCTEMHOU ceTH. HekoTopeie mepexoabl BO
BIIOKEHHBIX ceTax lleTpu MOTyT OBITh MOMEUYEHb METKAMH CHHXPOHH3AIUH.
HenoMeueHHble Mepexoapl BO BIOKEHHBIX CceTsx I[leTpu MOryt cpabaThIBaTh
ABTOHOMHO, COTJIACHO IpaBMJIaM cpabaThIBaHHS MEPEXO0J0B B KIACCHUYECKUX CETSIX
Iletpu. [lomeueHHbIe IEPEXOAbl B CHCTEMHOM CETH JIOJ)KHBI CHHXPOHU3UPOBATHCS C
nepexogaMu  (MMEIOIIUMHM  TaKyl0 JKe IIOMETKY) B  CETeBBIX  (DHIIKaX,
3aJIeiCTBOBAHHBIX B 3TO cpabaThIBaHUE MIEPEXO/a.
B aT10it paGoTe MBI paccMarpuBaeM Oe30TacHbIE W TUMU3WPOBAHHBIE BIIOKCHHBIE
cetn IleTpu, To ecTh Kaxiast MO3HMINS CUCTEMHON CETH MOXKET CO/IepKaTh He Ooiee
OJTHOW (PHIIKU: YEPHOH, TNO0 CeTeBOIl (DUIIKHM OTIPEAETICHHOTO THIIA.
ITycts Type — MHOXKECTBO THIIOB, Var — MHOKECTBO THIMM3UPOBAHHBIX (THIIAMH 3
Type) nepemenHbix, a Lab — MHOXecTBO MeTOK. THIHM3MPOBAHHOW BJIOKEHHOM
cerwio [Tetpu NP HaswiBaercst koprex (SN, (ENy, ... EN,), v, A, W), rue:

o SN = (Pgy, Tsy, Fsy) — cetb Iletpu, Ha3biBaeMasi CUCTEMHOM CEThIO;

e Jlna xaxnoro = 1k, EN; = Pgy,Tgy, Fgy,) ectb  cets  Iletpy,

Ha3pIBaeMasi JJIEMEHTHOW CEThIO, MHOXECTBA IEPEXOJOB W IMO3UIHN B

CHUCTEMHOH U JJIEMEHTHBIX CEeTSX IMOMApHO HE MEepeceKaroTCs; KaxIou
9JIEMEHTHOM CETH MPUITUCaH TUII U3 TYpPe;

o v:Pgy = Type U {¢} — pyHKUMS TUNIH3AUN TTO3ULIMH CUCTEMHOII ceTH;

e A:Typ — Lab —dvactnunast yHKIMS MOMETKH niepexonoB, rae Typ = Tey U
Tgn, U ... U Tgy, . Bynem nucate A(t) =1, ecu A e onpesenena ans t.
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o W:Fsy — Var U {¢} — dyHKIIMI NOMETKH AYyT Takas, 4To JJIs JYTH I THII
Beipaxkernst W(r) COBIIaaeT ¢ TUIOM HO3HIHMH, HHIHICHTHOM I.
MapxkupoBaHHas SJIEMEHTHas CeTh Ha3bIBaeTCs ceTeBor Qukoii. lanee s nanHoi
BioxkeHHo cetn Iletpu uepes Ay = {(EN,m)|3i=1,..k:EN = EN;,;m €
M (EN;)} 0603HaUMM MHOKECTBO BCEX BO3MOKHBIX (DUIIIEK CETH BMECTE C YEPHBIMHU
¢mmkamu (black dot token).

Onemenmmno-agmonommuoiil wae. IlycTe t — HeNMOMEYEHHBIN Mepexon B OJHOU U3
ceTeBbIX (umrek. Torma cpabaTeiBaHNE Hepexona t ONpenessieTcsi CTaHAAPTHBIMH
npaBrUiIaMu cpabaTeiBaHUS nepexona B ceTsax [lerpu. Cama ¢umka ocraercs B TOH
JKe caMOM MO3UIINU CUCTEMHOMN CETH.

Cucmemno-agmonomublll wiae — 3T0 cpadaThIBaHWE HEIIOMEUCHHOTO Iepexonaa t €
Tsy B CHCTEMHOW CeTH B COOTBETCTBHM C TIpaBWIAMH cpalaTbIBaHUS I
BBICOKOYPOBHEBBIX ceteil [leTpu (Hanpumep, packparieHHbIX ceteit [letpu [31]).
Cunxponnviii wiae. Ilycte t — mepexof, mOMe4eHHBIH A B cuctemHon cetu SN, t
aKTHBHBIN B pa3MeTke M Ipu 03HaYMBaHNK D IEpEeMEHHBIX B BHIP)KEHHUAX HA TyTrax.
[Iycth nanee ay, ... &, € A,er — CETEBBIC QUINKH, 32/ICHCTBOBAHHBIC B CpabaThIBAHHH
t. Torga t Moxer cpaboTaTh IPH YCIOBUH, YTO B KaXI0# cereBoil pumike o; (1 <
i < n), 3aneilicTBOBaHHOI B cpabaTbIBAaHWU t, WUMEETCS AKTUBHBIH IEpexo,
MOMEUYCHHBIA TOW K€ CHHXPOHHM3aIHOHHOW MeTkoi A. CHHXpOHHBIM Imar
BBINIOJHACTCS B JIBa JTala. CHadala cpadaTelBaeT 10 OJHOMY HeEpexomy,
MIOMEUYCHHOMY A, B KQ)XJJOH U3 CETEeBHIX (PHIIEK, 331eHiCTBOBAHHBIX B CpabaTHIBAHNHT
t, 1 3aTeM BBINIOJHSIETCS cpabaThIBaHUE t B CHCTEMHOH CETH.

Bioxxennass cete NP HaspiBaeTcsl O€30IAaCHOM, €CIIM B KaXKIOH €€ JIOCTH)KUMOM
pa3MeTke uMeeTcst He 6osee OHON (QUIITKK B KaXKJO0W MO3UIUU B CUCTEMHON CETH U
B Ka)K0H NO3UIMN CETEBBIX (HIIEK.

[anee MbI OyzneM paccMaTpruBaTh TOJIBKO OE€30TIACHBIE CETH.

2.5 KoHcepeamueHble enioxeHHble cemu lMempu

BesonacHas Bioxkennas cetb Iletpu N = (SN, (ENy, ... ENy), v, A, W) HassiBaercs
CTPOro KOHCEPBATHBHOMN €CIn
o Jlms kaxmoro t € Tgy W Uit Kaxmoro p €et, Alp' €te. W(p,t) =
W(t,p") wma W(p,t) =e;
o Jlna xaxaoro t € Tgy u juin Kaxgoro p €Ete, Alp' €et. W(p',t) =
W(t,p) mma W(p,t) =e.
Crporast KOHCEPBATHBHOCTh O3HAYAET, YTO CETEBbIE (DUIIKU HE MOTYT MOSBIISATHCS
WK HCY€3aTh MOCIE CpadaThIBAHKS TIEPEX0/IA B CACTEMHOM CETH.
3ametnM, 4to B [15] BoskeHHBIe ceTH [leTpy Ha3BIBAIOTCS KOHCEPBATUBHBIMH, €CITH
(UIIKK He MOTYT HCYE3aTh MOCIIe CPabaThIBAHKS MIEPEX0.1a, HO MOTYT KOITHPOBATHCS,
TaKuM 00pa3oM, KOJTMIECTBO CETEBBIX (DUINEK B TAKMX KOHCEPBATUBHBIX BIOKEHHBIX
cersix [TeTpu MOKeT OBITH HE OrpaHUYEHO. 31eCh MBI pacCMaTpUBaeM OoJiee Y3KUiA
MOJIKJIACC BJIOXKEHHBIX ceTed [IeTpH ¢ MOCTOSHHBIM KOJIMYECTBOM CETEBBLIX (DHIIEK
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(bumku He MoryT KomHpoBaThes). CleayeT OTMETHTE, YTO XOTSI 3TO OTPAHUYCHHUE
JIOBOJIEHO CTPOTOE, C MTOMOIIBI0 KOHCEPBATHBHBIX BIOKEHHBIX ceTeil [leTpu MoKHO
MOJISINPOBATh MHOTO BaKHBIX M HHTEPECHBIX MYJIbTHAT€HTHBIX CHCTEM.

3. TpaHcnsiyusi 6e3onacHbIX KOHCep8amMuEHbIX 6JI0XEHHbIX
cemel lNempu e knaccuveckue cemu lMMempu

[NockonbKy Oe30nacHble KOHCEPBATUBHEIE BIIOXKEHHbBIE ceTH [leTpu orpaHIYeHsl, T.e.
MHOXKECTBO JIOCTIDKHMBIX COCTOSIHUE JII000H Takoi CeTH KOHEYHO, Ul Ka)IOW
TaKOM CeTU CyLIECTBYEeT 5SKBUBAJICHTHAas 10 [OBEIACHUIO  KIACCHUYECKas
orpannueHHas cetb Iletpu. B 3TOoM paszgmene OyzeT mpeicTaBlieH alropuTM
TpaHCIIIUY 0e30MacHOi KOHCepBAaTUBHOM BiI0KeHHOM cetH [leTpu B Kiiaccuyeckyro
ceTb IleTpy ¢ DKBUBAJIEHTHBIM NOBEICHUEM U CTPYKTYPOH, KOTOpask COOTBETCTBYET
CTPYKTYpE HCXOIHON BIOXEHHOH cern. [lamee Oyner moka3aHO, YTO pa3BEpTKa
MONy4eHHOW Kiaccumdyeckod cetu [lerpm m3oMmopdHa pas3BepTKE HCXOIHOU
Bi1oskeHHOM cetu [lerpu. Takum oOpazoM, TpaHCIAMSA B Kiaccudeckue cetu [letpu
MOXET OBITh HCIOJb30BaHA MJIsI TOCTPOCHHUS pPa3sBEPTKH W BEpUPHKALUH
OrPaHUYEHHBIX KOHCEPBATHBHBIX BIIOKEHHBIX ceTell IleTpu.

ANTOpUTM TpaHCIAIMK OE30IacHBIX KOHCEPBAaTHBHBIX BIJIOKEHHBIX cetel [letpm
OyzeT MpOWJLTIOCTPUPOBAH Ha MpHUMepe BIIOKeHHOH cetn [letpu NP2, moka3aHHOM
Ha Puc. 3 (cucremHas cers) m Puc. 4 (snmemeHTHas ceTh). OTa ceTh OyneT
TpaHCIMpOBaHa B Oe30MacHyIo Kiaccudeckyro cetb [lerpu PN.

P3

Puc. 3 Brnoowcennas cemo I[lempu NP2
Fig. 3 Nested Perti Net NP2
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Element net in p;

N / )
N

Element net in po

q1 (

Puc. 4 Broowennas cemo Ilempu NP2

Fig. 4 Nested Perti Net NP2

3.1 Anzopumm mpaHcasyuu

ITycte NP = (SN, (EN;y, ... EN}), v, A, W) — BioxxeHHast ceTh IIeTpu ¢ MHOKECTBOM
NTok nneHTHOUIIUPOBAHHBIX CETEBHIX (DHIIEK B HAYANBHOW pazMeTke. Uepes I MbI
0003HaYMM MHOXKECTBO BCEX MACHTH(HUKATOPOB, HCHONb30BaHHbIX B NT ok, a uepes
Iz € E 0003Ha4UM TOJKIacC HACHTU(PUKATOPOB ceTeBhIX (umek tuma E. Cets NP
Oynet TpanciupoBana B cetb [letpu PN = (Ppy, TpN, Fpy) C HauanmbHOM pa3zMeTKoit

mo.

CHavana ompezensieM MHOXeCTBO Ppy mosunuil nenesoit cetu PN. s
KaxJoro tuna E HexoTopol mo3uiuu B cucTeMHOU cetd SN Mbl co3iaeM
MHOXECTBO S mo3urmid 11t Ppy. MHOXKECTBO S5 0yIeT coaepiKaTh KOITUIO
KaXI0¥ mo3unuu tuna E B CHCTEMHOM CeTH I KaXKAOH ceTeBod (pumku
Tuna E (moMmedeHHYI0 HIOSHTH(UKATOPOM CETEBOM (DUIIKHM) M KOIHUIO
K101 o3umu B PE 1 Kakao ceTeBoid ¢pummiku tumna E, 10 ectb, S =
{(,id)|p € Pgy,v(p) = E,id € [g} U {(q,id)|q € Pg,id € I5}. Hnst
Ka 0 1mo3unuu B SN THIa 4epHOH (UIIKON CO3/1aeM TOJILKO OJIHY KOTIHIO
p 6e3 uaeHTUPUKATOpa. 3aTEM MHOKECTBO Ppy TO3UIHIHA JUIS IIETICBON CETH
PN ompenensercss Kak OOBCAMHCHHE 3TUX MHOXECTB. Pe3ynbTar
BBITIOJIHEHUSI TIEPBOr0 IIara ajropuTMa Juis BJIOXeHHOW cetu NP2
n3o0paxkeH Ha Puc. 5.
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Puc. 5 Cozoanue nozuyuii PN

Fig. 5 Position creation for PN

e  YT0O0BI ONpeenuTh HaYalbHYI0 pa3MeTKy Juisi ceTd PN pa3MeTKy Mo3unui
Pyp BO BIIOXKEHHOH ceTu IleTpu Kogupyem pa3MeTKaMu Ha NOCTPOEHHBIX
mo3unuAx cetd Ppy. Ecmu cereBas ¢umxka n = (id, E,m) Haxomutcs B
MO3ULIMU P B pa3MeTke M CHCTEMHOIl CeTH, TO B LIEJIEBON CETH UepHbIE
(UK TOMeIaTcs B mo3uiuio (p, id) u Bo Bce no3utuu (q, id) 11 Bcex
q Takux, 9yro m(q) = 1. Ecnu no3uiys THNa 4epHOM TOYKH B CUCTEMHOMN
cetn SN conepXuT 4epHyro (UIIKY, TO IMHCTBEHHAs COOTBETCTBYIOIIAs
no3uus B cetd PN Takke Oyzmer conepkarth 4epHyro ¢umky. Jlerko
3aMEeTUTh, 4YTO 3Ta KOAUPOBKA ONpeAenseT B3aMMHO-OJHO3HAYHOE
COOTBETCTBHE MEXIYy pa3METKaMH KOHCEpBAaTHBHOW  Oe3omacHoi
BioxeHHOW cetn Iletpm m Ge3zomacHeIMH pa3smeTkamu B PN. B Hamem
IIpUMepe IepBas ANEMEHTHAs CeTh HaXOIWTCS B MO3MIMHU pl, BTOpas — B
no3uiuu p2. Takum o0pa3oM, depHbIe (UIIKK TTOMEIIAIOTCS B TIO3HIIMH

(p1, 1) u (P2, 2); a Taxxke B (41, 1) u (g4, 2).
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Puc. 6 Cucmemro-aemonomuolil uiaz
Fig. 6 System-autonomous step

® Jlns KaXJ0ro aBTOHOMHOTIO Iepexofa t B CHCTeMHOM ceTh SN MBI CTpouM
MHOXeCTBO T; TepexomoB ciexylomuM obpa3oM. Ilockombky Kaxkmas
IepeMeHHas Ha BXOJHOH Jyre mepexoja t MoxeT OBITh 03HaueHa, BOOOIIe
roBopsi, 000l cereBol (UIIKOW MOJXOJSIIEro THMA, TO VIS KaXJIOro
Takoro O3HAa4MBaHUS CTPOMTCS OTAEAbHBIM nmepexox B PN ¢
COOTBETCTBYIOIUMHI BXOJHBIMH W BBIXOIHBIMH AyTaMH. B Hamem npumepe

JUIst mepexona t, Mbl CTPOMM [Ba nepexoaa to 1ty .

e J[Jst KaXKZI0T0 aBTOHOMHOTO Itepexo/ia B ceteBoit ¢puike uz NTok crpourtcs
COOTBETCTBYIOIIUI MEPEX0J, WHIMACHTHBIA MO3UIIUSIM, TOMEYCHHBIM id.
Tak B HalIeM IpuMepe Mbl TOJYYUM YeThIpe mepexona: kyq, koy, kaq 1 k3.
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Fig. 7. Element-autonomous step
(p3. 1)

Puc. 8 Cunxponnwiti wae
Fig 8. Synchronous step
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(p3, 1)

{/ \_‘
@
[

Puc. 9 Pezynomam mpanciayuu NP2 ¢ knaccuueckyro cemo Ilempu
Fig. 9. The result of NP2 translation into classical Petri Net

o (CpabOaTpiBaHHE CHHXPOHHOTO I[E€pexoja O3HayaeT OJHOBPEMEHHOE
cpabaThIBaHHE TIEPEX0Ja B CHCTEMHON CETH W cpadaThIBaHHE IMEPEXOIOB,
IIOMCYCHHBIX TAaKOHW € METKOM B KaXKIOoH 3aJeHCTBOBAaHHOH B 3TOM
cpabatpiBannn ceTeBod (umke. Takum 00pa3oMm, CHHXPOHHBIA IIar
sBIsieTCS KoMOWHanmed mara 3 u mara 4. B Hamem npumepe ecTh JiBe
ceTeBblIe (DUIIKY, ¥ IEPEXOMBI &1 M Oy CTPOSTCS [T KaXKIOU U3 HUX. Takum
00pazoM MBI MOXEM MOJEIUPOBAThH CHHXPOHHBIN IIar Ijs KaxJaod u3
BO3MOYHBIX HAYAJIbHBIX PA3METOK CUCTEMHOH CETH.

KOppCKTHOCTL OHpe,Z[CJ'IeHHOﬁ BbIIIC TpaHCISIUA obecneunBaer cireayromas

Teopema 1.

IIycts NP — BnoxenHas cetb [lerpu u PN — cets Iletpu, nosnydensas u3 cetu NP ¢
MOMOIIBIO TPAHCIISALNY, OMUCAHHON BEIe. Torna rpadsl qocTIKUMOCTH ceteid NP
u PN uzomophHBIL.

Jloxazamenvcmeo. lllar 2 anroputma onpeaensieT B3aUMHOE COOTBETCTBUE MEXKIY
JIOCTHKUMBIMEU pazmeTkamu ceteit NP u PN. Jlerko 3aMeTUTh, YTO B COOTBETCTBUHU
C OTpeIeICHUEM TPAHCIISALUN COOTBETCTBYIONIHE IIIark CpabaThIBAHHS B 00CHX CETAX
HE HapyIIaloT 3TO COOTBETCTBHE.
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4 MocmpoeHue paseepmku ons o2paHuYeHHol
KOHcepeamueHol esioxeHHou cemu lMempu

Ilocne TpaHcnauuu BioxkeHHOHM cetu IleTpu B Kiaccuueckyro Ui MOJIY4E€HHOU
KkJaccudeckoil cetu IleTpu MOXKHO OCTPOUTH BETBAIIMECS MPOLIECCHl U PAa3BEPTKH,
MOJb3ysCh U3BECTHBIMU MeTogamu. Tak Ha Puc. 10 moka3aH oIUH U3 BETBAIIMUXCS
nporecco st cetr NP2. Pa3BepTka Toria myTeM OTCEYeHHSI KOHETHOTO pedukca
BETBALIECTOCS NPOIIECCa 0 CEUCHHUIO, ONPEIEIIAIOMEMY COCTOSHHE, KOTOPOE yXKe
BXOJMT B 3TOT IpeHKC.

CpaBHIM METOZ IOCTPOCHUS PA3BEPTKHU ITyTEM TPAHCIIIIUN BIOXKEHHOH cetu [letpn
B KJIACCHYECKYIO TOKOMIIOHEHTHBIM METOJIOM, TIPEJIOKECHHBIM B [4].

Teopema 2.

Pa3BepTka Ge3omacHoil koHCepBaTUBHOM BioxeHHOU cetu Ilerpu NP, nmomyuennas
onucaHHbIM B [4] MeTonoM, n3omMop¢Ha pa3BepTKe KIacCHYECKOil Oe30IacHOM ceTH
[etpu, momydeHHO B pe3ynbTaTe ONMMUCaHHOM BhInIe TpaHcaanuu cetu NP.
Jokazamenvcmeo. B [4] Obl10 10Ka3aHO BHITONHEHUE (YHAaMEHTAILHOTO CBOHCTBA
Pa3BEpPTKU [UIS OMMCAHHBIX TaM ITOKOMIIOHEHTHBIX Pa3BEPTOK, a IMEHHO, 4TO rpad
JOCTHXUMOCTH BJIOKeHHOH cet Ilerpn m3omopdeH rpady HOCTHKMMOCTH €ro
MOKOMIIOHEHTHOH pa3BepTKu. [lo Teopeme I rpad HOCTHRKUMOCTH KIACCHYECKOM
CeTH, MOJYYCHHOW B pe3yibTaTe TPaHCIALMH, U30MOp(heH rpady JOCTHRKUMOCTH
UCXOAHOU BIIOKEHHOM ceTtu. i knaccuueckux cereil Iletpu BwlmosiHsAETCS
(yHmamMeHTalbHOE CBOWCTBO pPa3BEPTOK, T.e. Ipad IOCTHXKUMOCTH pa3BEPTKH
uzomopden rpady moctmxkuMoctd cetu Ilerpu. M3 Bcero 3TOro cCieayer, 4To
Pa3BEPTKH, IOCTPOCHHBIC METOIOM U3 [4] 1 yTeM TPaHCISIIUK B KITACCHIECKHE CETH
ITetpu, nzomopdHsI.
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Fig. 10. Branching process for NP2 net
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Puc. 11 Bemssawuiics npoyecc, nocmpoeHHulii nymem mpancasyuu cemu NP2
Fig. 11. Branching process built after NP2 translation
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5 3aknroy4yeHue

B sT0i1 paboTe MBI IOKa3aJH, 9YTO KaykAasi KOHCEPBAaTHBHAsL O€30MacHast BIOXKECHHAS
cetb [letpm MoOXxeT OBITh TPaHCIMPOBAaHA B MOBEACHYECKH 3KBHBAJICHTHYIO
KIIaCCHYECKyI0 ceTh IleTpu Tak, 4To ux rpadsr rocTmxuMocTH H30Mop(hHBI. Takum
00pa3oM, 9TOOBI TOCTPOHUTH Pa3BEPTKH ANl BIOXKEHHOH cetu [leTpm mocTarodHO
TPAHCIMPOBaTh €€ B KIACCHYECKyl0 ceTb IleTpy M IOTOM MNPHUMEHUTb METOX
pa3BepTKHU AJis Kiaccuueckux ceter [lerpu.

Hpyroii crioco® mocTpoeHus pa3BepTKH OE30MacHON KOHCEPBATUBHON BIIOKEHHOU
ceru [letpu onmcan B [4]. B 910i1 paboTe pasBepTka CeTH CTPOUTCS HETTOCPEICTBEHHO
MyTEM MOCTPOCHUS PAa3BEPTOK OTAEIBHBIX KOMIIOHEHTOB BIOXKEHHOMU ceTH IleTpw.
MbI nokasanu, 4to 00a MeToJa AAl0T OJMHAKOBBIH C TOYHOCTBIO 10 M30MOpdu3mMa
pe3yJbTar.

Kaxxaplil u3 5THX METOJOB UMEET CBOHM INPEUMYIIEeCTBA U HeNOCTaTKH. [locTpoeHue
Pa3BEepTOK BIOKEHHBIX ceTeil IleTpu myTeM TpaHcauuu B kitaccuueckue cetu Ilerpu
MO3BOJIICT HCIIOJB30BaTh IOTOBBIC MCTOJABI U I/IHCprMeHTapI/Iﬁ IJIA TOCTPOCHU S
pa3BepTok W Bepubukauuu kiaccudeckux cereit Ilerpu. Ilpumenenue merona
MIOCTPOCHUSI Pa3BEpPTOK HEMOCPEACTBEHHO Uil BIOXKEHHBIX ceteil Ilerpwm,
onucaHHoro B [4], TpebyeT pa3paboTKu CHeNHaIbHOTO IPOrPAMMHOTO 00ECIEYEHUS.
C apyroii cTOpOHBI, MOCTPOSHHUE MPOMEKYTOUHOU Kiaccuueckoi cetu [letpu MoxkeT
HNPUBECTH K 3HAYUTENBHOMY POCTY 3aTpaT BPEMEHU U MAMSTH NPH MOCTPOECHUU
pa3BepTKU BIOKEHHON CETH.

IloaToMy UHTEpPECHO CpaBHHUTH CIOXHOCTb 3THUX JBYX METOJOB: METOJa,
HPEJIOKEHHOTO B [4], M MOJX0/a, OCHOBAHHOTO Ha TPAHCIIALIUYU BIOXKEHHBIX CeTEH
Iletpu B xnaccudeckue. HeTpyaHO 3aMETHUTH, UTO €CNIM B HA4alNbHOM pa3sMETKe CETH
MMeeTCsl HECKOJIbKO CETEBBIX (DHIIEK OJHOTO M TOTO K€, TO TPAHCIISIHS BIOXKEHHOH
CeTH B KIIACCHYECKYIO ceTh IleTpu BeeT k 3HAYUTEIBHOMY pOCTy ceTu. Tak i
Nepexojia CHCTEMHOM CETH C 11 BXOHBIMH MTO3HUIMSIMU OJTHOTO THIA U K (UIIIeK 3TOTO
THIIA B HAYAIILHOW pa3MeTKe CTPOoHTCs k™ KOMHIA 3TOTO TMepexo/a B LEeCBOH ceTH
Iletpu. IloHATHO, YTO 3TOrO HENB3s M30€kKaTh, TaK Kak HEOOXOIMMO pPa3IHuaTh
Pa3sMETKU CETEBBIX (I)I/IHIGK, HaXoqAIUXCA B Pa3HBIX MO3UIUAX CHCTEMHOM CETH.
Yro0sI CpaBHUTH BPEMCHHBIC 3aTPAThl OTUX ABYX METOAOB Ha ITPAKTHUKE, HAMU ObLIH
p€ain30BaHbl KOMIIBIOTEPHBIC TPOTrPaAMMBI, ITO3BOJIAIOIINE BBITIOJTHATH

° TPaHCIAIHNIO KOHCCpBaTHBHOﬁ Oe3omacHoii ceTeit HeTpI/I B KJIACCUYCCKYIO
CETh HeTpH 1 MOCTPOCHUC PAa3BCPTKHU IJISI HEC,

e  IIOCTPOCHME Pa3BEPTKH JUIA BIOXKEHHOU ceTu [leTpu HanpsaMyro.

Hammra rumoTesa cocTosiia B TOM, 9TO yBEIHMUCHIE KOJIMYECTBA CETEBBIX (DUIIIEK BEJIET
K 3HAYUTENFHOMY POCTY KIJIACCHYECKOW CETH BO BpeMS TPaHCIAIUH. YUTOOBI
HOJIY4YUTh PENPE3CHTATUBHBIE PE3YJIbTAThl, Mbl IPOBEJIN SKCIEPUMEHTHl Ha CETSX,
UMEIOIUX CXOAHYIO CTPYKTYPY, HO Pa3HOE KOJHMUECTBO IEMEHTHBIX CETel pa3HbIX
TUIIOB.

OKCHEPUMEHTHI € CETSIMH HEOOJIBIIOr0 pa3Mepa MOATBEPAMIN Hally runotesy. Tax,
quist cet NP2 w3 Hamero npuMepa BpeMst HOCTpoeHHus pa3BepTku coctaswiio 0.38

132



Epmakosa B.O., JlJomazoBa 1. A. Tpancsiuus BioxeHHsix cereii Iletpu st Bepudukanuu passeprok Tpymast UCIT
PAH, tom 28, Brim, 4, 2016, ctp. 115-136.

MC. NpH TPUMCHEHHH METOJAa ITOKOMIIOHEHTHOH passeptkn u 0.54 mc. mpm
MIOCTPOSHHUHN Pa3BEPTKH ITyTEM TPAHCISIIHMU B KiIaccH4ecKyro ceTh [lerpu. Takum
o0pa3oM, maxe B Cilydae IBYX CETEBBIX (PUIIEK, pasHUIA BPEMEHH HCIIOIHEHUS
BeCbMa 3aMeTHa. B Oyaymem Mbl IUIaHUPYEM TIPOBECTH 3KCIEPHUMEHTHI II0
CPaBHUTEIBHON OLIEHKE CIIO)KHOCTH JBYX METOJOB IOCTPOCHMS pPa3BEpTOK Ha
Oonpmmx mpuMmepax. Taxke IUIAHUPYETCS BBIIOJIHUTH JKCIEPUMEHTHl IIO
BepU(UKALUM KOHKPETHBIX CBOWCTB BIIOXEHHBIX ceTed Ilerpu ¢ momomipo
MOCTPOCHUS PA3BEPTOK.

BnaropapHocTb

Pabora BeimonHeHa npu noaaepkke [Iporpammel hyHAaMEHTaIBHBIX HCCIIETOBAHUMA

HUY BIID u Poccuiickoro ¢onna GpyHIaMeHTaIbHBIX UccieaoBaHui (mpoekT 16-
01-00546).
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Annoraums. Nested Petri nets (NP-nets) have proved to be one of the convenient formalisms
for distributed multi-agent systems modeling and analysis. It allows representing multi-agent
systems structure in a natural way, since tokens in the system net are Petri nets themselves, and
have their own behavior. Multi-agent systems are highly concurrent. Verification of such
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systems with model checking method causes serious difficulties arising from the huge growth
of the number of system intermediate states (state-space explosion problem). To solve this
problem an approach based on unfolding system behavior was proposed in the literature. Earlier
in [4] the applicability of unfolding for nested Petri nets verification was studied, and the
method for constructing unfolding for safe conservative nested Petri nets was proposed. In this
work we propose another method for constructing safe conservative nested Petri nets
unfoldings, which is based on translation of such nets into classical Petri nets and applying
standard method for unfolding construction to them. We discuss also the comparative merits of
the two approaches.
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MeToA oueHKM IKCnnyaTUpyeMocTun
nporpamMmMHbIxX aedeKkTtoB
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Hnemumym cucmemnozo npoepammuposanus PAH,
109004, Poccus, . Mockea, yn. A. Conxcenuysvina, 0. 25

AnHoOTamms. B cratee paccMaTpUBaeTCsl METOM OLEHKH SKCILIYaTHPYEeMOCTH IIPOTPaMMHBIX
nedexToB. IIpuMeHeHHE MAAHHOTO MOAXOAA IIO3BOMSIET OCYIIECTBUTH IPHUOPUTE3AIHIO
HalJJCHHBIX OMMOOK B MporpamMmax. ITo JaéT BOSMOXKHOCTH pa3paboOTYHKy HMPOTPaMMHOTO
obecriedeHHs] HCHPABIATh OIIMOKM, KOTOPHIE IIPEACTAaBISIOT HAMOOJNBIIYIO  Yrpo3y
0€30IacHOCTH B IIEPBYIO ouepenb. MeToJ IpeicTaBiseT co0O0H COBMECTHOE NMpPUMEHCHHUE
HpeIBapUTENbHON KIacCH(HUKAIMK aBAPUIHHBIX 3aBEPLICHIH U aBTOMAaTHYECKYIO TeHEepaInio
skciuioiToB.  IlpenBapurenbHast — KiacCUpUKanus — UCIONB3YyeTcs JUIA  (QHIBTpanuu
HEIKCIUTyaTHpyeMbIX ommOok. Ecim aBapuiiHOe 3aBeplIeHHe CYHTACTCS IMOTCHI[HAIBHO
SKCIUTyaTHPYEMBIM, TO BBIOMPAETCSI COOTBETCTBYIOMINII alrOPUTM Te€HEpaluy dKCIvoiTa. B
Cllyqae YCIEIIHOH TeHepaluy O3KCIUIONTAa MPOUCXOAUT IpPOBEpKa pPaboOTOCHOCOOHOCTH
MOCPENICTBOM SKCIUTyaTallid aHAIM3UPYeMOH TIporpaMMbel B 3Myistope. s momcka
HNPOrPaMMHBIX Je()EKTOB MOXKHO HCIIONIb30BaTh pa3UYHbIE METOJbl. B KkauecTBe Takux
METOJIOB MOXXHO BBIIAEIUTD (ha33MHT U aKTHBHO Pa3BHBAIONIMICS B HACTOSIIEE BPEMS TTOJIXO]]
K IIOMCKY OIIMOOK Ha OCHOBE IMHAMHYECKOTO CHMBOJIBHOTO BBINOJHEHUs. [JIaBHBIM
TpeOoBaHHEM ISl HCIIOIB30BaHMs MIPE/IaraeMoro MeTO/1a SIBJISIETCS] BO3MOYKHOCTB MOTyYEeHHS
BXOJHBIX JIaHHBIX, Ha KOTOPBIX IMPOSBIETCS HalleHHBII nedekt. Pa3paboTaHHEINH MOAXOX
HNpUMeHseTCsl K OMHApHBIM (aiilaM IporpaMM U He TpeOyeT JOMONHUTEIBHONH OTJIAJ0THON
nHpopManmu. Peamm3anmst Merofga NpencTaBiIsieT €000 COBOKYITHOCTh IPOTPAaMMHBIX
CPEICTB, KOTOpBIE CBS3aHBI MEXIy cOO0OH yIpaBIAIONMMHE CKpUNTaMH. MeTox
NpeBAPUTENBHON KIACCU(HUKAIIMKA ¥ METOJ| aBTOMATHUECKOW TeHepaln HKCIUIOHTOB
peanu3oBaHbl B BHAE OTHCHBHBIX IIPOrPAMMHBIX CPEICTB, KOTOpBIE MOTYT paboTaTh
HE3aBHCUMO Jpyr OT jApyra. Merox Obin ampoOupoBaH Ha aHanuze 274 aBapHHHBIX
3aBepIlCHUil, MONy4YeHHBIX B pe3ynbTaTe (a33uHra. B pesynpTaTe aHanmMsa yAanoch
obHapyxuTh 13 SKCIIyaTHpyeMbIX Ae(EeKTOB, I KOTOPHIX B MOCJCACTBHU YCIICIIHO
CreHEPUPOBAHBI PAOOTOCTIOCOOHBIE IKCIUIOUTHI.

KiioueBble ci10Ba: ys3BUMOCTB; IepernofHeHne Oydepa; CHMBOJBHOE BBINOJIHEHHUE,
SKCIUIONT; OMHAPHBIN KOI.
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1. BeedeHue

B macrosmee Bpemst mpoOiemMa 0€30IacHOCTH TPOTPaMMHOTO  OOecTedeHHs
CTaHOBUTHCS BCE OoJiee akTyanbHOW. PacTEéT KOIMIECTBO MPOTPaMMHBIX IPOAYKTOB,
KOTOpBIE TPUMEHSIOTCS B PA3IMYHBIX OTpacisixX NMpoMbIIUIeHHOCTH. Kpome Toro,
MOBCETHEBHAS KM3Hb UEJIOBEKA TECHO CBS3aHA C HCIOJIB30BAHHEM IIPOTPAMM.
CoBpeMeHHBIE OBITOBBIE TPUOOPEI, TeIePOHBI, aBTOMOOWIH HCIIONB3YIOT B CBOEH
pabote mporpaMMHOE oOecTIiedeHre, KOTOPOE MOKET MIMETh BBIXO]T B HHTepHET. COon
B paboTe MOIyT MpPHUBOIUTH K CEPbE3HBIM IMOCIEACTBUSIM, a OKCILTyaTalus
YSI3BUMOCTEH MOKET HAHECTH HETIoNpaBuMbIii yiiep6. KpymnHble kopriopanuu, Takue
kak Google, Apple, Microsoft, Cisco u T.1. yaemnstoT 60Jb110e BHUMaHKE pa3paboTke
CPE/CTB, KOTOpPBIE 0OECIIEYNBAIOT MOUCK Je(EKTOB, a TaKKe BHEAPSIOT X B LIUKII
paspadotku I10.

CyLIecTBYIOT pa3iM4yHble MOAXOAbI K TMOMCKY OIIMOOK, KOTOPbIE MPHUMEHSIOTCS B
nuKiae paszpaboTke mporpammHoro obOecrmeueHus. OIHUM M3 TaKUX TOJIXOJOB
aBJsieTcs (a33uHr. [J1aBHBIM MIPEUMYIECTBOM (pa33uHIa — SBISETCS BO3ZMOXKHOCTD
MOJIyYeHHs] BXOJHBIX MAaHHBIX MAJsl BOCHpOM3BeleHUs OmHnOKH. CoBpeMeHHbIE
(ha3zepbl HAXOAAT JOCTATOYHO OOJIBIIOE KOJIMYECTBO ABAPUIHBIX 3aBEpPIICHHH BO
BpeMs cBoei padotsr [1,2,3,4]. Kpome Toro, B HacTosimee BpeMs MEePCIIEKTUBHBIM
HaIpaBJIeHUEM ITONCKa OMNOOK SBISIETCS AMHAMUYECKOE CHMBOJIBHOE BBITTOJTHEHHUE,
KOTOpOe Takke Kak M (pa33uHr CIIOCOOHO OOHApYXXHBAaTh OIMMOKH W CHa0XaTh
BXOJIHBIMH JIaHHBIMH, Ha KOTOPBIX 3TH OLIMOKH MPOSBISIIOTCS. BaXXHO OTMETHTSH, 4TO
9TH MOJXOJIbI IPUMEHSIOTCSI K OMHAPHOMY KOJy, YTO IO3BOJISIET MCKaTh OLIMOKHU B
nporpammax, JUisi KOTOPBIX OTCYTCTBYIOT MCXOIHble TeKCThl. [ addexrruBHoro
UCTIpaBJIEHUS OMIMOOK pa3paboTIMKaMU HEOOXOAUMO O0ECIIeYUTh PHOPUTHUIAIIIIO
HaliieHHbIX JfedekToB. Haumbornee BBICOKMH NPHOPHUTET cJIeAyeT HAa3HAYUTH
OLIMOKaM, KOTOPbIE MOTYT IIPUBECTH K BOSHUKHOBEHUIO YSI3BUMOCTEH, IIPUBOISIINX
K BBITIOJHEHHIO MPOM3BOJILHOIO Kojaa. lcrnpaBiieHHe Takux OLIMOOK B MEPBYIO
ouepe/ib, MO3BOJIUT IOBBICUTH 0€30MTaCHOCTH UCTIOIHIEMOTO KOIa.

Hanuuue sKciuioiita, KOTOPbId aKTUBUPYET YSI3BUMOCTh — SIBIISIETCSI OJIHO3HAYHBIM
NOATBEPXKIeHUEM €€ TPHCYTCTBHs B mnporpamme. CylIecTBYIOIIHME MOAXOABI K
AaBTOMATHYECKOH IreHepaluy 3KCI0MTOB, ONMCaHHbIe B paboTax [5-7] mo3BossioT 6e3
0co00ro BMEIIATEIbCTBA aHAJIMTHKA IMOJYYNUTh BXOAHBIC JAHHBIC JUIS aKTHBAIMH
ysi3BUMocTH. Kpome Toro, pabots! [5,6] moMuMo sKcrutyaTanimi 00eCednBaloT M
MOUCK YSI3BUMOCTH. B OCHOBE 3THX MOIXOZIOB JIEXKUT AWHAMHUYECKOE CHMBOJBHOE
BBINIOJTHEHHE. [Ipm ananmu3e OOJBIIOrO KOJMYECTBAa JE(PEKTOB, HCIIOJIL30BAHHE
BBICOKOTEXHOJIOTHYHBIX BHJIOB aHAIN3a, TAaKMX KakK JAWHAMHUYECKOE CHMBOJBHOE
BEITIOJTHEHME, BIEUYET 32 cOOOM pPOCT BpeMEHW aHaju3a W MOTPeOJICHUsI PecypcoB.
Janeko He Kaablid Ae(EeKT SBISETCS YSI3BUMOCTBIO, IIPUBOJSIIEH K BBIMOIHEHHIO
MPOU3BOJILHOTO KoJia. [ToaToMy, mpex e 4em UCIoIb30BaTh PeCYpCOEMKUN aHAIU3,
CTOHT NPOU3BECTH JIETKOBECHYIO IIPEABAPUTENBHYIO (DHIIBTPALNIO OIIHOOK, C IEIBI0
HCKIIIOYNTh 3aBEIOMO HEIKCILUTyaTHpyeMble OmuOkn. B kadecTBe Takmx
HEIKCIUTyaTUPYEMBIX OMIMOOK MOYKHO BBIJICIUTH JEJI€HHE Ha HOJIb, pa3bIMEHOBAHHE
HYJIEBOT'O yKa3arelis U T.J. B craThe mpeiaraetcst Hoaxox, KOTOPhI COBMEIIAaeT B
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ceOe TpeaBapUTEIbHYI0 KIACCH(PHUKAIIUIO OMIMOOK W aBTOMATHYECKYIO T€HEepaIlnio
9KCIUIOHTa. 32 OCHOBY IpENBAPUTENBHON KIacCUPHUKAINH 1e(EKTOB HUCIIONB3YeTCS
HOAXOJ IPEICTaBICHHBIH B HHCTPYMEHTE C OTKPBITBIM HCXOXHBIM KOJIOM
lexploitable [8]. B kauecTBe MeTOma reHepanuy SKCIUIOWTOB OBLI BBHIOpAH METOI,
omucanHbIit B paboTte [9]. Kiraccuduimpyemsiit nedext 0yaet iMeTh MaKCHMAITbHBIN
OPHOPHUTET, €CIH OIIHOKAa CYMTACTCSA TMOTCHIHATIBHO ODKCIUTyaTHPYEeMOH Mocie
OpEeIBAPUTEIBHON CTaJ MK, W 3aTeM BIOCIEACTBHHM YyIajJoCh CreHEPHUPOBATh
paboTOCTIOCOOHBII SKCIIONT.

Craresi OpraHu3oBaHa CleAyIOIMM o0pa3oM. Bo BTopom paszmene paccMOTpEeHBI
CYIIECTBYIOIIME  MHCTPYMEHTHI,  KOTOpbIE  NPUMEHSIOTCA  JUIA  OLCHKH
IKCIUTYaTUPyeMOCTH OmMOOK. B TpeTbeM pazzene NpencTaBiIeH METOH OLEHKH
AKCIUTYaTUPYEMOCTH MPOTPaMMHBIX Ne(eKToB. B deTBEPTOM pasiene MpUBEACHBI
OCHOBHBIC pe3yJIbTaThl NMPUMEHEHHs MeToja. B mociemHeM, MIECTOM paszaene
paccMaTpUBAIOTCA TOJNyYCHHBIE PE3YIbTaThl M OOCYKNAIOTCS IMEpPCIEKTUBHBIC
HalpaBIICHNUS MCCIICIOBaHHUH.

2. 0O630p cywiecmeyroujux nodxodoe K oueHke
3KcryamupyemMocmu rnpoz2paMmbix 0deghekmoe

B kagectBe OCHOBHBIX IoAXO0A0B K OLCHKC I3KCITYaTUPYCMOCTH HNPOrpaMMHBIX
,He(l)eKTOB MOXHO BBIICJIIUTH [IBa HAIIPABJICHUA: aHAJIN3 aBapHﬁHBIX BaBepH.ICHI/Iﬁ u
aBTOMAaTU4YCCKasA reHepamnus JKCIJIONTA C TMTOMOIIBI0 JUHAMHUYECKOTO CHMBOJIBLHOTO
BBITIOJTHCHMUS.

2.1 AHanu3 aBapuNHbIX 3aBepLIeHUN

Bo BpeMmsi aHanu3a aBapUiHBIX 3aBEPIICHUN M3y4aeTCsl COCTOSHUE IIPOrPaMMBbI
(3Ha4yeHHsI PEruCTPOB, MaMATH, CTEK BBI3OBOB) HAa MOMEHT CpalaThIBaHUS
uckmoueHua. K 3ToMy cOCTOSHHIO MpUMEHsETCs Ha0op MpaBmil, KaXkJ0e MPaBUIIO
KOTOPOTO ONHMCHIBAET KJIAcC aBapHIHOTO 3aBeplIeHUs. B kauecTBe mpumepa Takoro
Kjlacca MOXKHO IIPUBECTH HWCKJIIOUEHHE, BBIPa0aThIBAEMOE MPOIECCOPOM MpHU
MIOTIBITKE BBITOJIHUTh MHCTPYKIMIO 1O afpecy, AOCTYI K KOTOPOMY 3amperiéH, a
TaKke cpabaThlBaHWE 3alIUTHl OT IIeperoyHeHusT Oydepa, BOBpPEMs BbHI30BA
6e3omacHbIX (QYHKIMH KonmupoBaHMs. Kaskabli Kitacc MMeeT paHr, YeM HHXKE pPaHT
TE€M, TEM BBIIIE BEPOATHOCTb, YTO HAPYHIMTENIO YIACTCS IMPOIKCILTYyaTHPOBATH
JIEKAIYI0 B OCHOBE YA3BUMOCTb. KpoMe Toro, Kax bl KJIacC MPUHAUIEHKHUT OJHOU
U3 4eThIpEX TPYII: AKCIUTyaTUPyEeMble, BO3MOXHO 3KCILTyaTHPyeMble, BO3MOXKHO
HE3KCIIIyaTHpyeMble U HEJOCTaTOYHO U3ydeHHble. B mocneaHuii knacc momagaror
aBapHUiHBIC 3aBEPIIEHIS, TIPH aHAIN3E KOTOPBIX OBLIO CITUIIIKOM MaJlo HH(OpPMAIIH,
JUI TOTO YTOOBI CHENAaTh BBIBOABI 00 SKCIUTYyaTHPYEMOCTH JAaHHOTO aBapHHHOTO
3aBepuieHus. Hanpumep, eciau €IMHCTBEHHOE, 4YTO YyAAJNOCh Y3HAaTh IIpHU
BO3HMKHOBEHUHU HCKJIKOYEHMS, YTO 3TO MCKIKOYEHHE BO3HUKIIO NPU HapyLICHUU
JIOCTyTIa K MaMATH, TO OCHOBBIBAsCh TOJBKO Ha 3TOW WH(OPMAIHUU HEBO3MOKHO
CAenaTh BBIBOA 00 SKCIUTyaTHPYEMOCTH IOTEHIMANBHON ys3BUMOCTH. OgHOMY
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aBapUITHOMY 3aBEpIIECHUIO MOXET COOTBETCTBOBATh HECKOJIBKO KJIaccoB. BriBox 06
9KCIUTyaTHPYEMOCTH HPOU3BOAUTCS Ha OCHOBE HH(OpMAalMKM O KJIacce, paHr
KOTOpPOT0 MMUHHUMAaJbHBIM.

Peanuzanusi ONMHCAHHOTO IOJXOJA MPEACTaBlicHa B HWHCTpymenrax [8, 10].
VIHCTpYMEHTHI SIBIAIOTCA CXOXKHMH M HMEIOT OJMH M TOT XK€ Habop IpaBuIL
Wuctpyment [8] aHamusupyer mporpaMMbl, paboTaromMe MOA  YIPaBICHUEM
OTepaIMoHHbIX cructeM cemerictea Windows, a uactpymenr [10] paGoraer ¢ Linux-
nporpamMmamu. OIHUM U3 JOCTOMHCTB JaHHOTO ITOJIX0/1a CTOMT OTMETHTh CKOPOCTb
aHanuza. Beicokas ckopocTh paboTHI JocTUTaeTcs Onaronaps TOMy, YTO TPOBOMUTCS
aHaJIM3 TOJIGKO COCTOSIHMSI NTPOTPaMMBbl B MOMEHT aBapUHHOIO 3aBEpIICHUS, a HE
uccieayeTcss BCE BBINOJNHEHHWE NporpaMmbl. Kak ciieicTBue, OT 3TOrO MOTYT
BO3HUKHYTb JIOKHBIC Cpa6aTLIBaHI/IH. CyH_IeCTByeT BEPOATHOCTD, 4qTO
HEIKCIUTyaTHpyeMble ONIMOKH OLCHMBAIOTCS KaK DKCIUTyaTpHpyeMble, HO OLIMOKH,
pacIo3HaHHBIE KaK HEIKCIUTyaTHpyeMble, KaK IPaBUIIO, TAKOBBIMH M SBIIIOTCSL
[oaTOMy HaHHBII METOJ XOPOLIO MOIXOANT Ui (PHITBTPALUH HEIKCILTYATHPYEMBIX
IePEKTOB.

2.2 Aemomamu4ecKasl 2eHepayus 3kcniaolimoes

MeTon aBTOMAaTHYECKOW TeHepaluu OHKCIUIOWTOB IIO3BOJISET IONYYUTH HAO0D
BXOJHBIX JAHHBIX, KOTOPHI aKTHBUPYET CYIISCTBYIOUIYIO YS3BUMOCTE B IIPOTpaMMe.
Takum 00pa3oM, MOKHO YTBEPHKAATh, YTO YSI3BUMOCTH SIBISCTCS IKCILTYTHPYEMOM.
JlaHHBII METOJ] OCHOBEIBACTCS HAa WCIIOJNE30BAHUH TUHAMUYECKOTO CHMBOJIBHOTO
BBINIOJIHEHMS. Bo BpEMs JUHAMUYECKOI'O0 CUMBOJIBHOI'O BBINOJHEHUSA KOHKPETHBIC
3HAYEHHs MEePEeMEHHbIX, KOTOpble y4acTBYIOT B 00pabOTKE BXOJHBIX JaHHBIX,
3aMCHSOTCA CHMBOJIBHBIMH 3HAYCHUSIMU. B Ka4yeCTBEC BXOJIHBIX JAaHHBIX
HCIIOJIb3YIOTCA pa3InIHbIC HUCTOYHUKMU: ApTYMEHTBI KOMaHI[HOﬁ CTpPOKH,
MePEMEHHBIC OKPYKeHHs, (paiisbl U ceTh. Onepanuy HaJl CHMBOJIbHBIMH 3HAYCHUSIMU
npeAcTaBisiioress B Bume ¢Gopmyn mist SMT-pemrarens. Kaxmoe BeTBicHuE B
mporpaMMe, Pe3yJIbTaT KOTOPOT'O 3aBHCHUT OT CHMBOJIBHBIX HAaHHBIX, NOOABIISET
OTpaHHYEHUE B OONIYI0 CHCTEMY. JTO OrpaHUYCHHE OTpa)kaeT MPOXOXKICHHE
VIOpaBJICHUS 10 KOHKPETHOW BETBH MporpamMmbl. Habop Takux oOrpaHUYeHHMA
Ha3bIBaCTCS TMPEAMKATOM IWyTH. [IpeInKaT MyTH ONHCHIBAET OIHO BHIMOIHCHHE
nporpamMmMbl. Eciim maHHBI HaOOp OrpaHHMYEHHUIl NIpemocTaBuTh Ha BXon SMT-
pelIaTeNo, TO Pe3ylbTaToM ero padoThl OyneT HAOOp BXOIHBIX JAHHBIX, IS
aKTHUBAIUU TOTO CIIeHapHusi pabOThl MPOTPaMMbl, HA KOTOPOM OBLI MOJy4eH Habop
OTpaHUYECHUM.

Jis ycnenrHo i SKCIuTyaTauy ysi3BUMOCTH, HEOOXOMMO OIHCATh JOMOTHUTEIEHBIC
OrpaHUYCHUA, KOTOPBIC ITO3BOJIAT eé AKTUBHUPOBATDH. dDopMannaauHﬂ OKCILTyaTaluu
YSA3BUMOCTH SIBJISIETCSI caMma 10 cebe OTAEIbHOM CIIOKHOH 3amadeid. st HeKOTOpBIX
BUJIOB YA3BUMOCTEH 3Ta 3ajiaya y>Ke pelleHa u onucana B paborax [5,7,9,11,12]. B
KadecTBE TAaKWX YSA3BHMOCTEH BBICTYHAIOT MepenoiHeHne Oydepa Ha cTeke
YSI3BUMOCTH (POPMATHOH CTPOKH.
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CyIecTByIOIe HHCTPYMEHTH aBTOMATHYECKOW T'eHepaluH SKCIUIONTOB HMEIOT
HECKOJBKO pa3nmuauil  Mexny coboi. HWuctpymentst [7,9,11] wucmoms3yroT
NOJIHOCUCTEMHYIO SMYJILMIO, 4YTO MO3BOJSCT AHAIM3UPOBATH HE  TOJBKO
HOJIL30BATENILCKHE TIPHIOKEHHA, HO M NPOrpaMMBl YPOBHS SApa OIEPalMOHHON
CHCTEMBI, TOTJla KaK MHCTPYMEHTHI [5,6] aHaIM3MPYIOT TOJIBKO IMOJIBb30BATEIbCKUE
nporpammsl. THCTpyMeHTsI [5,6] Kpome aKcIuTyaTaluy OCYIIECTBISIIOT €LIE U IIOUCK
VSI3BUMOCTH, HO, K COXaJ€HWIO, 3TH HMHCTPYMEHTBHl HEJOCTYIHBL. BakHbIM
JIOCTOMHCTBOM HMHCTPYMEHTOB SIBJISIETCS, TO, YTO y4acTHE aHAIUTHKa B UX padoOTe
SBJISIETCS MUHUMAJIBHBIM. B KauecTBe He1oCTaTKOB MOYKHO OTMETUTH 3HAYUTEIIbHBIH
pocT MOTpeOJIeHHsI PecypcoB, TIPU aHalM3e OONBIINX MporpaMM. Takum oOpazom,
BOKHO  OOCCIICYNTh  NPAaBWIBHYIO  NPEABAPUTENBHYHO  (QUIbTpalMIO U
KIaccuukanuio 1epeKTos, i obecnedeH s POU3BOIUTEILHOCTH.

3. PaspabomaHHbIl Mmemood

Pa3paboTaHHBI MeTOA MpencTaBiIsieT coOOH COBMECTHOE NPHMEHEHHE aHalu3a
aBapHIHBIX 3aBEPIICHUN 1 aBTOMaTHUECKOM F'eHepaluy SKCIuIonTa. Meton pa3nenén
Ha Tpu dTamna (puc.l).

ABTOMaTHYECKas reHepauus
3KCnnomnTa
A . Metopn
33‘:2%":::::; npeasapuTensHoi > Ha6op anropuTMos
KﬂaCCMCbMKaLI,MH aBTOMaTU4YeCKOK
nedbekToB reHepaumu
SKCNNOWTOB
Mposepka
paboTocnocobHocTH | +————
3KCMnonTa

Puc. 1. [lexomnosuyus memooa na mpu smana
Fig. 1. The method decomposition into three stages

AHanu3  aBapuHHBIX  3aBEPLICHUN  NpPUMEHSETCS Ul OCYLIECTBJICHUS
MPeIBApUTEIHHON KIACCU(PHUKAIMK OMIMOOK, € IeNbI0 OT(OUIFTPOBATH 3apaHee
HEIKCIUTyaTUpyeMble ne(eKThbl, TaKhe Kak JeJIeHHe Ha HOJb, pa3bIMEHOBAHUE
HYJIEBOTO yKazaTels, cpabaTbIBaHWE 3allUThl BO BpeMs KONHMPOBAHUS C
UCIIONIb30BaHMEM  Oe3omacHbIX  QyHKuMHA. Kpome TOro, mnpensapurensHas
KiaccuuKanys IO3BOJISICT BBIOpATh ANTOPUTM JUIA JAbHEHIIEH TreHepauuu
skciuoifira. Hampumep, ecnu mnocne aHauu3a aBapuUNHBIX 3aBEpILIEHHH CTalo
U3BECTHO, YTO MPOU3OIIIO0 UCKIIOUEHUE IPU MOMBITKE BHIMOIHUTh UHCTPYKIMIO 110
azipecy, JOCTYI K KOTOPOMY 3alpelIEH, a TaKXKe CYIIECTBYET NOBPEKICHUE CTEKA, TO
JUI TeHEPALUH SKCIIJIONTA CIEeyeT 3aIlyCTUTh aITOPUTM I'€HEPALUH SKCIUIONTA IS
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ySI3BUMOCTH HepenoHeHust Oydepa Ha cteke. [locie ycnemHon reaepauy ciemxyer
STam TMPOBEpKH pPabOTOCIIOCOOHOCTH JKCIUIoWTa. B cmywae ycmermHo# pa®oTbl
9KCIIOHMTa, MOKHO OJTHO3HAYHO YTBEP)KAATh O HAIWYNH SKCIUTyaTHPYeMOTo aedexra
B TIpOTpaMMe.

3a OCHOBY MeTO/a TpEABAPUTEIbHON Kiaccupukamuu OBIT BBHIOpaH IOIXOM,
peanm3oBaHHblii B wHCTpyMeHTax [8,10]. Jlns ycrmemrHo# WHTETparMud MeToa
NoTpeOOBaIOCh IEpepabOTaTh PAHTH M TPYIIIBEI A1 HEKOTOPBIX KJIACCOB aBaPHIHHBIX
3aBepuIeHNHd. Tak Kak B peaau3aliii HHCTPYMEHTa HEKOTOPBIE KIIaCChl aBapUIHBIX
3aBepLICHUH He TOoAJexaT OJKCIUTyaTallud B paMKaxX TeKylled peanu3anuu
ABTOMATHYECKOH SKCIUTyaTaluH. B KauecTBe mpuMepa MOXKHO IPHBECTH KIIACCHI
aBapUIHBIX 3aBEPIICHUH, CBsI3aHHBIX MepemnoiHeHueM Oydepa Ha kyde. B
HaCTO)IHII/Iﬁ MOMCHT aBTOMaTU4YECKasA OJOKCIUTyaTallusd YA3BUMOCTU NEPCTIOTHCHUA
Oydepa Ha Kyde OTCYTCTBYET, TIOITOMY 3T KJIACCHI IEPEHECEHBI B TPYTITY BO3MOXKHO
HE 3KCIUTyaTHPYEMbIX aBapHIHBIX 3aBepluieHHH. Takke B 3Ty IpyNIy NEpeHEcEH
KJIacC, KOTOPBIH OTBEYaeT 3a CpadaThIBaHWE 3AIUTHBIX MEXaHM3MOB: TaKMX Kak
"kaHapelika" u Oe3omacHble QYHKIMH paObOTH co cTpokamu. Kiaccel, oTBeuaromme
32 MCKIIIOYCHUS, BO3HUKAIOUINE NPH YTCHUHM W3 HaMATH WM 3allUCH B MaMsATh,
MIEPEHECEHB! B TPYIITy BO3MOXKHO SKCIUIyaTHPYEMBIX, T.K. PEAIH30BaH IMOJIXOJI K
UCIIPaBJICHUIO NIepe3auCcanHbIX yKazaTelel Bo Bpems nepernonHenus oydepa.
[Ipobnema mnepesanncaHHBIX YyKa3zaTeleld BO3HUKAaET, €CJIM IIOCIe Mepe3anucH
yKazarelysi OCYIIECTBIAETCS K HEMY IOCTYII, B PE3yJbTaTe KOTOPOTO BO3HHKAET
UCKIIIOYEHHE, KOTOPOE, B CBOIO OYepellb NMPUBOIMUT K JOCPOYHOMY aBAPUHHOMY
3aBepIIeHUIO0. TeXHOJIOTus UCTIPABICHHUS Nepe3anrCcaHHbIX yKa3zarenel Oazupyercs
Ha MeTo/ie, KOTOPBIi omucan B pabore [9]. DTOT MeTo HCIIONB3YET TMHAMHYECKOE
CUMBOJILHOE BBITMIOJIHEHHE MO OWHAPHBIM TpaccaM MporpaMMm. B mpemmaraemom
MOAXO0AC MPOUCXOJUT MOCTPOCHUE MPEAUKATA IYTH OT TOUKH IMOJTYUYCHHUA BXOJHBIX
JaHHBIX OO TOYKH Cpa6aTBIBaHI/I$[ HCKIIIOUCHHA OOCTYyIa K IMaMATH. KpOMe 9TOTO
Jo6aBisieTcs OrpaHUuCHNE Ha TO, YTO yKa3aTellb PaBeH aJpecy, A0CTYII 10 KOTOPOMY
He BBI3BIBACT MCKIIOYeHHs. IIpuMepom Takoro aapeca MOXET OBITh ajapec u3
JMana3oHa aJpecoB CEKIHMH J@HHBIX aHAJIM3MPYEMOTO HCIIOIHsIEeMOoro Qaina.
PesynbraTom perieHus nosrydaercs HaOOp BXOJHBIX JaHHBIX, KOTOPBIH TPOXOJIHT I10
TOMY JK€ NMYTH M HE BBI3BIBACT cpabaThIBaHMs HMCKIIOYEHHS. 3aTreM 3TOT Habop
BXOJHBIX JaHHBIX BHOBb IIOABEPTracTCs npeleapHTem)Hoﬁ Knaccmbm(aum/l, B
pe3ysbTaTe KOTOPOM BO3MOKHBI TpH cilydas. IlepBelii ciyuail, korga aBapuiiHOE
3aBepIIeHNe KIacCH(UIMPYeTCs KaK 3KCIUIyaTHpyeMoe, HallpuMep, Hepexona Mo
HCTIPABUIIBHOMY aJIp€Cy IMOCJIC BBIIMOJIHCHUA NHCTPYKIIUN TIEPEaAaYN YyIIPaBJIICHUA. B
TAaKOM ciydae, OyleT MPOUCXOANTH TeHEepaIusl SKCITIONTA ¢ YUETOM MPEIbIIYIINX
OTpaHMUYEHWH Ha ykazaTenu. BTopoi ciydail BO3ZHHKAET, eclii emié cpabaTbIBacT
UCKIIIOUYEHHE TpHU JOCTyIle K APYromy ykaszaTenro. B atom ciydae mpouecc ¢
UCIIpaBJIEHUEM YyKa3zareis moBropsiercsi. Tperuil ciydail BO3HMKAeT, TOTAA, KOTAa
MOCJIC WMCHPABIICHUS yKa3aTess aBapUilHOE 3aBepIlCHHE KIACCH(UUUPYETCS Kak
BO3MOXKHO HEJKcIUTyatupyemoe. Takum oOpa3oM, oOecriednBaeTcsi HUCIPaBIICHUE
nepe3anucaHHbIX ykazatenei. TakKe CTOMT OTMETHTh, YTO CYLIECTBYIOT KJacc
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aBapUHHBIX 3aBEPIICHHHN, ITPH KOTOPOM IEPE3alrcaH yKaszaTeldb CTEKa B MOMEHT
BBI30BAa WHCTPYKIMM BO3BpaTta u3 (QyHKuuH. VcmpaBieHHe O3TOW CHTyaluu
HJICHTUYHO C MOJXO0JI0OM K MCIIPABIICHHUIO TIEPE3aiCaHHbIX yKazaTenei. B kagecTse
3HA4YEHMs yKa3aTelsl CTeKa MCHONB3YyeTCsl 3HA4eHHE, KOTOpoe ObLIO Ha MOMEHT
BBI30Ba TEKYILEH (QyHKIHUH.

[IpuMeHeHne  BBIICONHMCAHHBIX  METOAOB  IIO3BOJIICT MPOM3BECTH  OLEHKY
9KCIUTYyaTHPYEMOCTH MPOTPAaMMHBIX A€(EKTOB.

4. Peanusayuss memoda u pe3ysibmambl nNPaKkmu4ecKkoz20
npuMeHeHus

[MpennoxxeHHBI MeTOA OBLI pealn3oBaH B BHJE COBMECTHOI'O HCIIOJIB30BaHHS
HECKOJILKMX MPOTrPaMMHBIX CpelcTB. MeTo/| IpeiBapuTeIbHON KilacCU(PUKAIK ObLI
peanu3zoBan Ha ocHoBe ytwiuthl gdb_exploitable [10]. Jlns aBTOMaTmueckoi
reHepalyy dKCIUIOWTa ObUT UCMONIb30BaH MOAYJIb-PAcUIMPEHHE U3 CPEIbl aHaIu3a
omnapaoro koma[9]. [dma mpoBepkd PabOTOCIIOCOOHOCTH  HCIIOJIB30BAJICS
noiHOCUCTeMHBIH aMyssitop Qemu[13]. Mexanusm obecrieueHuss COBMECTHOM
paboTHl BCeX MPOTPaMMHBIX CPEACTB IPEACTABICH B BHJC CKPUITOB Ha S3bIKE
Python.

Jns momyuennss HaOopa aBapHHHBIX 3aBEpIICHHH OBUI HCIOJB30BaH IOJXO,
omKcaHHbli B padote [5]. Ha ocHOBe 3TOTO0 M01X012a OBLIT peanu3oBaH (has33ep yTUIIT,
KOTOpBIE HCIHOJIB3YIOT MHTepdelc KOMaHIHOH cTpokH. B kauecTBe oObekTa I
(a3szunra ObulM BBIOpaHBl TpHIOXKeHHs u3 aucTpubytuBa Debian6.0.10. B
pesynbrate (pa33mHra ObUTH OOHApyKeHBI 274 TPUIIOKEHUS, AN KOTOPBIX €CTh
BXO/JIHBIE IaHHBIE, IPUBOSIIIIUE K aBAPUUHOMY 3aBEPIICHUO. J{JIs1 9TUX NPUIIOKEHUM
NPOBOJIMIIACH OLIEHKAa HalleHHBIX JedekToB. Pe3ynbTaThl IpeaBapHUTENbHOI
Ki1accu(uKalMy rpejcTaBlieHbl B Ta0u. 1.

Tabn. 1. Pezynomamel npedeapumenbHol KiacCugpurayuu
Table 1. Results of the preliminary classification

I'pynna aBapuiinbix | Kiacc aBapuiinbix | KonudecTBo aBapHifHBIX
3aBepUICHU M 3aBepUICHU N 3aBepUICHU I
IKCIUTyaTHpyeMbIe Hcknrouenue npu | 13

JIOCTYIIE K MaMsTH, aJipec
KOTOpO#l COBIAAaeT co
CYETUMKOM KOMaH/I

Bo3moxHO [epenonnenue Oydepa | 23
9KCILTyaTHPyEMbIe Ha Ky4e

He nocratouno Hapymenue nocrymna 238
H3YYCHHBIC

Janee 1nsi Tpynmel SKCIUTyaTHPYEMBIX aBapUHHBIX 3aBEpLICHHH IPUMEHSIIACH
aBTOMAaTH4ecKas reHepanus dkciuloiita. Tak Kak Kiacc aBapHiHBIX 3aBEpLICHUM
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COOTBETCTBYET CHTyalliM, KOTJa MPOMCXOJUT Tiepefada yNpaBICHUS IO
Hepe3aniucaHHoOMY afpecy BO BpeMs BEIXOAA U3 (DYHKIHH, TO IPUMEHSUICS alTOPUTM
ABTOMATHYECKOW TeHEepaIliy SKCIUIONTa I TepernoiHeHns Oydepa Ha cteke. Jns
JAHHBIX aBapUITHBIX 3aBEpUICHNN OBLTH CTeHEPHPOBAHBI AKCIUIOWTHL. K coxanenmio,
JUIS YCTIELTHOM IKCIUTyaTally yS3BUMOCTEH MPHUIIIOCh OTKJIIOYUTH PaHI0MU3ALUI0
a/IpeCHOTO TPOCTPAHCTBA, 3alllUTa BBHINOJHEHUs] JaHHBIX ObUla OTKIIIOYEHA IO
YMOTYaHHIO.

Tak kak HeT ajnropuT™Ma reHepanuy SKCIUIONTOB /I TepenoianeHus Oydepa Ha Kyue,
JAHHBIM KJIacC aBapUMHBIX 3aBEpIICHUH OTHOCHUTCA K TIpyNIe BO3MOXKHO
HEIKCIUTyaTupyeMbIx nedektoB. [l OOJIbIIMHCTBA aBapHHBIX 3aBEPIICHUH,
€/IMHCTBEHHOW MH(OpMalei, KOTOPYIO yAaloch U3BJeYb, OKa3ajlach HHPOPMAIHs
0 TOM, YTO IPOU3OLLIO TOJBKO HapylleHHe AocTyna. OCHOBBIBASICH TOIBKO Ha 3TOM
MH()OpMAaLH HEBO3MOXKHO CAETATh BBIBOJL O AKCILTYaTHPYEMOCTH JaHHOTO fedekTa.
Ha tectupoBanue Bcero Habopa mpumepoB ObUIO MoTpaueHo npumepHo 10 vacos.
Cpenanee BpeMsi IPOBEICHUS MPEABAPUTEIHHON SKCILTyaTallii COCTaBUIO | MUHYTY.
Cpennee BpeMs IeHEpalMy 3KCIUIONTa C MOCIeAyIomeil mpoBepkoi coctaBmio 21
MHHYTy. TakuM 00pa3oM, HCIOJIBb30BAaHHE MPEABAPUTEIBHON KIacCH(PHUKALIH
JIe(eKTOB TO3BOJSIET CYIIECTBEHHO COKPAaTUTh BPEMs, NMOTPAUCHHOE HAa OICHKY
9KCIUTYyaTHPYEMOCTH Je(heKTOB.

5. 3aknroyeHue

B craThe npeacTaBiieH METO/I OLIEHKU SKCILTyaTUPYEMOCTH IPOTPaMMHBIX JIe(EKTOB.
MeTo OCHOBaH Ha COBMECTHOM HCIIOJIb30BaHHH TPEABAPUTEIBHOM KiIacCupUKaIHK
aBapUUHBIX 3aBEpUICHUN W aBTOMATUYECKOW TeHepaluu dKcIulonTta. Peanmuzanus
MeTOoJla TpeacTaBisieT co00i HAaOOp MPOrPaMMHBIX CPEACTB CBSI3aHHBIX MEXIY
co00H YIpaBJISFOIUMHE CKPHUIITAMH. JIaHHBII METOI IIPUMEHSIETCS HETIOCPEACTBEHHO
K UcronHsieMbIM (atimam. [IprMeHeHHe 3TOro METOAa TO3BOIBIET Pa3padoTINKaM
MPOTPAMMHOTO 00ECTICUCHHS MOHATh, KAKHE OIMMUOKH MPEICTaBISMIOT HAUOOIBIIIYIO
yrpo3y mis OesomacHoctu [10. IlpeaBaputenbHas KiIacCU(pUKAIMS TTO3BOJISICT
OTCeATh HEIKCIUTyaTHpPyeMble NEEKTHI, a I MOTCHIMAIBHO AKCILTyaTHPYEMbIX
3allyCTUTh HYKHBIM ~ aJrOpUTM  aBTOMAaTHMYECKONM TeHepaluud  HKCIUIOHWTOB.
IIpencraBneHHbIe B JaHHOH pabOTe pe3yNbTaThl MPEAIaraloT 3aKOHUYEHHBIA METO/I,
MO3BOJISIOIINHN OIIEHUBATH AKCILTYaTUPYEMOCTh HAHICHHBIX OIIHOOK.

B kadecTBe nampHEWIIMX pabOT CTOHT BBIICIHTH ABTOMATHYECKYIO TCHEPAIUIO TS
JIPYTUX THUTIOB MPOTPAMMHBIX 1e(heKTOB, HAMpUMeEp TepenoiHeHne Oydepa Ha Kyde.
B coBpemenHbIX aimiokaropax u3 Oubmmoreku ¢libc, mpucyrcTByer Gosblioe
KOJIMYECTBO PAa3HOTO poJa IPOBEPOK, KOTOPHIE 3HAYUTENBHO YCIOXKHSIOT
JKCILTyaTalyio ySI3BUMOCTEH mepenonHeHus: Oydepa Ha Kyde. Takke OTICIbHBIN
UHTEPEC MPEACTaBIAIOT CUTyallMM, KOrJa HapyLIMTEIb MOXET KOHTPOJIUPOBATH
azpec, 0 KOTOPOMY IIPOMCXOANT 3aIHCh M JaHHBIE, KOTOPhIe OYAyT 3alHCaHbl 110
KOHTPOJIUPYEMOMY ajipecy. Takue CUTyalluu OTKPBIBAIOT MacCy BO3MOXKHOCTEH IS
HAPYIIUTENS: IePe3anuch aipeca Bo3BpaTa U3 QYHKIMH WITH yKa3aTesst Ha (yHKIUIO
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aJpecoM B IaMSATH, Ille paclojaraeTcs KO IOJNE3HOH Harpy3kd. DKCIUTyaTalus
TAKOTO poJa ySI3BUMOCTEH ITO3BOJISICT OOONTH 3aIIMTHBIA MeXaHWM3M '"KaHapehka',
KOTOPBII MPU3BaH 3alMINATh aIpec BO3BpaTa U3 QYHKIMHU OT Iepe3alucy BO BpeMs
nepenoyiHeHus Oydepa Ha cTexe. BakHBIM HanpaBlIeHHEM HCCICIOBAaHHS, SBISETCS
JKCIUTyaTalus YSI3BUMOCTEH B paMKax pabOThl COBPEMEHHBIX 3alUTHBIX
MEXaHN3MOB YPOBHS OIEPAaLMOHHOM cUCTeMBbl. B KadecTBe TakUX 3allUT MOXHO
Beigenute DEP u ASLR. [lng skcmiyaranuu ysI3BUMOCTEH TPH BKIIOYEHHBIX

3ammMTax cieayer ucnons3oBath ROP- xoMmuisinmio, koTopas omucaHa B padoTe
[14].
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Abstract. The method for exploitability estimation of program bugs is presented. Using this
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exploit generation the operability of exploit is checked in program emulator. There are various
ways that used for finding software bugs. Fuzzing and dynamic symbolic execution are often
used for this purpose. The main requirement for the use of the proposed method is an
opportunity to get input data, which cause program to crash. The technique could be applied to
program binaries and does not require debug information. Implementation of the method is a
set of software tools, which are interconnected with control scripts. The preliminary
classification method and automatic exploit generation method are implemented as stand-alone
tools, and could be used separately. The technique was used to analyze 274 program crashes,
which were obtained by fuzzing. The analysis managed to detect 13 exploitable bugs, for which
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NMouck owmb0oK pocrtyna K 6ycepy B
nporpammax Ha fisbike C/C++

12 11 A. [lyouna <eupharina@ispras.ru >
! B.K. Kowenee <vedun@ispras.ru >
L A.E. Bopooun <alexey.borodin@ispras.ru >
Y Unemumym cucmemnozo npozpammuposarnus PAH,
109004, Poccus, . Mockea, yn. A. Conxcenuysvina, 0. 25.
2 Mockoeckuii 2ocyoapcmeennwiil ynusepcumem umenu M.B. Jlomonocosa,
119991, Poccus, Mocksa, Jlenunckue 2opwl, 0. 1

AHHOTanus. B cratee paccMaTpHBaeTCsl alrOpHUTM CTaTHUECKOTO aHanM3a Ui IIOHCKa B
HCXO/HOM KOJIe IPOrpaMMbI OIIMOOK JocTyna K Oydepy. ANTOpUTM HUCIIOIb3YEeT CUMBOJIBHOE
UCIIOJTHEHNE C OOBEJMHEHHMEM COCTOSHHI ¥ SIBISIETCS UYBCTBHTENBHBIM K ITyTSIM.
PaccmarpuBarorcss Tonbpko oOpamieHus K Oydepam, HWMEIONIMM HW3BECTHBIE B MOMEHT
KOMITWIIIAA pa3Mep M pa3MEnIEHHBIM B CTaTHUYECKOH mMamsATH IO Ha creke. B pabore
npuBeneHO (opMmanbHOE oOmpeneneHre OmMOKH aocTyna K Oydepy, BO3HUKaromell mpu
HNPOXOXKIECHUH HEKOTOPOH IOCIenoBaTeNIbHOCTH pEOep rpada IMOTOKAa  YIpaBICHHS
nporpaMmbl.  [IpuBen€H  aNroput™, NO3BOJSIOMMHA JUIS  IHEPEMEHHBIX IIPOTrPaMMBI
CyMMHUpOBaTh HH(OPMAIMIO O BO3MOXHBIX 3HAYEHHAX II0 BCEM IyTsAM C Y4ETOM
COBMECTHOCTH YCIIOBHH II€PEXOJI0B, B3aUMOCBS3M IEPEMEHHBIX uepe3 apupMeTHUecKHe
onepanuy, WHCTPYKIMU IpeoOpa3oBaHHs THUIOB, OMHApHbIE OTHOIIGHHS B YCIOBHSX
nepexonoB. [ uHCTpyKIHit 1ocTymna K 0ydepy ¢ IOMOIIBIO BEMUCICHHOH U IepeMeHHOH
MHJEKCa HMH(OpPMAIMM O BO3MOXHBIX 3HAYECHHAX BBIUHUCIAIOTCS JOCTATOYHBIE YCIOBHS
BBIXOJIa 32 TPAHUI[B. BBIIOIHIMOCTE JTOCTATOUHBIX yCioBHil poBepsiercss SMT-pemarenem
U, B CIlydac HaXOXJCHHS MOJENH, C €€ IOMOIIbI0 OOHAPYXKMBAETCS OMMOOYHBIA MyTh U
Bbl}laéTCﬂ OpeaynpexaeHue. Ha ocHoBe JAaHHOI'0 mnoaxoAa B MHCTPYMEHTE CTAaTHYECKOI'O
aHanmmM3a Svace ObLI peaylM30BaH MEXIPOLEIYPHbIH YyBCTBUTENBHBIA K IYTSAM JIETEKTOD
oumbok goctyna k 0ydepy, ciocoOHbIi 00HApY)KUBATh HOBBIE, HE TIOKPBITHIE TPEIBITYIIIUMU
peanu3anusiMi JETeKTOPOB TUIIBI OMINOOK.

KnioueBble ciI0Ba: CTaTHYECKHH aHaIM3; IIOMCK Ae(EKTOB; IepernoaHeHne Oydepa;
qyBCTBUTEJIBHOCTb K IyTSM; CUMBOJIbHOE HCIIOJHEHHE.
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1. BeedeHue

B mocrnennee BpeMsi aBTOMaTH4eCKUH MOUCK Ae(EKTOB B MPOrPaMMHOM KOZE BCE
yalie CTaHOBUTCS HEOTHEMJIEMOHM YacThIO Mpolecca pa3pabOTKH COBPEMEHHOTO
nporpaMMHOro obecnedenus. OIHMM W3 TOJIXOJOB K pEIICHHIO JTOH 3ajauyu
ABJISIETCS CTATHMYECKUI aHaJIM3 HCXOAHOTO KOZA, HE IPEANoJararoliuil 3amyck
aHAIM3UPYEMOH NpOrpaMMbl W TO3BOJLSIIOIIMH HaWTH Ae(eKThl Jake Ha He
MOKPBITHIX NP TECTHPOBAHUY ITYTSX.

OnHuM U3 HanboJee paclpoCTpaHEHHBIX THITOB Ae()EKTOB B MPOrpaMMax Ha si3bIKax
C u C++ sBisttorest omnbku goctyna Kk 6ydepy [1]. OHM BO3HHKAIOT B TOM ciyyae,
KoTJa oOparieHue K 0ydepy mporUCXOIUT IT0 HHAEKCY, BRIXOAAIIEMY 3a €r0 TPaHHIIbL,
T.€. MPOMCXOIUT AOCTYI (YTEHUE WIIH 3aIHCh) K TAMATH BHE 1aHHOTO Oyepa. Takoe
MIOBE/ICHUE MOXKET IIPHUBECTH K IIJCHHUIO TPOTPaMMBbI, HENPaBHIBHONH paboTe, B
HEKOTOPBIX CIIy4asX K MOSBICHUIO YKCILTyaTHPyeMOit ysa3BUMOCTH [2].

3aga4a moucka Ae()EKTOB TAKOTO poJia B OOIEM ciydae sIBISETCS alrOPUTMUYCCKH
HepaspeluMon (T.K. K Hed cBomuTcs 3amada ocraHoBa [3]), T.e. WIeanbHBINA
(BBLHAIOIMH TIpeqyNpeXIeHUsT 000 BCeX pealbHBIX Ae(EKTax M TONBKO O HHX)
aHAIM3aTOP MOCTPOUTH HENb3s. [103TOMy clieHapHii MCIIONIB30BaHUS AHAIM3ATOPA
oTpeziesieT KOHKPETHBIE TPeOOBaHMS K HEMY: YPOBEHb ITOJIHOTHI aHAIN3a, CTEIICHb
MacmTabupyeMOCTH, OrpaHUYEHHE Ha KOJMYECTBO IMOTPEOJISIEMBIX PECYpCOB H
BpeMsi aHallu3a, NPUEMJIEMYIO JIOJI0 JIOKHBIX cpabarbiBaHuil. COBOKYIMHOCTh 3THX
TpeOOBaHUII B CBOIO OYepe[b ONpPEJeIsieT MOIXOJAIINE sl JaHHOTO CLIEHApHs
METO/Ibl aHAIIN3a.

3amaveii TaHHOH pabOoTHI SIBJIIETCS pa3paboTKa alrOpUTMa MOMCKa OIUOOK JI0CTyIa
K Oydepy, yIOBICTBOPSIONIETO CICAYIOMNM TpeOOBaHUIM. Bo-TIepBBIX, OH TOJDKCH
XOpOIIIO  MacIITadUpoOBaThCS, T.K. HEOOXOAMMO aHAIM3UPOBATh  OOJbIIHE
NpOrpaMMHBIE CUCTEMBbI (00bEM MCXOAHOTO KOJIa MCUUCIISETCS MHJIMOHAMH CTPOK)
3a BpeMmsl HOYHOW cOopku (4-6 yacom). Bo-BTOphiX, HEOOXOAUMO O00ECHCUYUTH
BBICOKHI ypOBEHb UCTHHHBIX Npenynpexaeanii (He menee 50-70%, B mpoTuBHOM
cilydae 3aTpaThl Ha pa30op JIOKHBIX TPEXYNpPEeXICHUH HUBEIUPYIOT I0JIb3Yy
ABTOMATHYECKOTO ITOHMCKA OMIMOOK), MPU 3TOM KaXKJJ0€ BBIIAHHOE MPENyIpeKIeHIE
JIOJDKHO COIPOBOKAATHCS JJOCTATOYHOW apryMeHTalned BO3HUKIINX MOJA03PEHHUHN O
HaJIMYMH OMIMOKH ISl OJIb30BaTEs.

PazpabarpiBaeMblil aJITOPUTM TIpeIUIaracTcsi peajr30BaTh B paMKaX HMHCTPYMEHTA
craTuueckoro ananmusa Svace [4], paspabartsiBaemoro B MCII PAH. Ve
CyllecTByIOIIMH B Svace JerekTop omuOOK pgoctyna K Oydepy Bbmaér
MpeIynpexaeHUs, €CIU OyJIeT HallIeHO HEKOTOpoe pedpo rpada MoToKa yrpaBIeHUs
TaKoe, YTO BCE MPOXO/ISIIUE Yepe3 Hero IyTH cofiepikar omrbKy. B npumepe Ha puc.
1 BTOMYy CBOWCTBY yIOBJIECTBOPSIET IYHKTUPHOE peOpO — Ha JIFOOOM MPOXOIAIIEM
gepe3 Hero MyTH MPOU30HIET TOoCTyN K Oydepy pa3mepa 7 1Mo uHIeKCy 7.
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[ int x, b[7];

J

Puc. 1 I[Ipumep owubru
Fig. 1. An example of error

K coxaneHuno, CymecTBYIOT OIIMOOYHBIC CHUTYallMd, KOTOPhIC HE YIOBJIETBOPSIOT
9TOMY KpUTEpHI0. B KkadecTBe HILTFOCTPALMK ITOrO TE3MCa PACCMOTPUM IMpUMED,
n300paKeHHEBIH Ha pUC. 2.

int x,b[7];

if (condl)
F ~ T
A

Puc. 2 I[Ipumep owubru
Fig 2. An example of error
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Ecmm condl m cond2 MOTYT OJHOBpEMEHHO NMPUHUMATh 3HAYCHHE “UCTHUHA”, TO
Takas IporpamMMa COJepXXUT omMOKy noctyna k Oydepy. B nmanHom rpade He
CYIIECTBYET EAMHCTBEHHOro pebpa, HMPOXOXKIECHHE Yepe3 KOTOpOe TrapaHTHPYeT
BO3HHKHOBEHHE OIMHUOKH (I KaXaoro pedpa cymecTByeT Oe30mMO0YHBIH MyTh
yepe3 Hero). TeM He MeHee, MOXKHO IPENbSIBUTh TaKyI0 MOCJIEA0BATENILHOCTE PEOED
(Ha puCYHKE BBIICTCHBI IYHKTHPOM), YTO JIO0OHW IIyTh, BKIIIOYAIOIINN 3Ty
MOCJIEI0BATENBHOCTD, OyIeT comepkarh omuOKy. Emé pa3 momdepkHEM, 4TO IUIA
BBIIAYM  TNPEAyNPeKACHHS B  TaKOW  CHTyallud  HEOOXOOMMO  IPEXIe
IIPOAHAIN3UPOBATh COBMECTHOCTD yClIoBUM condl u cond?2.

Yr1o0bl OOHapyXuBaTh Takue Ae(eKThl, MPU 3TOM HE MPEBBILIAsl JOIYyCTHMOE
KOJIMYECTBO JIOXKHBIX cpadaThIBaHUN, HEOOXOUMO peai30BaTh YyBCTBUTEIbHBIN K
nyTsiM aHanu3. OJHUM M3 METOJIOB PEIICHHUS 3TOH 3a/auu SIBJSIETCS] CUMBOJIBHOE
UCIIOJIHEHNE ¢ 00beMHeHHEeM cocTosiHUE [5]. Takoil moaxox mo3BoisieT CBOAUTH
3amady repedopa IyTel K 3ajade ONMpeIeNICHUs BBIIIOTHUMOCTH OyJeBHIX (opMyII,
YTO IO3BOJIIET COXPAHATh MAaCIITAOUPyEeMOCTh aHAIIU3A.

JanpHeiimee M3I0)KEHHE OPraHU30BAHO CIEAYIOIUM 00pa3oM. Bo BTopoil yactu
NPHBEICHEI AIPHOPHBIE MPEIIIONIOKEHHSA 00 aHATM3UPYEMBIX IIPOrpaMMax, B paMKax
KOTOPBIX IPOHM3BOJSTCS IIOCTPOCHHUS alropuTMa; NaHo (GopMalbHOE ONpPEAeICHUE
omuOKu nocTyma k 0ydepy; onncana HeoOxoamMas 6a3oBas HHPPACTPYKTYpa sapa
aHanu3aropa. B Tperbeil yactu onmcaH pa3paboTaHHBINH aNrOpUTM, OCHOBAHHBIN Ha
BBIYHMCIICHUH JOCTATOYHBIX YCJIOBUH HAJIMYUsl OLIMOKH, NPHUBEAEH aJIrOpPUTM
MOCTPOEHHMSI TaKMX YCIOBHH. UeTBepTas 4acTh CONEPKHUT ONHUCAHUE pean3alliu
JIAHHOTO aJITOPUTMA B paMKax aHajiu3aTopa Svace.

2. lMocmaHoeka 3adayu

Heobxonumo paspabotaTh KpuTepuil OMMOOYHON cHTyaluu; pa3paboTaTh W
peanu3oBaTh aITOPUTM OOHApYXEHHWs] TaKUX CUTYyallud, YAOBIETBOPSIONINI
OrpaHUYCHUAM Ha KOJIMYECTBO JIOKHBIX Cpa6aTLIBaHHﬁ.

2.1. OnpepeneHue owmnbKu goctyna K 6ycepy

B nanHO#t paboTe paccmaTpuBaroTCs TOJBKO oOpamieHus K Oydepam, umeronmm
KOHCTaHTHBIN (T.€. N3BECTHBIN B MOMEHT KOMIIWJISIIIMN) pa3Mep M Pa3MEUIEHHBIM B
CTaTHYECKOH MmaMsTH 100 Ha cTeke. Takol moaxo 1 Ol BEIOpaH B Ka4eCTBE MIEPBOTO
NpUOJVDKEHUsT K PENICHHI0 3aJaddl T.K., C OJHOW CTOPOHBI, TO3BOJSET HAWTH
3HAYUTEIbHYIO YacTh OIIMOOK JocTyma K Oydepy, a ¢ Apyroil — mpeiosKeHHbIE
METOBI MOTYT OBITH BITOCICICTBHH JOPAOOTAHBI Il OPTaHU3AIUH ITOMCKA OIIHOOK
Ooee oOmero BUAa, B T.4. aHAIN3A JTOCTYIA K JHHAMHYECKU BBIICIICHHON MAMSTH.
Kpome 3toro, ommoku gocTyma K CTaTHYECKUM MacCHBaM B HEKOTOPBIX CUTYalUsIX
MOTYT SIBJISTHCS HCTOYHUKOM Yysi3BUMOCTH [2].

Ipu peanuzanmu KOHKPETHON (QYHKIUHM pPa3padOTYMK KaK MPABUIIO CTPEMHUTCS K
TOMY, YTOOBI €€ TTOBE/ICHNE OBUIO KOPPEKTHBIM BO BCEX IIOTEHIIMAIBHBIX KOHTEKCTax
BBI30Ba (@ HE TOJIBKO B PEajbHO CYIIECTBYIOMIMX B IPOCKTE HA JaHHBIA MOMEHT). JTO
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TpeboBaHWE B IMEPBYIO OYEpeNb BaXKHO I OMOIMOTEUHBIX (DYHKUIMH, (QYHKIIHH,
KOTOpBIe emé OyIyT HCIOIB30BATHCS IPH pa3paboTke HOBOTo Kofa. [loaTomy, 9To0BI
00OHapyXuBaTh qe(eKThl, BOSHUKAIOIINE B OTCHI[HAJIBHBIX KOHTEKCTAaX BbI30BA, MPH
NPOBEJCHUM aHallM3a Kakaas (QYyHKLUS CUUTACTCS TOYKOH BXOJa B HPOrpamMMy.
[Janee OyznemM cuuTtaTh, YTO NPH aHAIU3E PACCMATPUBACTCS HEKOTOpas (YHKIUS
BMECTE CO BCEMH BBI3BIBACMBIMH €O, BHI3BIBACMBIMH BBI3IBAEMBIMU CHO U T.]I.
CueHapuil HCHOJIB30BaHUS Pa3padaThBAEMOro aHAIM3aTopa MperoiaracT aHajlu3
NPOEKTOB MpPH OTCYTCTBUM YacTH HWCXOAHOrO Koja (Hampumep, peau3auui
O6ubanoTeyHsIX (QYHKIHMHA, KOJa MONB30BaTENbCKUX paciuupenuii). Kpome asrtoro,
aHaIM3aTOp JIOJDKEH OBITh IIOJHOCTBIO aBTOMaTHYECKUM, a 3HAuuT He
NpeArnojaraeTcs MNpeJI0CTaBIeHNe HUKAKOW JIOMOJHHUTENbHOM WH(OpManuu ot
pa3paboturkoB. B nmaHHOM ciywae mpu aHanu3e (QYHKIHMM T0/pa3ymMeBacMoe
MPOTPaMMHUCTOM TPEIYCIOBHE HEU3BECTHO (C YYETOM TOrO, 4TO B PACCMOTPECHHUE
BKJIFOUCHBI B TOM YKCJIE OTCYTCTBYIOIIME B MPOrpaMMe MOTSHI[HATIbHBIE KOHTEKCTBI
BbI30Ba). BhITEKaroIias M3 3TOr0 CIOXHOCTh aHAIN3a 3aKJII0YaeTCsS B TOM, YTO Ha
3HAYCHHUS, [T0Jy4aeMble 13 HEU3BECTHBIX (DYHKIMI WK TepeaBacMbie B DYHKIHIO B
Ka4eCTBE apryMEHTOB, MOT'YT OBITh HAJIOKECHBI HEM3BECTHBIC aHAIN3Y OTPAHUUYCHUS,
HarpuMmep, MPOrPaMMHKCTBI MOTYT MOJIPa3yMeBaTh CYIIECTBOBAHUE HEKOTOPOM
B3aUMOCBSI3M  3HA4Ye€HWH apryMeHToB (¢yHKuuu. [lonmHoe WrHOpuUpOBaHUE
BO3MO>KHOCTH HaJIMYMSI TaKUX B3aHMOCBS3CH MpUBCIACT K BbIJA4Y€ YPE3MECPHOTIO
KOJIMYECTBA JIOKHBIX CPAOAThIBAHUM, T.K. aHATH3ATOP OyAeT co00IaTh 00 onmoKax,
BO3HHUKAIOMIUX B CJIy4a€ UX HAPYHICHUS, YTO HEXKEIIATCIIBHO.

Jnst HekoTopol (yHKIMU OyAeM HasblBaTh HEU3BECMHbIMU NEPEMEHHbLIMU TaKUe
NPUXOJSIIUE U3 IPYTUX GYHKUHMH (BHI3BIBAIOIINX JAHHYIO U BBI3BIBAEMbIX JAHHOM)
3HAUEHUs, TapaMeTPU3YIOIIMe BBHIMOIHEHHE aHanm3upyemor Qynkuuu. Habop
3HAa4YE€HUH HEM3BECTHBIX MEPEMEHHBIX OJJHO3HAYHO ONPENENSET KOHKPEMHbIL Nymb
UCronHeHust GyHKIMH, T.€. MyTh Ha Tpade noroka ynpasinerus (['T1Y) u 3naveHus
BCEX [MEPEMEHHBIX, COCTOSHHE IaMsITH Ha KaxaoM ero pebpe. Takumu
HEHU3BECTHBIMU MIEPEMEHHBIME OY/YT SBJISATHCS BXOIHBIC MAPAMETPhI, HAYAILHOE Ha
BXOZIc B (DYHKIIHIO COCTOSTHHE ITaMSTH, PE3yJIbTaThl BI30BA HCH3BECTHOW (PYHKITUH.
COBOKYITHOCTh OrpaHHMYCHHI HAa MHOXKECTBO 3HAUYCHHU HaOOpa TaKMX IapameTpoB
OyzneM Ha3bIBaTh KoHmpakmom. Takum o0pa3oM, pu aHaIH3e HEOOXOIUMO UMETh B
BUAY BCE MHOYKECTBO BO3MOXKHBIX KOHTPAKTOB U BbIAaBATh NPEAYIIPECKIACHUA TOJIbKO
B TEX CcCiydasax, Koraa omunoKa MPOUCXOJUT IIPHU KaXXIOM KOHTPAKTE M3 ITOTO
MHOXecTBa. Kakue HMMEHHO KOHTPAKTBI CUUTATH BO3MOXXHBIMH PEHIACTCA IIPpU
MOCTPOCHNN KOHKPETHOHN CTpaTeTruy aHaIu3a. BrImne y)xe ObIJI0 OTMEYEHO YTO BEIOOD
ITYCTOTO MHOKECTBA B KAQYE€CTBE MHOKECTBA BO3MOXXHBIX KOHTPAKTOB IIPUBOJUT K
4pe3MEPHOMY KOJTMUYECTBY JIOKHBIX CpadaThIBaHUM.

C npyro#t CTOpOHBI, €CIIA CUNUTATh, YTO BO3MOXKHBI a0COIOTHO JIFOOBIE KOHTPAKTHI,
TO MPUAETCS MPONYCTHUTh CIHIIKOM MHOTO peanbHbIX AedexToB. Kak npaBuio, s
OomMOOYHOH  (YHKIMHM MOXHO 1O0J00paTh HCKYCCTBEHHOE  IPEIyCIIOBHE,
MCKITIIOYalollee BOSHUKHOBEHHE OLIMOKH, IIPH ATOM OHO OyzeT Kyza 0ojiee CTpOruM,
YeM peajbHOe, 3aJyMaHHOE MPOrPaMMHCTOM. T.e. CyLIECTBOBAaHHE TaKOro
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HUCKYCCTBEHHOT'O, TIOJHOCTBIO “0e30macHOro” mpeayciioBus (KaKk TIPaBHIIO,
JUIIAoNero (YHKIMIO CMBICTA) HE SBISETCS MNPEISITCTBHEM ISl BBIAAYH
npenynpexaeHus 00 onrmoke.

B kadecTBe KOMIIPOMHCCA MPEAJIAaraeTcss BBECTU ANpHOPHOE MPEINOJIOKEHUE O
CBOMCTBaX KOHTPAKTOB (PYHKIHUI, KOTOPOE OMPEIEIUT MHOMKECTBO BO3MOXKHBIX
KOHTPAKTOB, W, KaK CJICICTBUE, MO3BOJHUT OTACIUTH MOTCHI[HATIBHO BO3MOXKHBIC
OLIMOOYHBIE CIIEHAPUH UCTIOTHEHHS (QYHKINH OT MPEATOI0KUTENBHO 3aPEIeHHBIX
KOHTpakToM. B pamkax naHHOW paboThl OyAeM CUUTATh IOJO3PUTEIBHBIMH TaKUe
CHUTYalll{, B KOTOPBIX HAIMYHE OIIMOKH gocTyma Kk Oydepy cienyer us coiicts ['TIY
NpOrpaMMbl, HO HE 3aBUCHUT HANpsMYI0 OT MHOXKECTBAa JOIYCTHMBIX 3HAa4E€HHH
HCU3BECTHBIX IEPEMCHHBIX.

[MpouwnnroctpupyeM 3To pazinuuue Ha npumepe Ha puc. 3. B dyHkuun foo moxer
NpOU30HTH NepenoniHenue oydepa buf, ecnu OyaeT BeimoaHeHo 1dx = S. Hcxozs
U3 BBIIIECKA3aHHOTO, JAHHYIO CUTyaldi0 He OyJeM CuYuTaTh OIMIMOOYHOH, T.K.
CYMTAEM, YTO TaKHe 3HaueHHs 1dx 3ampenieHbl KOHTPAKTOM (PYHKIHH. 3aMeTHM,
4TO, HAJIUYHC OIJ_II/I6KI/I HalpsMYIO0 3aBUCHUT OT MHOKECTBA BO3MOXKHBIX 3HAYCHUH
idx. Tenepb paccMoTpuM (QYHKIHIO bar, 34ech HEPEIOIHEHHE TPOU30MIET, eClln
OyIeT BBIMIOJIHEHO!

(a=S—-1DAMB=+0) Q)
1 #define S 10 9 int bar(int a, int b) {
2 10 if (a >= s-1) {
3 int buf[S]; 11
4 12 }
5 wvoid foo(int idx) { 13 if (b)
6 buf[idx]++; 14 a++;
7} 15 return buf[a];
8 16 }

Puc. 3 @ynxyuu ¢ neuzsecmuvimu Konmpaxmamu
Puc. 3. Functions with unknown contracts

Mg Oynem cuuTaTh TaKyl CHTyaluio AeeKTOM, T.K. OIIHOKa CIeIyeT U3 CBOHCTB
T'TIY, a WMEHHO Hu3 HaJIMYMUsg BO3MOXKHO BBIIOJHUMOIO MYTH, Ha KOTOPOM
TapaHTHPOBAaHHO MPOM30UIET nepenonHeHne. [Ipu 3ToM Taxke KOHTPAKT (HyHKIIMN
Moxer 3amnpemiath (1), — Torga ommMOKH HET, T.€. HanWuue JaedeKra 3aBHCHT He
HaNpsIMyI0 OT MHOXECTBA 3HAUEHUN HEU3BECTHBIX MEPEMEHHBIX, & KOCBEHHO, T.K.
KOHTPAKT BIJIMSET Ha BBHINOJHUMOCTh HEKOTOphIX myTted Ha ['TIY. UroObl crporo
Pas3yuyuTh J1BE pacCMOTpeHHbIe B QyHKIMsIX foo M bar cutyauuu, OyJaeM CHUTATh,
YTO KOHTPAKTHI (PYHKIMI HE MOTYT BIHMATH HA BBIIOJIHUMOCTb ITyTEH, T.€. KOHTPAKTA,
sanperarorero (1) e cymecTByeT, Toraa 04eBHIHO, YTO QYHKIHS bar COACPKUT
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ommOKy. 3aMeTHM, 4YTO PACCMOTPEHHBIH M (QYyHKIUH foOO  KOHTPAKT
YJIOBJIETBOPSIET 3TOMY HPENIOI0KEHHIO, 3HAYUT MpeaylpexaeHre o0 ommnbdke He
Oynet Beigano. ChopMynrpyeM ONMCaHHOE MPEII0JIOKEHUE 0 KOHTPAKTaxX CTPOro.
[ycts G — mnoarpad MeXNpoUEeTypHOTO MOTOKa YIPaBICHHUS MPOTrPaMMBbI,
COJICpIKaIlMi TOJIKO aHAIM3UPYEeMyI0 (YHKIHMIO M BCeX €€ MOTOMKOB B rpade
BBI30BOB BIUIOTH JI0 JIUCTHEB. IIycTh G) — rpad G mocie pa3BEPTKH KaXIOTO €ro
MKIa Ha k ureparmii [6]. PaccmotpiM MHOXecTBO P Beex myteit rpada Gy. Bymem
TOBOPHTH, YTO HEKOTOPHIH IIyTh P € P BBINOIHUM, €CITH CYIIECTBYET XOTs ObI ONUH
COOTBETCTBYIONIHIA €My KOHKPETHBIHN MyTh. [TycTh P’ & P — MOAMHOKECTBO MyTEH
rpada Gy, cocTosiee TONBKO U3 TEX MyTel, KOTOPBIE BHITOIHUMBI IIPH YCIOBUH, YTO
Ha6op HEU3BCCTHBIX NIEPEMECHHBIX MOKET IPUHUMATDH a6COHIOTHO JIIOOBIE COUETaHUS
3HaueHuit. O603HAUYNM Kak P'' — MOAMHOMXKECTBO MyTel rpada MoToKa ypapieHHs
MPOTPaMMBI, COCTOSIIEE TONBKO M3 TEX ITyTeH, KOTOPBIC BHIMOJHUMBI, €CIIM HaOOp
HEW3BECTHBIX IIEPEMEHHBIX YIOBIECTBOPSET MOAPa3yMEBAEMOMY HPOTPaMMHUCTOM
koutpakty. OueBumno, uro P’ € P’ € P. Hame mpenamonoxkeHne 0 KOHTPaKTax
OyzeT 3aKII04aThCs B TOM, YTO 3T KOHTPAKTHI HE CY>KaI0T MHOKECTBO BBITTOJTHIMBIX
nyte#i, r.e. P = P'.

BBenenue Takoro mMpennoNOKEHUS MPUBOAUT HAC K CIEIYIOMIEMY OIPEAEICHHUIO
OIINOKH:

byoem zo6opumv, umo ¢ynkyus codepocum owubxy docmyna Kk 0ygepy, eciu 6
epagpe Gy, cywecmayem nyms, yOOGIEMEOPAIOUWUL CLEOVIOWUM YCAOBUAM.:

1. on codepacum uncmpykyuio oopawenus k 6ygepy pasmepa S no unoexcy |,

2. na mobom coomeemcmeyiowem KOHKPEemHoM Nymu 3HAYCHUe NepemMennou |
nepeo smotu uncmpykyuei ne npunaonexcum unmepeany [0,S — 1];

3. Oaunomy nymu coomeemcmeyem Xxoms Obl 00UH KOHKPEMHbLU NYMb
uUcnoiHenus (8 NPeononodceHuu, 4mo HAOOp Heu3BeCmHuIX NepemMeHHbIX
Modicem nPUHUMams a100ble KOMOUHAYUY 3HAYEeHUIL).

[okaxkem, 4TO €ciM MporpamMma YAOBIETBOPSET OMHUCAHHOMY OIPEICTICHUI0, TO
CYIIECTBYET BBITOJHUMEBIN IyTh, COAEP)KAIIMNA HEKOPPEKTHHIN HOCTym K Oydepy.
Heobxoaumo yOeanThes, YTO €CIM HaiiJIeHHBIH MYyTh BBIOJIHUM B Cilydae, KOTJa
Ha0Op HEU3BECTHBIX IMEPEMEHHBIX PUHIMAET HEKOTOPOE IPOHU3BOJIBHOE 3HAUCHUE,
TO OH BBIIIOJIHAM U MPH YCIIOBUH BBHIOJHEHUSI KOHTPAKTa. DTO HAIPSIMYIO CIIEIYET
U3 TPEATIOJIOKEHHS O KOHTPAKTaX.

IokaxxeM, 4TO eci B POrpaMMe MPH JFOOBIX YAOBIETBOPSIONINX MPEIIOI0KCHUIO
KOHTPAKTax CYIIECTBYET BBIMOJIHUMBINA IMyTh, Mpoxonsiuii He Gonee k™ pa3 mo
KaxIoMy 00paTHOMY peOpy IHUKJIA BIOKEHHOCTH N M COACPIKAINN HEKOPPEKTHBIH
jJoctyn K Oydepy, TO OHa COOTBETCTBYET ompenelieHuto. Jlomyctum B
aHATM3UPYEMOMH MTPOrpaMMe MMPOUCXOTUT OIMKMOKa TocTyna K Oydepy Ha HEKOTOPOM
KOHKPETHOM ITyTH C, HE IpoxosaieM ooee k™ pa3 mo Kaxaomy o0paTHOMy pedpy
uKIia BiIokeHHocTd 1. Toraa B rpade Gy, cyuecTByer nyTh p : ¢ € concrete(p), u
OH, OYEBHIHO, YAOBJIECTBOPSCT MEPBOMY H TpPEThEMY IIYHKTY OIIPEICICHUS.
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[Ipeanoaokum, 4To JUIs TOTO MYTH CYLIECTBYET IPYrod KOHKPETHBIHN myTh ¢': ¢’ €
concrete(p), ¢’ # ¢, Ha KOTOPOM HE MPOUCXOMUT OIIMOKH. 3HAYHUT, YCIOBHE
BO3HUKHOBEHHsI OIIMOKM 3aBUCHT OT 3HAUCHHs HEM3BECTHBIX MEPEMEHHBIX.
CrnenoBaTenbHO, CYLIECTBYeT KOHTPAaKT, KOTOPBI  3ampemaer 3Ha4eHUs
HEU3BECTHBIX MIEPEMCHHBIX, 3a/IAI0NINX KOHKPETHBII MyTh €, (3ampeniaet TOJIbKO C).
Takol KOHTPAKT yOBIETBOPSIET NPEATIONIONKEHHIO, T.K. P MO-TNIPEKHEMY BBIIIOJIHHIM,
pa3 cymectByeT ¢'. CyIecTBOBaHHE TaKOTO KOHTPAKTa MPOTHBOPEYHT CBOMCTBAM
paccMaTprBaeMOl OIIMOKHM, MO3TOMY TaKOro IIyTH C' HE MOXKET CyIIeCTBOBAaTb, a
3HAYUT, BEPCH U BTOPOH ITyHKT.

Hammare ommOku, yIOBIETBOPSIOMIEH 3TOMY OIpPENeNeHHIO, CIeIyeT U3 CBOWCTB
rpada MOTOKa YNpaBJICHHWS M HE 3aBHCHUT OT MHOXECTBA IOIMYCTUMBIX 3HAUCHHIH
HEHU3BECTHBIX NTapaMETPOB.

Paccmotpenne rpada G BMecTo rpada G IPUBOAUT K TOMY, YTO MTHOPHUPYIOTCS
OIIMOKH, NMPOMCXOAAIINE Ha WTEpalM NWKiIa Ooipuield deMm k-as. B peanmzarmum
QITOPUTMAa HCIIONB3YeTCS OBPUCTHKA, IIO3BOJLIIONIAS YacTHYHO OOOHTH 3TH
orpanndeHus. OHa 3aKiIOYaeTcsi B W3MEHEHMHM CEMaHTHUKH apU(pMETHYECKUX
orepanuii, MO3BOJISIONIEM MOJEIMPOBATh HEKOTOPYIO OOOOLICHHYIO HUTEpPaIHIo
IUKIIA.

2.2. UndppacTpykTypa aHanusartopa

B nanHOW paboTe mnpenmnonaraeTcs, YTO pacCMaTpUBAaeMblii HoAXon Oyner
peal30BaH B KayeCTBE MOIYJIA-JIETEKTOpa B paMKax oOumed HH(PpPacTpyKTYphI
CTaTHYeCcKOoro aHanmuza Svace. Ha ypoBHe sapa aHamusatopa B SVace peruarorcs
3agaun nocrpoeHus ['TIY, moncka HeTOCTHKUMOTrO KOJIa, aHAIIM3a aJlHacoB, aHAIH3a
(bYHKUMIA, 3aBepIIAONIMX BBITOJHEHHE MpOrpaMMbl. BeceM aerekropam AOCTyIHA
uH(pOPMAIHSI O Pe3yIbTaTax ITHX aHAIH30B [7].

SopoM  TPOU3BOAMTCS HyMepauus 3HAYCHHUH, T.e. BBIYMCIAIOTCA  KJIACCHI
OKBMBAJCHTHOCTH 3HAUYEHWH IEPEMEHHbIX, Ha3blBaeMble HJICHTU(PUKATOpaMH
sHaueHuit [8]. JleTeKTOpBI acCONMUPYIOT C WACHTH(GUKATOpaMH 3HAYCHHH
BBIYHCIICHHBIE CBOIMCTBA ITPOTrPaMMBbI.

S1apo IPOBOIUT CUMBOJIBHOE HCIOIHEHHE ITPOTPaMMBI ¢ 00BEJUHEHHEM COCTOSHUH.
[Ipy 3TOM BBIYUCISIIOTCS HEOOXOAMMbIE YCIOBHS NOCTHXUMOCTH KaXIOW TOYKH
nporpamMMmbl B Buae (OpMys anreOpbl JIOTHKH, TJE POJib MNEPEMEHHBIX HIPAIOT
UIeHTU(HHUKATOPBl 3HA4YEHHWH. J[eTeKTOpbl OMOBEHIAIOTCS O BCEX COOBITHSIX,
MPOUCXOJSIIUX BHYTPH QYHKIMHU. Peanu3anus 1eTeKkTopa 3aKiIrouaeTcsi B OMMCAHUH
00pabOTYMKOB JIJIst 3TUX cOObITHI. OnrcaHne HHTEPECHBIX C TOUKU 3PEHUsSI TaHHOM
paboTs! cOOBITHIT IPUBOANTCA B paszene 3.2.

Janee MHOXECTBO TOYEK NpOrpaMMbl OymeM 0003HAa4aTh Kak [nstr, MHOXECTBO
uneHTnuKaropoB 3HadeHuil kak VId, HeoOXoqUMBIE YCIIOBUSI IOCTHXKHUMOCTH
Touku q € Instr xak ReachCond(q) = ¢, ¢ € Cond.
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3. [lMouck eHympunpouyedypHbix cpabambieaHuli

B pamxax nmaHHOW pPabOTBI OCTAaHOBHMMCS Ha PAacCMOTPEHHHM METOJOB IIOHCKa
BHYTPHIIPOIEIYPHBIX OMIMOOK TOCTyIa K Oydepy, mpu 3ToM Oydep pacmoiIokeH Ha
CTeKe aHaMM3UpyeMoil GpyHKIMH, MO0 B JOCTYITHON el cratudeckoi mamsatu. s
00Hapy)XeHHs TaKUX OIMMOOK JUIA KaXJOH IMOAXOAAIIEH MHCTPYKIHUH IOCTyNa K
Oydepy HE0OX0ANMO MIPOBEPUTH, CyIIecTBYeT i yTh Ha I'TIY, mpoxomsimuii aepes
JAHHYIO HHCTPYKIUIO U YAOBJICTBOPSIOIINHA YHKTaM 2-3 ONpeeNICHNs OMINOKH.
[IpennonoxuM, 910 I TFOOBIX HISHTH(HUKATOPOB 3HAUCHUS v, X € VId B Kaxmoit
TOYKE TPOTPaMMBbl ¢ € InStr U3BECTHO YCIOBUE B BUIE (GOPMYIBI areOphl TOTUKH
NotLess(q,v,x), n3 KOTOPOH CIEQyeT, 4TO yNpaBjeHHE NPUILIO B TOYKY ¢ IO
HEKOTOpOMY TyTH rpada TNOTOKAa YIOpaBieHUs, IPH OTOM Ha KaKIAOM
COOTBETCTBYIOIIEM €MY KOHKPETHOM IIyTM B TOYKE ¢ BBIIOJIHEHO V =X
(mneHTH(UKATOPHI 3HAUCHUH WIPAIOT POJIb IIEPEMEHHBIX B JIOTHUECKOH (opmyre).
Amnanornunas gopmyna NotGreater(q, v, x) u3BecTHa s yenoBusa v < x. Torma
UL MHCTPYKIMU ac € Instr nocryma k Oydepy pasmepom s € VId mo uHAekcy i €
VId nmocTtaTouHBIM YCIOBHEM HalM4Us OMIMOKM B TOUYKE ac OyaeT SBIATHCA
BBIMOJIHUMOCTH (DOPMYJIBI

ReachCond(ac) A (NotLess(ac, i,s) V NotGreater(ac, i, —1)) (2

Ecnu Bemonneno NotLess(ac,i,s) V NotGreater(ac,i,—1), To CylecTByeT MyTh

Ha ['TIY, ynoBieTBOpsIOIIHiA BTOPOMY ITYHKTY OIpeielieHust. BEIOOp HHCTpYKINH ac

oOecrieynBaeT BBIONHCHHWE MEPBOTO IYHKTA, a T.K. OJHOBPEMEHHO BBIITOJHEHO

ReachCond(ac), To HaliJIeHHBIH ITyTh BEITIONHKUM, ¥, CJI€I0BATEILHO, BEPEH TPETHI

MYHKT OMPEICIICHHS.

Takxum 00pa3zom, 3a1a4a TIOUCKA ONTHOOK ONMMMCAHHOTO THIIA CBOAUTCS K BRIYHCIICHUIO

KaK MOXHO Oojee crmadbix yciosuit NotLess(q, v, x) u NotGreater(q,v,x). dnsa

e€ pemeHus s WACHTU(UKATOpa 3HAYCHUS UV B TOYKE ¢ OTPEACNSeTCS 3HaUeHHE

s € Summary, cymmupymoiiee HHOOPMAIMIO O 3HAYCHUAX U IO BCEM IIyTSIM,

3aKkaHuMBaOIMXcs B q. MickoMbie ycioBust NotLess(q, v, x) u NotGreater(q, v, x)

OYAyT BEIYUCIIATHCS C IOMOIIBIO S.

IIpennaraercs opraHu30BaTh MOUCK OMTUOOK JOCTyNa K Oydepy B Tpu 3Tama:

1. B xo0me CMMBOJILHOTO MCIOJIHEHUS IS HAeHTH()HUKATOPOB 3HaYeHuid v € VId B
KOKIOW TOYKE NpOrpaMMbl q € Instr MOCTPOUTh YAaCTHYHOE OTOOpaKeHHE

VS: Instr x VId — Summary.

2. Tlpu 06paboTKe HHCTPYKIMK AC AOCTyma K Oydepy b 1o nHaeKkey 1 Ha OCHOBE
snauenuss VS(ac,i) cocraBusercsi ¢opmyna (2) wu mpoBepsiercs Ha
BBITOJIHUMOCTb.

3. B ciyuae, ecnu hopmyiia BBIIONIHIMA, T.€. [10JJ00paHbl 3HAUYEHHS IEPEMEHHBIX,
NPUBOASIINE K repenonHenuto, u3 VS(ac, i) nyrém moacTaHOBKM KOHKPETHBIX
3HAYCHUI TMCPEMEHHBIX W3BJICKACTCS KOHKPETHBIA IyTh, MPUBOJISIINAN K
omuOKe, ¥ BBIIACTCS MPEAYIPEkKACHUE, YKa3bIBAIOIICE HA ATOT MyTh.
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3.1. OTob6paxeHue ValueSummary

PaccmorpuM monpoOHee uTO mpencTaBisieT w3 cebs oToOpakenme VS m Kak
BBIUUCIATH ycnoBus NotLess u NotGreater ¢ ero noMouslo.
VS: Instr X VId — Summary.
Kaxnoe 3nagenne s € Summary comepXutr B cebe COOCTBEHHBIH HACHTH(HUKATOP
3HAa4YCHH, MHQOPMAITHIO O KOTOPOM OHO CYMMHpYeT Ho pa3HbM myTsm ['T1Y, T.e.
ecmn VS(q,v) = s, TO v ABIsIETCSI COOCTBEHHBIM HACHTH()UKATOPOM S.
Juis Beramcnenns u3 s yciaoBuii NotLess n NotGreater omnpenencHbl pyHKITUH:
HB,LB:Summary X VId — Cond.
I mobeix x € VId,q € Instr, ecniu VS(q,v) =s, 1o HB(s,x) sBusercs
JOCTaTOYHBIM YCJIOBHEM TOTO, YTO CyliecTBYyeT myTh Ha ['T1Y, 3akaHumMBaronuiics B
(, TAaKOH 4TO IUIsl K&XKJOT0 COOTBETCTBYIOIIETO KOHKPETHOTO IYTH BBINOJIHEHO U =
X (cooTBeTCTBEHHO V < X i1t popmydsl LB (s, x)). C momo1sio 3Tux hopMys Oynem
BBIUUCIATH ycinoBus NotLess u NotGreater:
NotLess(q,v,x) = HB(VS(q,v),x),
NotGreater(q,v,x) = LB(VS(q,v), x).
Takum oOpa3oM, 3a7a4a cBeslach K MOCTPOCHUIO OTOOpakeHHs VS M BBIYUCICHHIO
ycnosuit HB(s,x) u LB (s, x) (onsth, 4eM ciabee OyayT 3TH YCIOBUS, TEM JIydIIe).
PaccMoTpuM moJpoOHEE 4YTO MPEICTAaBISIOT M3 CE0sl DIEMEHThI MHOXECTBa
Summary U KaK Jid HUX CTPOUTH HCKOMBIC YCJIOBHA. 3HaueHNUsd MHOKECTBA
MpUHAJICKAT OJTHOMY U3 CICAYIOIINX THUIIOB!
Summary = Const U Assume U Arithm U Cast U Join.
1. Const = {(v,n) | v € VId, n € Z} — onpenenenne KOHCTAHTBL
3HaYeHnsT KOHCTAHT BCErja OJIHU U TE K€ HAa BCCX MYTAX, IOITOMY €CJIU
s, = (v, n) € Const,
TO M3 3TOTO CJIEIYeT:
HB(s,,x) = (w=n)A(n = x),
LB(sy,x) = (w=n)A(n < x).
2. Relation = {(v, Scomparana, 0) | id e Vid,
Scomparana € Summary, 0 € {>,2,<,<,=}} — GaKT HCTUHHOCTH OTHOLICHHUS
O A mapbl MACHTH(UKATOPOB 3HAYEHUH v M comparand, BBITEKAIOMMH U3
nepexofa Mo YCIOBHIO v Ocomparand. DJIeMEHT JaHHOTO THIA SIBJISETCS
pesynpTaToM oToOpaxeHus VS wmaeHTH(HKaTOpa 3HAYEHHS UV B TOYKE § B TOM
cnydae, korma VS(q,comparand) = Scomparana: ¥ Y TPEIIIECTBYIOMIETO
YCIOBHOTO OIlepaTopa BeTKa C YCIoBHEeM Vv O comparand JOMUHHPYET Hal
Tekyuied Toukoil. Ou4eBHIHO, 4YTO YCIOBUE TMepexoda IO JaHHOM BeTKe
rapaHTHPOBAHHO BBIIOJIHEHO B TeKylIeH Touke. OTCI0a MOKHO BBIBECTH HCKOMBIE
JOCTaTOYHBIC YCIOBHS, PAacCMOTPHM HX Ha IpUMEpe OTHOLICHHS CTPOrOro
cpaBHeHwus. ITycTs:
Sy = (V, Scomp, >) € Relation | Scomparana € Summary
Torna:
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HB(s,,x) = (v > comp) A HB(scomp_x - 1),

LB(s,, x) = false (HM4ero He U3BECTHO O BEPXHEH rpaHULIE V).
3. Arithm = {(v, 54,55, ) |

v € VId, s, s, € Summary, O € {+,—,X,/}} — pesymbrar
apudMeTHUecKoi omepaimn v = a<’b, I KaXJIOr0o M3 ONEPaHIOB KOTOPOil B
JAHHOM TOYKE OMPENeICHO 3HAYCHHE 0TOOPaKCHHS:
VS(q,a) = s, VS(q,b) = sp.

PaccMOTpUM  BBLIYMCIICHHE JOCTaTOUHBIX ycinoBuid HB(s,,x) Ha mnpuMepe
Beryutanus. [1ycTsb

S, =V, Sg, Sp, —) € Arithm | s,, s, € Summary.
[peamnonoxum, 4YTO HEOOXOJMMO JJsi HEKOTOPOrO X J0Ka3aTh, 4YTO IIOTOK
yIpaBJIeHUs. JOCTUI JAaHHOW TOYKU 10 Hekotopomy nytu I'TIY, Takomy 4to Ha
JIF000M COOTBETCTBYIOIIEM €MY KOHKPETHOM IYTH BBIMOJIHEHO V = X, T.e. @ — b >
X. 3aMeTHM, 4To Ui 066X a,d,b,b € Z BEPHO:

azdANb<bANd-b=x > a-b=>x

CrnenoBarenabHO, JOCTaTOYHO TpenbsaBUTH g mytd [TIY, mpoxonsiiero depes
JAHHYIO TOUKY, [BA LENBIX YHCia d ¥ b, TAKHX 9TO Ha TOOOM COOTBETCTBYIOIIEM
eMy KOHKPETHOM MyTH BBITIOJIHEHA MOCHUTKA MMIUTHKAIMK: @ = d A b < b A d—

b = x . Orcrona nonydaem hopmyiry
HB(s,,x) = (v = a — b) A (aaaE LB(s,, @ AHB(s,, B)A(a—b = x)).
Amnanoruuno BeiBogutcst popmyna LB (s, x) u Takue ke HGOPMYJIIBI JJIsI CIIOKEHHUSL.

BBe/ieHue IOMOIHHTENBHBIX EPEMEHHBIX & D 371ech HEOGXOIMMO, T.K. 3apaHee
(o aHaNM3a COBMECTHOCTH YCJIOBHII IEPEX0JI0B) ONPEACTUTh HUKHNE U BEPXHHE
I'PaHHIIBI 3HAYCHHIT TIEPEMEHHBIX @ ¥ b HeBO3MOXKHO, TOITOMY 3HaueHus d u b
OTIPENINUT pPeIIaTeb.

f (op) = int8(op)

27 -1

X F-

—27

Puc. 4. Buiuucnenue 00cmamouno2o yciogus 05 HUX4CHel 2panuybl 015 pe3yivmama
UHCIPYKYUU NPUBEOeHUs MUna
Fig. 4. Calculating the sufficient condition for the lower BOUND for the result of the CAST
instruction
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4, Cast = Trunc U ZExt — pe3ynbTaT MHCTPYKIIUH MPEOOPa30BAHUS THIIOB,
JUISL apTyMEHTa KOTOPO#l B IaHHO# TOYKE MMEET OIpe/IeIeHO 3HAYCHUE OTOOpaKEHUS

VS(q,0p) = spp.

a. ZExt = {(v, sop)| v €VId, s,, € Summary} — Ge33HaKoBOE
pacuupenue 3HadeHus op. Iycth
Sy =(v,5op) € ZExt | s,, € Summary.

Torpa:

HB(s,,x) = HB(sgp,x),

LB(s,,x) = LB(Syp, x) A (x = 0).
b. Trunc = {{v,s,,,w) | v €VId, s,, € Summary, w € N} -
TIPUBEICHUE OP K TUITY MEHBIIETO pa3sMepa, paBHOTO W. Tor/:[a CCIIn:

Sy =V, Sop, W) € Trunc | s,, € Summary, wEN,
TO
HB(s,,x) = 3m (m&(2° — 1) = x) A HB (55, m) A LB (sop,m|(2b - 1)).

BeiBox aTOM (opMynbl s ciiydas W = 8 MOsICHsETCsS Ha puC. 4, Tlie MokazaHa
3aBUCHMOCTb pe3yJIbTaTa HHCTPYKIMH IPUBEACHHS LIEIOYHCICHHOTO 3HAUSHUS 0P K
OTHOOAWTHOMY IIeTIOMY THITYy. Y Ymcia m crapimre (o0pe3aeMbie) OUTHI COBIAIAIOT
C COOTBETCTBYIOIIMMH B YHCIIE 0P, a MJIaJIIHe 8 ONT COBMAIAIOT C MJIAIIIUMHU §-10
Oburamu yucia x. Takum oOpasoM, Op = x Torga U TOJNBKO TOIJa, KOrga op
npuHamexut uatepsany [m, m|(28 — 1)] (ma pucyHke 3TOT MHTepBan BHIACIEH
IITPIXOBKOM).

VYcnosue LB(s,, x) BEIMUCHAETCS aHAIOTHYHO.

5. Join = Single U Double,
Single = {(joinedld, {s,,,c)) |
joinedld € VId, sy, € Summary, c € Cond},
Double = {{joinedld, (s, ¢;),(S;, ¢;)) |
joinedld € VId, s, s, € Summary, c¢;, ¢, € Cond}
— 3Ha4YEeHHUE B TOUKE CIMSHUS JABYX BETOK C YCIOBUSIMHU C; U C, TAKUX YTO, 3HAYCHHUE
oTOOpaXkeHHs OnpeesieHo Ha oboux Betkax: VS(q,l) = s;, VS(q,r) = s,, mibo
TOJIBKO Ha oxHoM VS(q, br) = sp, (B 9TOM cilyuae yciIoBUe 3TOM BETKH
0603HavaeTcst npocto ¢). Ii1s ciaydas ABYyX BETOK, €CIIH:

Sjta = {1d,{s;, ¢;),{sy, ;) € Join | s;, s, € Summary, ¢, ¢, € Cond,

TO

_ (joinedld = 1) AHB(s;,x) A
HB(Sﬂd'x) a \/ (joinedld = r) AHB(s;,x) Ac,
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JHocraTounsie ycnoBus LB (sj,d,x) u o0a BUJA JOCTATOYHBIX YCIIOBUH IJIS Cydas,
KOTrJa OTOOpaKCHHE OMpPEICNICHO TOJNBKO HAa OJHOW BETKE, 3alHCHIBAIOTCS
AHAJIIOTHYHO.

B ciyuae, ecnu Uit HEKOTOPOTO MISHTU(HMKATOPA 3HAUCHHSI U B JAHHOM TOYKE ¢
3HayeHue oOroOpaxkeHus He ompeneieHo VS(q,v) =@, To wunHpopManum o
BO3MOYKHBIX €T0 3HAYCHHSX HET, T03TOMY (pyHKIH HB 1 LB MOXHO TOOTPEICIIHTh:

HB(®,x) = false, LB(@,x) = false.

3.2. MocTpoeHune otobpaxeHmna ValueSummary

Iepen Havanom cUMBOJBHOTO HcHoiHeHHs VS = @. OOHOBiIEHHE OTOOpaKEHUS
MPOU3BOIUTCS JUIS CIICTYIOMINX COOBITHIA:

e newConst(v,n), v € VId, n € Z — 00bsABI€HNE KOHCTAHTHI.

e binaryOp(r,a,b, <), r,a,b €VId, O €{+,—x/} — apudmernyeckas
onepanus 1 = a<’b

e assume(v,cmp,0), v,cmp € VId,O € {>,>,<,<,=} — ycnoBue Ha pebpe
I/IHCprK]_II/II/I BCTBJICHUS.

e castZext(v,op), v,op € VIds — 6e33HAKOBO€E PACIIUPEHHUE.

e castTrunc(v,op,w), v,op € Vlds, w € N — npuBejieHH€e K THUIYy MEHBIIETO
pasMepa, paBHOTO W.

e join(jld,l, c,1,c.), jld,l,r €VId, c,c, € Cond —  CchOuWAHHE  JIBYX

uneHtndukaropos [ u r B jld 1o BeTKaM ¢ YCIOBUSIMH C; U C;-.

OOHOBIIEHHE OTOOpPaXEHUS Ui STHUX COOBITHH MPOMCXOIUT B COOTBETCTBHU C
NpaBUJIAMHU BbIBOAA (CM. pHC. 5). JIyisi Mpourx MHCTPYKUMNA 3HAYECHHST OTOOPaKEHUS
JUTSL BCEX UICHTH(OUKATOPOB KOMUPYIOTCS € MPEABIAYILETO COCTOSHHUSL.
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q = newConst(v,n),
s, = (v,n) € Const
VSW{(q,v) - s,}
q = binaryOp(r,a, b, ),
VS(q,a) = s,,VS(q,b) = sy,
Sy = (1,Sq, Sp, O) € Arithm
VSW{{q,r) = s,}

q = assume(v,cmp,0),
VS(q,cmp) = Semp,
Sy = (V, Semyp, O) € Relation
VSW{{q,v) - s}
q = castZext(v, op),
VS(q,0p) = Sop,
Sy = (v, S,p) € ZExt
Vs¥{{q,v) - s,
q = castTrunc(v,op,w),
VS(q,v) = Sop,
Sy = (v, Sop, b) € Trunc
VSW{(q,v) = s,

q = join(jld,l, ¢, 1, c.),
VS(q,D) =9, VS(q,1) =5,
Sjra = {1d, (s, c;)) € Join

VSU{{qjld) > Sia}

q = join(jld, 1, c;, 1, c,),
VS(q,) =s;, VS(q,r) =0,
Sjta = {jld, (s, 1)) € Join
VSW{{q,jId) = sjia}

q = join(jId, 1, c;, 1, c,),
V(@D = 5, VS@1) = 5.,
Sjta = (1d,{s;, ¢;), (sr, c,)) € Join
vsW{(q,jId) > sj1q}

Puc. 5 Ilpasuna evigooa
Fig. 5. Inference rules

162



Hynuna N.A., Kowenes B.K., bopoaun A.E. ITouck omubok gocryna k 6ydepy B nporpammax Ha sizpike C/C++.
Tpyast UCIT PAH, Tom 28, Beim. 4, 2016, ctp. 149-168.

ITo mocTpoeHnIo 0TOOpakEHNS M JOCTATOYHBIX YCIOBUH HaIW4Hs OIINOKH, B CIIydace
€CITH IPOTrpaMMa yZOBJIETBOPSET BBEICHHBIM PAHEE IPEAIIONIOKECHUSIM 1 PE3YIbTaThI
HPOBEACHHBIX SPOM aHAITM30B KOPPEKTHBI, TO BBIIOIHAMOCTE Gopmysl (2) Bceraa
OyneT o3Ha4yaTh HAIMUUE Ae(eKTa B aHAIN3UPYEMOH MTpOrpaMme.

3.3. Npumep obHapyxeHnA owmnbKkn goctyna K 6ycepy
1 int bar(int a, int b){
if (a1 >= co){

2

3

4 }

5 if (b)
6 a = a1 + ci;
7 as = phi (a1, az);
8 return buflas];
9

Puc. 6. Ilpumep owubru
Fig. 6. An example of error

PaccMoTpuM e UIoKEeHHBIN MOIX0/1 Ha IPUMEpPE MTOUCKA OIUOKK B pyHKINHU bar
n3 pasa. 2 (cm. puc. 6). 3mech s ymoOCTBA BMECTO HMCXOIHBIX IEPEMEHHBIX
NPUBEJICHBI WICHTU(HHUKATOPHI 3HAYCHHH.
B Xxozme CHMBOJBHOTO WCIIOMHEHHS 0O0pabaThIBAIOTCS CIEAYIOIUE COOBITHS,
NepeyvrcieHnble B Ta0. 1.
Tabn. 1. Cobvimus
Table 1. Events

Crtp. CoObiTHE

2 const(cq,9)

2 assume(a,, cq, =)
- ay, (a; = 9)

4 , 1 1 ’
join(a, a, (a; < 9))

6 const(cy, 1)

6 | binaryOp(a,,aq,c;, +)
.. a, (b = 0);

7 ]Oln(aS! aZ; (b +* 0))

a4,a,,a3,c1,c9,b € VIid

B pesynbTare mist maeHTHUKATOpa A3 Tepe] MHCTPYKIMEH aocTymna ac: buf[as]
3Havenue Sg = VS(ac, az) MOKHO mpeacTaBuTh B Buje rpada Ha puc. 7.
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Sl = (C9'9)
€ Const

sy ={ay, 51, 2)
€ Relation

s3 = (ay, (s,
(a; = 9))) € Join

ss = (az, 53,54, +)
€ Arithm

Se = <a3' (531 (b = 0)):
(s5,(b # 0))) € Join

Puc.7. I'pagh 3nauenus sq = VS(ac, az)
Fig. 7. Graph of value s¢ = VS(ac, a3)

OOpabarbiBaeTcsi MHCTPYKIHMS ac Aoctyna k Oydepy Ha crpoke 8. T.k. pasmep
Oydepa pasen 10, To HEOOXOAMMO IPOBEPUTH yCiIOBUE a3 = 10.

NotLess(ac, a3, 10) = HB(VS(ac, a3) ,10) = HB(sg, 10).
3HaueHue a; MOJIYYMIOCh U3 CIMSHUSA ABYX 3HaueHuii (s¢ = VS(ac, as3)))) € Join),
MO3TOMY HY>KHO MPOBEPUTH KAXKJ0€ U3 HUX C YYETOM YCIOBUN CIUSHUSA:

HB(sg,10) =
(ag =a;) AHB(s3,10) A (b = 0)
(az = a,) NHB(ss5,10) A (b #+ 0)

PaccMoTpuM BTOpYIO BeTBb. 3HAU€HHE B OTOW BETBH SBISETCS CYMMOH JBYX
3HaUYCHUH (S5 = (ay, S3, Sy, +)). B 0011eM citydae 1 IPOM3BOIBHON CYMMBbI HIXKHUE
TPaHUIBI KAKJOT0 U3 CllaraeéMbIX HEU3BECTHBI (T.K. B rpade nx 3HaueHUH MOTYT OBITh
y376I Join, a COBMECTHOCTh YCJIOBUU MyTEH ellle He aHAIM3WPOBANACEH), TIOITOMY
0003HAYMM 3TH TPAHHUIBI HEKOTOPHIMH BCIIOMOTATEIbHBIMH ITEPEMEHHBIMH. Toraa
HCKOMOE yCIIOBHE Oy/IeT IMETh BHI:
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HB(ss5,10) = (a, = a; +¢;)

A (3736 HB(s3,@;) A HB (s, &) A (@7 + € = 10)).

T.K. €1 3TO IPOCTO KOHCTaHTa 1, TO ycIoBUE JUIsl HEE BBIMIAUT TPUBUAIIBHO:
s, ={c;,1) € Const = HB(s,,6) = (c; = D) A (1 = ).
Jns 3HaveHus a,; wHGOpPMAaLMs O 3HAYCHUH €CTh TOJBKO Ha OJHOM M3 IIyTEH,
CIIMBAIOLINXCS TIepe]] MHCTPYKIMEH Ha cTpoke 13, moaTomy:
HB(s3;,d;) = HB(ac,s,,@;) A (a; = 9).

Ananoruyno Juist nepsoii BetBu HB (Sg, 10) MOXKHO 3amucarh:

HB(s3,10) = HB(s,,10) A (a; = 9).
[Ipo 3HaueHne a,, mpumeanIee ¢ BETKM UCTHHHOCTH YCIIOBUSI TOYHO M3BECTHO, UTO
IUTS1 HErO 3TO YCJIOBUE BBIIIOJHEHO, T.€. (a; = Cg). OueBHAHO, YTO, eClu Cq = U7, TO
a, = a1. OTcroa noxydyaem:

HB(s,,l") = (a, = co)AHB(ac,cq, @1) = (a; = c9)A(cg = NDA(9 = @7).

AHaNOrM4HO MOXKHO pa3BEpHYTb OCTABIIHECS BBHIPAKEHHS U BBIYHUCIUTH UTOTOBOE

ycnoBue. [lomyuuBmiasics gopmyna (2) OyneT BBINOJHHMA, T.K. OHa BEpHa HpH
CJICYIOLINX 3HAYCHHUAX MEPEMEHHBIX:

Tabn. 2. Mooenw 05t ycogust nepenoiHeHus.
Table 2. A model for condition of overflow

Ilepemennas | ¢, Co ay C1 as a, aq b

3HaueHne 1 9 9 1 10 10 3 1

Y100Bl TOMYYNUTH OIMIMOOYHBIA MMyTh HEOOXOIMMO IIOJCTABHTH MOJyYEHHBIC
3HAUYCHUsI B YCJIOBHUS B y3IIbI THIA JOin. B pe3ysibrare MOACTAHOBKH MOJIYYHM, YTO
71000 MyTh, Uil KOTOPOTO BhINOJHEHO (a; = 9) u (b # 0) Oyzaer ommbouHbIM. B
JIAHHOM CJTy4ae 3TOMY YCIOBHIO YJIOBJIETBOPSET eMUHCTBEHHBIN yTh (2)-(3)-(4)-(5)-
(6)-(7)-(8), u OH JEHUCTBUTENBHO COACPKUT OMIMOKY jgoctyna kK Oydepy. B
COOTBETCTBYIOLEM MOArpade 3HaYCHHS Sg HA pHC. 7 pedpa BbIICICHBI KUPHBIM.

4. Peanusauyusi demekmopa

Ha ocHoBe paccMOTpeHHOTO OX0/ja B MHCTPYMEHTE CTaTHYECKOro aHaim3a Svace
ObUT pean30BaH MEKIPOLIETyPHBIH ITyTe- 1 KOHTEKCTHO-YYBCTBUTEIIBHBIN JIETEKTOP
ommboK Jnoctyna k Oydepy. B kadectBe wHHCTpyKumii noctyna x Oydepy
paccMarpuBaich OOBIYHBIE MHCTPYKIMH HHIEKCAIMH M BBI30BBI OMOIMOTEUHBIX
(hyHKIHIA, OCYHIECTBIISIOIINX TOCTYII K IIepelaHHOMY B Ka4ecTBe apryMeHra oydepy
(nanpumep, memcpy). Mcxost U3 3TOr0 IETEKTOP BBIIACT MPEXyPekICHUS IBYX
tunos: BUFFER_OVERFLOW.EX u BUFFER_OVERFLOW.LIB.EX.

B Svace u panee UMeI0Ch HECKOJIBKO MEXIPOLETYPHBIX, HO HE YyBCTBUTEIBHBIX K
NyTSM JETEKTOPOB BBIXOJA 3a TIpaHMIBl MaccuBa. [IpemmylecTBamMu HOBOM
peanuzanuy, Oiaromaps KOTOPBIM YyaaeTrcsi OOHApY)XHUTh HOBBIE THIIBI OLIMOOK,
SIBJISIFOTCSI:
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e YyBCTBHUTENBHOCT, K IIyTAM, HO3BOJSIOMAs  OOHApyXHMBaTh  OIIHUOKH,
XapaKTepU3yIOIIHecs MOCIeI0BaTEeNEHOCTEIO péoep (0oee, 4eM 0THOTO);

e OTCIC)KMBAaHME B3aMMOCBS3€H MEPEMEHHBIX, (BKIOYass apupMETHIECKHE
oreparnyy, OMHAPHBIC OTHOIICHHS MEXKAY NMEPEMEHHBIMH B YCIOBHSX IEPEX0/a,
3HAUEHHS C YCIOBHSAMH B TOYKAaX CIHMSHUI), O3BOJSIONINE CTPOUThH LEHOYKH H3
TaKUX B3aMMOCBS3€H IS TOKa3aTeIbCTBA MICPETIOTHEHNS,

e IOAJEpKKA HHCTPYKIMH TNpeoOpa3oBaHUs THUIOB (IIPAaKTHKa [OKa3ama, dTo
OKpyTJeHHe MH(pOpMAIH 0 pe3yibTare mpeoOpa3oBaHUs B JOOYI0 U3 CTOPOH
BMECTO TIIATENbHOH OOpPabOTKM NPHUBOAWT K IOABICHHUIO CYIIECTBEHHOTO
KOJIMYECTBA JTHOO0 JIOKHBIX CpabaThiBaHUil, THOO MPOMYIICHHBIX OMIHOOK).

Kpome Toro, pa3paboTaH 3BpPHCTHYECKHII aIrOPUTM, KOTOPBIH, HCIIOJIB3YS

nH(pOopManio 00 HHAYKTHBHBIX IIEPEMEHHBIX M TPAHUIHBIX YCIOBHSAX IUKJIA, CTPOUT

3HaYeHHUs Summary Ajs NepeMEHHBIX LUKJIA U MIIET OUIMOOYHBIC CUTyaldd Ha

OCHOBEe 3THX 3HaueHuil. Jlerekrop, pa3pabOTaHHBIH HAa €ro OCHOBE, BBIIACT

npenynpexaenns Tuna OVERFLOW_AFTER_CHECK.EX.

Jns pocTuKeHMsl XOpOIIUX IIOKAa3aTesield KPOME OIMCAaHHBIX B JAHHOW CTaTbe

NOAXOAOB  HEoOXOoIMMa TaKKe MOJJEpKKa MEXKIPOUECIYPHOTO  aHalu3a,

paccMOTpeHHEe MEXaHM3MOB KOTOPOTO HE BOULIO B JAaHHyI0 paboty. Iloatomy,

NOApPOOHBIE pe3yJbTaThl PadOTHl JETEKTOPOB, a TaKKe CPAaBHEHHWE C JIPYTUMH

pabotamMmn B 93TOH obOnmacth OymeT NpHBEAEHO B CIenylomed crartbe. 37Iech

paccMOTPUM NIpUMEP BHYTPUIPOLETYPHOH OMMOKH, OOHAPY>KEHHON NpH aHalu3e

npoekra Android-5.0.2. CrieBa Ha puc.8 npuBeaéH (parMeHT UCXOJHOTO KOJa, a

crpaBa — Tpacca cpabaTbhIBaHMS JeTeKTopa (II0CIeNOBaTeNbHOCTh COOBITHH

3aIMChIBAETCsl CHU3Y-BBEPX). 3/I€Ch aHAIM3AaTOP COOOMIAET MOJIb30BATEIO0, YTO Ha

HEKOTOPOH HTEepaluy C1 MOXXET paBHAThHCS 2 UCXOAS U3 CPABHEHHUS HA CTPOKE §, U

TOrJla, €CIM LUKJI HE 3aBEepIINTCS, Ha CIEAyIOUed WTepalud IpOH30iIeT

nepernonHeHune oydepa indices.

1| for (ci = 0; ci < folder->NumCoders; | Array 'indices' of
2 cit++) { size 3 is accessed by
3 /o 3 at line 6. This may
4 if (folder->NumCoders == 4) { lead to buffer
5 UInt32 indices[] = { 3, 2, 0 }; | overflow.
6 si = indices([ci]; o Buffer overflow at
7 /. line 6.
8 if (ci == 2) { e Add:ci+1>=3
9 //.. at line 1.
10 } ¢ Variable ci may be
11 } equal to 2 at line 8.
12 | }

Puc.8. Ilpumep peanvroeo cpabamvisanus
Fig. 8. An example of real operation
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Statically detecting buffer overflows in C/C++
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Abstract. The paper describes a static analysis approach for buffer overflow detection in
C/C++ source code. This algorithm is designed to be path-sensitive as it is based on symbolic
execution with state merging. For now, it works only with buffers on stack or on static memory
with compile-time known size. We propose a formal definition for buffer overflow errors that
are caused by executing a particular sequence of program control-flow edges. To detect such
errors, we present an algorithm for computing a summary for each program value at any
program point along multiple paths. This summary includes all joined values at join points with
path conditions. It also tracks value relations such as arithmetic operations, cast instructions,
binary relations from constraints. For any buffer access we compute a sufficient condition for
overflow using this summary for index variable and the reachability condition for the current
function point. If this condition is proved to be satisfiable by an SMT-solver, we use its model
given by the solver to detect error path and report the warning with this path. This approach
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was implemented for Svace static analyzer as the new buffer overflow detector, and it has found
a significant amount of unique true warnings that are not covered by the old buffer overflow
detector implementations.
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execution.
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AnHoTanmsi. B cratee omuceBaercs peammsanus crapaapta OpenMP Bepcum 4.0 mist
akcenepatopoB NVIDIA PTX B kommunsatope GCC. Ocob6oe BHUMAaHUE YACIACTCS BOIPOCAM
TeHepanuy KOPPeKTHOTo U 3 dexTrBHOro Koxa s nmparMm OpenMP ¢ ydeToM orpaHudYeHUiH
apxutekTypsl PTX. Ilockonpky peamusamus omnmpaercss Ha cymiectByromyto B GCC
TpaHcisnuio OpenMP u mHTerpammio ¢ Oubnmorekoit libgomp, mnst PTX peanmm3oBanbl
BTOPUYHBIE TPOTPAMMHBIE CTEKH, ITO3BOJIIIOIINE OPTaHM30BaTh OONIMH UISI CHHXPOHHON
TPYNITEI CTEK B IMIOOANBHON MaMATH 1 IepeAaBaTh ajpeca Ha JaHHBIE B TAKUX CTEKaX MEXIY
HUTAMHU. ONUCBIBAETCS CXEeMa OpraHu3alMy BbIIOJNHEHUS onHod OpenMP-mutu B 32
CHUHXPOHHBIX TOTOKax BbimosHeHUs B PTX BHe OpenMP SIMD-perunoHoB 3a cuer
JIETKOBECHOH HMHCTPYMEHTAIlMM HEKOTOPBIX MHCTpyKuumil. IlpeacraBneHbl pe3ybTaThl
TECTUPOBAHUS Ha MUKpPOTECTaxX U CpaBHEHHUE ¢ peanusanueit crangapra OpenACC.

Kaiwouessie cioBa: kommuwraropsl, GCC, OpenMP, CUDA, PTX.
DOI: 10.15514/ISPRAS-2016-28(4)-10

Jns untupoBanusi: A.B. Monakos, B.A. BannmmH. [lonnepxka craagapra OpenMP 4.0
st apxutekTypsl NVIDIA PTX B xommumsitope GCC. Tpynst CIT PAH, tom 28, BhIIL 4,
2016, ctp. 169-182. DOI: 10.15514/ISPRAS-2016-28(4)-10

1. BeedeHue

WuTepodeiic nporpammupoBanus OpenMP [1] mpenoctasnser HabOp pacuImpeHun
qutst si361k0B C, C++, Fortran B BHIIe aHHOTAIMI-TIparM, ¢ MOMOIIBI0 KOTOPBIX MOYKHO
OTIMCHIBAThH TapaJUIeNbHBIE aTOPUTMBI Ha 0OIIe maMaTtu. BaxHO OTMETHTH, YTO
pe3yabTaTOM yAaJeHUs BceX mparM u3 KoppektHoro OpenMP-koma Oyner
KOPPEKTHBII IOCIIEOBATENbHBIA KOJA C DJKBUBAJICHTHOM CEMaHTUKOH. Takum
o0pazom obecreunBacTCs BO3MOJKHOCTh MHKPEMEHTAIILHOTO nepeHoca
MOCJIE0BATEIBHOIO0 KOAA JJIi MHOTOSICPHBIX apXUTEKTYyp MU TOLICPKKUA Kak

! Pa6ota nopnepxkana rpantrom PO®U 13-07-12102 odu_m.
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MOCJIEIOBATENIbHOM, TaK U TMapauiebHOM BEpCHUM MPOTpaMMbl B paMKaxX €IWHOTO
HCXOZHOTO KOJa.

B pesmun 4.0 crammapra OpenMP Oput1 mo6aBieH psii HOBBIX paCIIUpPEHHH,
NpefHa3HAYCHHBIX Al BBIIOJHEHWS  MapayieNbHBIX  BBIYMCICHWH  Ha
CTIEIUAIN3APOBAHHBIX IPOTPAMMHUPYEMBIX aKcelepaTopax: X86-COBMECTHMBIX
MHOTOsiZIepHBIX ~ mpomeccopax Xeon Phi (Intel MIC) wmm  rpadmueckmx
akceneparopax (st KOTOpbIX 0ObIYHO ucnosb3yercs uHTepdeiic CUDA wunm
OpenCL).

B Hacrosimee BpeMs akcenepaTopsl, Kak IpaBHiIo, MOAKIIOYAIOTCS Yepe3 HHTepdeic
PCI-Express, u m03TOMy JOCTYIl K ONEPAaTHBHON MaMATH OCHOBHOTO IIpOIeccopa
uMeeT OOJBIIYI0 3aJCPKKy W MCHBIIYI0 MPOMYCKHYIO CIOCOOHOCTB, C APYroi
CTOPOHBI, CAMH aKCEJIEPaTOPhl UMEIOT CIEIHATN3UPOBAHHYIO ONIEPATUBHYIO TaMsTh
C OYEHb BBICOKOH MPOIYCKHOW CHOCOOHOCTBhIO. UTOOBI JaTh MPOrpaMMUCTY
BO3MOXXHOCTb 3 dekTHBHO eil pacnopsikatbesi, B uHTepdeiicax CUDA u OpenCL
ecTh psn GyHKUMI 115 BbIAEIEHHS OJIOKOB MaMsITH Ha aKceJepaTope U KOMMPOBaHHS
MEKTy aKcenepaTopoM 1 XxocT-TiporieccopoM. B OpenMP nopsiiox oOMeHa TaHHBIMH
MEKY XOCT-CHCTEMON M aKCEJIEPaTOpPOM 3aJaeTCsl C ITOMOIIBIO Map-TIparm.
[MTockosbky rpaduueckue akcelepaTopbl HE COBMECTHMBI C XOCT-IIPOLECCOPOM 10
HabOpy KOMaH I, KOMITHJIITOPBI TOJDKHBI TPAHCIMPOBATh BCE YUaCTKU KOJIa, KOTOPBIC
MOTYT BBITIOJIHATBCS Ha aKCeJIepaTope WK XOcT-Tpolieccope (3To target-pernoHsl, a
TaKke Bce PYHKIUH, TOMEUYCHHBIE TIparMoii declare target) OoubIie oqHOTO pasa: He
TOJNBKO JUIi apXWUTEKTYpbl KOMaHA XOCT-TIpolieccopa, HO W JUId  BCeX
MOJIEP)KUBAEMBIX aKCEJICPAaTOPHBIX apXUTEKTYD.

2. Moddepixka OpenMP 4.0 e komnunsimope GCC

B xommmstope GCC nognepxka OpenMP 4.0 6b11a nobasnena B Bepcuu 4.9 B 2014
roay [2], HO moAIEepKKa aKCeNePaTOPHBIX ITAT(OPM IMOSBIIACH TOIBKO B BEPCHU 5
¢ nobaBneHWeM 3amycka BelumcieHuni Ha Intel Xeon Phi gepe3 Oubmmorexy
liboffloadmic. Taxxke B Bepcuum 5 Obuta goOaBieHa moanepkka uHTepdelica
OpenACC 2.0 myst rpadudeckux akceneparopoB NVIDIA; renepanus koaa ainst GPU
BeImomHsAeTcst camuM GCC: aiist 3Tor0 OBlIa J0OaBIEHA HOBAS IIeJIeBast ApXUTEKTYpa
nvptx.

B kadectBe cTaOmibHOTO Habopa KOMaHI, KOTOPBIM MOT Obl HCIIOJIE30BATHCS
kommuisitopamu it GPU, NVIDIA mnpemioxuna aOCTpakTHBIH acceMOiepo-
noo6ueIit uatepdeiic PTX [3]. Takum 00pa3oM TOCTHUTAETCsI KOMIIPOMHCC MEXITY
HEOOXOMUMOCTBIO (opMaTa Ui XpaHeHWS KoJa, UIsI KOTOporo Tpedyercs
COBMECTHMOCTh C OyIyImIUMH aKcellepaTopamMu, U, C JPYroil CTOPOHBI,
BO3MOXKHOCTBIO M3MEHCHHS alMapaTHOro Habopa MHCTPYKUUHI U UX KOAUPOBaHUs. B
otmnuue ot PTX, anmapaTHeiii HA0Op KOMaH[ JOKYMCHTUPOBAH IPOU3BOIAHUTEIIEM
JUIIb ~MHHAMAJIBGHO, B  BHUJAE, JOCTaTOYHOM, Hampumep, s YTCHHS
JIN3aCCEMOTMPOBAHHOTO KOJAa (OJHAKO B IIPOCKTaX, HANPIMYI BBIIAFOIIUX
MalIMHHBIA KOJ Ui aKcelepaTopoB, TakuxX Kak Nouveau W maxas [4], 3a cuer
obpaTHOH pa3pabOTKU CTald HW3BECTHBI JETald KOJMPOBAHHS WHCTPYKITHIA).
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AHAJOTUYHBIN TOAXOM HWCIONB3yeTcsl B Takmx mpoektax kak PNaCl, raoe mis
pacnpocTpaHeHus Koja ucnoias3yercs npeacrasieHue LLVM IR.

Kak u LLVM IR, PTX cTpykTypupoBaH: s KaXXJoH (GYHKINH 3a/1aH €€ MPOTOTHUII.
MammHHBIe perHcTphl 00IIero Ha3HaYeHUs He JOCTYITHBI HETIOCPEICTBEHHO: KaXKaas
(hyHKOHSA OEeKIapupyeT WMEHa W THIBl PETUCTPOB, WCHONB3yeMBIX B Heil. Takum
obpazoMm, peructpsl PTX aHanormyHbl CKaJSPHBIM HEagPECyeMBIM JIOKAIBEHBIM
nepeMeHHbBIM B CH; COOTBETCTBEHHO, PETUCTPBI HE TEPSIIOT CBOU 3HAYEHUS IPU
BBI30BaxX (Ha apXUTEKTypax 0e3 pPErucTpoBBIX OKOH OWHApHBIE COTJIAIICHHS O
BBI30BaX JJI Ka)KIOr0 PerucTpa ONpeAessiioT, Kakasi CTOPOHA OTBETCTBEHHA 3a €ro
COXpaHEHHE U BOCCTAHOBJICHHE, BHI3bIBAEMAs MM BBI3bIBAIOINAs). SIBHOTO yka3zaTesns
CTCKa HCT, U B CBA3HU C 3TUM JUHAMHYCCKOC BBIACIICHUC CTEKOBOM MaMATH ([[J'I}I alloca
B Cu) He BO3MOKHO. CTaTHYECKOE BBIJICIEHHE CTEKOBON MaMsITH BO3MOXHO 3a CUET
0OBSBIICHUS JTOKATHHBIX 00BEKTOB B MPOCTPAaHCTBE Mamstu .local.

[Ipu tpancasuuu PTX B MallIMHHBIN KOJI MPOUCXOJUT paclpeiesieHue perucTpoB 1
MHOXKECTBO MalllMHHO-3aBUCHUMBIX OHTI/IMI/I33HI/II711 TMJIaHUPOBAHUE KOMaH/,
pa3BopavrBaHNE IIUKIOB U JPYyTHE.

B nabope kxomanm PTX mnpuCyTCTBYIOT Kak CICHHUAIA3HPOBAHHBIC KOMAHIBI,
cnemuduuHble Uil rpa@HUyYecKuX aKcelepaTopoB  (HampuUMep, HHCTPYKIHS
OaprepHON CHHXPOHHU3AINH bar.sync), Tak | 9acTO HCIOIb3yeMbIe KOMaH/bI 00IIero
Ha3HAYCHUs, KOTOPhIE HE UMEIOT COOTBETCTBYIOIIMX AaIMapaTHBIX WHCTPYKIHUA U
PacKpHIBAOTCS B HETPUBHAIBHYIO IOCIEIOBATENFHOCTh TpH TpaHcmimua PTX
(HammpuMep, MHCTPYKIUS LenodncieHHoro neneHus div). I[Todtu Bce HMHCTPYKINH
YKa3bIBAIOT THIT 00pabaThIBaeMBIX JAHHBIX C IIOMOIIBIO0 cy(hprKca 1 MO IepIKUBAIOT
YCIIOBHOE BBHITIOJTHEHHE.

ApXuUTeKTypa Tpa@uUecKuX akKcelIepaTOPOB ONTUMH3HPOBAHA IS MaKCHMHU3AINH
MIPOM3BOTUTEIHHOCTH BEIYHCICHAN B MHOXKECTBE ITapauIeIbHO PabOTAIOMINX HUTEH;
MPOU3BOJUTENHLHOCTh OJHOMOTOYHOTO Kojna, 3amymeHHoro Ha GPU, Obputa Ob
HeBbIcOKa. [TapanenbHble KOHTEKCTHI BhIonHeHUs Ha GPU o6pasytoT uepapxuro. B
MIEPBYIO OYepelb MOXKHO BBLICIUTH CHHXPOHHBIE TPYIIIHI (Warps), COCTaBICHHBIE U3
32 muTei. Bce HUTH TPYMITEI UMEIOT OOIIMH CYETYMK KOMaHA, TaK YTO Ha KaXKIOM
mare BCE HUTHU BBINIOJIHAIOT OJTHY U TY K€ HHCTPYKIHIO, B ClIydadX, KOrjaa InpeauKar
YCJIOBHOTO IIEPEXOJia MMECT Ppa3HbIC 3HAYCHUSA B HUTAX TPYNIIbI, BBIITOJIHCHUC
MPOTUBOMNONOKHBIX BETOK CEPHAIM30BAaHO: CHadajga 4acTb HUTEH C OAMHAKOBBIM
3HAQYEHUEM [peJUKaTa IIOJNHOCTBIO BBINOJHIET CBOIO BETKY, 3aTéM HHUTH C
MPOTUBOMNOIOXKHBIM 3HAUCHHEM IpeJuKaTa — CBOIO; 3TO JOCTHraeTcs 3a CYeT
COKpalleHUsl MacKM akKTHUBHBIX HuTeW. [locie BEIMOMHEHUs 00enx BETOK (B
HEMOCPEJICTBEHHOM  IIOCTJJOMHHATOpE BETBJIEHHMS) Macka aKTHBHBIX BETOK
BOCCTAHABIIUBAETCA M  MPOAOIDKAETCS  BBIIOJNHEHHWE CUHXPOHHOM  IpYMIBL
AHaorn4Ho 00padaTHIBAIOTCS BEI3OBHI 110 YKA3aTEeIIO.

ITockonabky y mporpaMmucTa HET BO3MOXHOCTH BPYYHYIO ONpPENENSTh TOUKU
CIIASHUSL CHHXPOHHBIX TPYIH (COOTBETCTBYIOIINE HHCTPYKIIUH HE MPHUCYTCTBYIOT B
PTX u BcTaBnstoTcst HeIBHO TipH TpaHcisaiuu PTX-koaa), 3T0 MPUBOIUT K TOMY, UTO
HEKOTOPHIE IPOTPaMMBI OYIyT UMETh B3aUMOOJIOKHPOBKH. B 4acTHOCTH, BHITIOTHHUTH
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B3aMHOE HCKIIOUCHHE 3a CYET IMKJIA, BBIIONHSIOMIETO aKTHBHOE OXHWIAHUE,
HEBO3MOJXKHO.

OTMeTHM, 9TO Ha Pa3HBIX YPOBHSAX MEpapXuM napaienbasie HUTH Ha GPU nmeror
pa3HbIe OrpaHWYEHHS W BO3MOXXKHOCTH KOMMYHHKamuu. Tak, B mpexenax
CHHXPOHHOHM TpyNIbl HUTH MOTYT BBINONHATH OBICTPBII OOMEH COINEPKUMBIM
peructpoB ¢ momompio mHCTpykimu shfl. Ha cnemyromem ypoBHe wuepapxum
napaJuleJIbHBIX HUTEH Haxoxarcs 0710Kku. B npexenax Oioka HUTH UMEIOT TOCTYH K
obmemy OJIoKy OBICTPOM mamsTH B npocTpaHcTBe .shared W MOTYT BBINOJIHSATH
0apbepHYyI0 CUHXPOHH3AIHIO C IOMOIIBI0 HHCTPYKIUHU bar.sync.

PTX-kox onpenensier paboTy oHOM HUTH. [j1s onpeaeneHust MoJ0KeH!s TeKyIeH
HUTH B OOLIEH MepapXWu JNOCTYIHBI CIEIMAbHBIE PErucTphl, Hampumep %laneid
(HOMEp B CHHXPOHHOH TpyIIe).

3. TpaHcnsiyuss OpenMP e GCC

IMonnepxka OpenMP B GCC pasneneHa MeXIy COOCTBCHHO KOMITWJIATOPOM U
OMOIMOTEKO BpeMeHH BBINOJHEHMs libgomp, mocTaBiseMol BMECTE C IPYrUMH
KOMIIOHEHTaMH  KoMnwistopa. SI3eikoBele  ¢pont-3HApl C, C++, Fortran
OCYLIECTBIISIIOT MAPCHHT IparM W coxXpaHeHue ux B cocraBe AST-npencraBieHus;
Jlajiee OJTHU U3 CaMbIX paHHHX (a3 MAIIMHHO-HE3aBUCHMOW TPAHCISIIMU POU3BOIST
aHanu3 nparM npu nepexone kK mnpexacraBineHutro GIMPLE u cBepeHue ux K
YHUBEpPCAIbHBIM KOHCTPYKIMAM (HampuMep, BbI30BaM (yHKIUH, YCIOBHBIM H
MUKITAYECKUM OJI0OKaM), KOTOPBIE MOTYT 00pabaThIBaThCs MOCICAYIONINMH (ha3aMu
KOMITHJISITOPA.

B caydasx, xorzma TpaHCHAIMS NparM IPHUBOJUT K JOOABICHHUIO CIIEIMAIBHBIX
¢yHKIMiA, TM00 KOrAa Ha ypoBHE HCXOJHOTO KOJIA €CTh SIBHBIE BBI3OBBI (DYHKIMH M3
OpenMP API, GCC He BcTpauBaeT pealn3aluy dTHX QYHKIUH B OOBEKTHBIA KOJ.
Bce nonoOHbIe (yHKIMH peann3oBaHBl B paMkax OuoOmmoreku libgomp. Taxkum
00pazoM, myonmaHble (yHKINK OnbmroTekn libgomp coCTaBISIOT 1Ba IPOCTPAHCTBA
uMeH: QyHKIMH ¢ mpedukcom omp  peanu3yoT GyHKIHoHaIEHOCTH OpenMP AP,
a ¢pyakuuu ¢ npepuxcom GOMP_ peannsyroT 37eMeHTH BHyTpeHHETo HHTepdetica
MeXOy koMmmuiaTopoM u libgomp. Hampmmep, BXon B mapayulelbHBIN PETHOH
npousBoguTcst 4depe3d ¢GyHkuuto GOMP parallel. OTaenbHO MOXHO OTMETHTH
¢yakunn B mpoctpanctBax mMeH GOMP PLUGIN  u GOMP_OFFLOAD ,
peanusytomre HHTEpQEHCH MeXIy OCHOBHBIM KojoM libgomp u ee mMomynsMu-
TUTarMHAMU IS pa3JINYHbIX TOAIEP)KUBAEMBIX aKCEIIEPATOPHBIX IIATHOPM.

Ectp poHO Tpm OpenMP-mparmsl, [Isi KOTOPBIX KOJ MOJHOTO BBIPAKEHHS IOJ
nparMoi NepeHoCUTCs KOMITMIIATOPOM B OT/ENBHYIO (DYHKIIMIO: 3TO MparMsl parallel,
task m target, Tak KaK 3TH IparMbl MPEANUCHIBAIOT, YTO COOTBETCTBYIOIIMI KOX
MOXET BBINOJHATHCA HE B paMKax TEKYLIErOo KOHTEKCTa, a JIMOO B HECKOJIBKUX
napajuiesibHeIX HUTSX (mparma parallel), B moGoit mutu (nparma task), wiam Ha
aKceJepaTopHOM ycTpoiicTBe (mparma target). OTH (DyHKLIMH BBI3BIBAIOTCS Yepe3
¢ynkun GOMP_parallel, GOMP_task u GOMP _target ext; atu ¢pynknuu libgomp
peann3yroT 3allyCK HOBBIX HHTEH, paclpeleleHHE 3aiad MEXIy HHUTSIMH, 3aIlycK
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BBIYMCIEHMH Ha  akceseparope. HoBele  (QyHKIUM,  BBIIENCHHBIE U3
TI0JIB30BATENILCKOTO KOJ[a, TIPUHUMAIOT apryMeHT Tuma (struct omp data sN *) —
yKazaTelnb Ha CTPYKTYpYy, COACpXKAIIYI0 YKa3aTeJIW Ha IIepEMEHHBIS, KOTOpbIE
0oObsBIEHBl BHE OJIOKAa, HO WCIOJB3YIOTCS BHYTPH Hero (Uii IepeMEHHBIX
HeOOJIBIIOTO pa3Mepa MOXKHO Iepe/iaBaTh HEIOCPEICTBEHHO MX 3HAYCHHS BMECTO
yKazareJieil, Ipy yCJIOBUH, YTO BHEIIHSS epeMEHHasi He MOAN(DHUIUPYETCS BHYTPH
0J0Ka: 9TO 3aBEJOMO TaK, Hanpumep, s firstprivate-nepeMeHHbIX).

#pragma omp parallel omp_data_o.v = &v;
GOMP_parallel(omp_fn1, &omp_data_o);

void omp_fnl(omp_data s *omp_data_i)

{

v=0; *(omp_data_i->v) = 0;

}

Puc. 1. Bvioenenue OpenMP-pecuona ¢ omoenvHyro (hynkyuio ¢ nepedaueti aopeca
pazoensemor nepemeHHOL.

Fig. 1. Outlining an OpenMP region into a separate function and passing the address of a
shared variable.

4, Bmopuqule cmeku 011 asmomMamu4ecKux rnepemMeHHbIx 8
PTX

ITpu nob6asnennn nogaepxku PTX kak akcenepaTopHO# apxuTekTypsl B OpenMP
HaMHu OBUIO MPHHSATO PELICHHE MCIOJb30BaTh, I'/le 3TO ONpAaBJAHO, UMEIOIINECS B
GCC noaxoipl K TpaHCISIIMU U (YHKIHMOHANIBLHOCTH libgomp. DT0 mo3Bossier
MIEPEUCTIONb30BaTh CYIIECTBYIONMH KO, CHH3HTh CJIOXHOCTh KOMITMJIATOpA M
moJIepXkn B Oymymieit paspabotke. Bo3MOXHBI W JIpyrne TOAXOIBI, KOT/Ia
TPaHCISIIMS PETHOHOB KO /ISl aKCeJiepaTopa BIOIHAETCS KOMITHIISITOPOM HHAYE,
YeM JUIS XOCT-TIPOIIeccOpa: HO B 3TOM Ciydae HOAJEp)KKa BCEr0 MHOTrooOpasus
OpenMP-niparm B target-pernonax 3aTpyaHeHa.

Kak Obuto oTMedeHO, mapajulelbHbIe PErHOHBI BBIPE3AIOTCS KOMIWIATOPOM B
OTAeJIbHbIE (YHKIMH, KOTOPBIC MOIYy4YaloT YKa3aTeJ Ha O0IHe JaHHBIE B CTPYKTYype
omp data i, mepenaromeiicss Mo ccpuike. JTa CTPYKTypa pacrosaraercs Ha CTEeKe
HutH, BbI3BaBlIeH GOMP parallel. Tlockomsky B PTX crexoBble jgaHHBIE
pacronaraloTcst B IpOCTPaHCTBE MamsTH .local, 3TO MPUBOIUT K TOMY, YTO JIpyTHe
HHUTH HE MOTYT 00OpaTUTHCS K 9TUM JIaHHBIM.

Takum o0Opasom, peanmzanus crekoB B .ocal-mamstu He coBMecTHMa C
npeanonoxenueM GCC, 4To yka3aTenu Ha CTEKOBbIE JaHHbIE BaIHJIHBI BO BCEX
HuTsxX (crangapt C11 ocraBnsier aTo Kak implementation-defined nosenenue).
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Jnst perrennst aToit mpodsemsr B GCC Obta peasin3oBaHa MOIACPKKa YIIPABISIEMBIX
KOMITHIISITOPOM CTEKOB, KOTOPbIE MOTYT pa3MeIIaThCs B MPOCTPAHCTBE MaMSTH
.global u, Takum oOpa3zom, momyckaTh OOMEH NaHHBIMH MEXIY HHTAMH. it
NOJJIEP)KKM  yKa3zaTelss Ha BEpLIMHY QJIbTEPHATHBHOTO CTEKa BO3MOXHBI [Ba
MOAXO0/a:

e xpaHeHue ykaszarens Ha PTX-perucrpax u nepenada kaxk
JIOTIOTHUTENBHOTO apTyMeHTa IIPH BBI30BAX;

L4 XpaHCHUE yKa3aTeJisd B [IaMATH.

[epBoe pemenne no6aBiseT HEOOMbIINE HAKIATHBIE PACXOJBI BO BCE HEINUCTOBBIC
(byHKIUH, Jaxe Te, KOTOpble He oOpamaloTcs K aJbTepHATHBHOMY CTeKy. Bropoe
pelieHne n30eraeT AOMOJHUTENBHEIX PAcXOJ0B B OOJNBIIMHCTBE (YHKLIHUHA 3a cyeT
HOBBIIICHNUS CTOUMOCTH KOJIa B TEX, KOTOPBIC HMEIOT CTEKOBBII (peiim.

Jnst XxpaHeHHs yKa3aTenei Ha cTeK ucroib3yercs .shared mamsTh. DTO CylIeCTBEHHO
YIPOLIALT e pe3epPBUPOBAHNE H OCBOOOXKIAET OT HEOOXOAMMOCTH YUUTHIBATE HOMED
0J0Ka HUTEW B BEIYHCICHUH aJpeca ykasarels Tekyuied Hutu. bonee toro, ampec
3aBHCHUT TOJBKO OT HOMEpPA CHHXPOHHOH IpYIINEI B OJOKe: Bce HHTH B NpEAenax
OJJHOW CHHXPOHHOHM TPYIITBI HCIOJB3YIOT OAWH MAaCCHB B TJI00QIBHON MAMATH Kak
CTE€K, M, COOTBETCTBEHHO, UMEIOT OJINH U TOT )K€ YKa3aTelb Ha ero BEepIINHY.

Ilpu Bxone B simd-perMoH ykasaTelb Ha BEpLIMHY CTEKa HEPEKIIOYacTcsl Ha
HeOONBIION perroH, BbleNeHHbIH B .local-namsTH. 3a c4eT 3TOro BHI3bIBAECMBIC
BHYTpH simd-pernoHa GyHKIMH MOTYT MPOJOJIKATh paboTaTh C aJbTepPHATHBHBIM
CTEKOM TakMM OOpa3oM, YTO pa3Hble HUTH B OJHON CHHXPOHHOW TpyIIE MOIYT
XpaHUTh HA HEM Pa3HbIE JIAaHHBIE.

5. BbinonHeHue koda eHe SIMD-pe2uoHO8 @ CUHXPOHHbLIX
epynnax

Kak ormeuanocs panee, OpenMP-HUTH BBIIONHAIOTCS CHHXPOHHBIMH TPYHIIAMH, a
otaenbHble PTX-HUTH B cocraBe CHHXPOHHOW Tpymmbsl MOTyT 00pabaThIBaTh
pasnUYHbIE JaHHBIE TOJIBKO BHYTpHU simd-pernoroB. COOTBETCTBEHHO, KO BHE Simd-
PETHOHOB HEOOXOAWMO BBIONHSATH, KaK €CIM OBl B KaXKIOH CHHXPOHHOH Tpymie
ObUTa aKTHBHA TOJIBKO OJHA HHUTbH, HO TPH 3TOM O0ECHEeYNTh, YTOOBI NPH BXOJE B
Simd-perron Bce HUTH CHHXPOHHOW TPYIIBI MOTJIH OBITh aKTHBHBI W HMENH
OJIMHAKOBbIE 3HA4Y€HUs XUBBIX peructpoB. PTX He mpenocraBiser cpeacts s
YIPaBJICHUS] MACKOIl aKTUBHBIX HUTEH, TAK 4TO SIBHO aKTUBHUPOBATh HUTH HA BXOJIC B
simd-perroH Henp3si: HEOOXOOMMO OOECIeYnTh, YTOOBI OHH BBINONHHIM BCE
nepexozpl oT Havyasa BeinoiaHeHus GPU-s1pa 10 BXoa B pertoH.

Paccmotpum, 4To mpoucxouT B ciaydae, eciau ko GPU-spa BeIIONHSAETCS HUTAMU
CHHXPOHHOM  TIpymIbl, HWMEIOIIMMHM H3HAa4YaJIbHO  OJMHAKOBOE  COCTOSIHHE.
WHCTpyKIMy, BBINTOJHSIONME BBIYMCICHUS Ha PErHCTpax, OYEBUIHO, COXPAHSIOT
9TOT WHBAPHAHT: €CJIM [0 BBINOJIHEHHS MHCTPYKUMHU | HUTH MMENM OIMHAKOBBIC
3HA4YEHHs] PETUCTPOB, TO U IOCIIE BHINOJHEHUS OYEPEIHON MHCTPYKLIUK OHU OyIyT
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coBmanath. MHCTPYKINHU 3arpy3KH M3 MaMATH TAaK)KE COXPAHSIOT STOT MHBApHAHT:
MOCKOJIbKY WHCTPYKIINS BBIIACTCSI CHHXPOHHO JJIS BCEX HUTEH U 3HAUCHUE PETHCTPA,
3a[1al0IIero aIpec, COBMANALT, TO U pe3ybTaT 3arpy3Ku OyaeT oanHakoBEIi. lanee,
Juist 3anucu B namsath PTX rapanTupyer, 4To pOBHO O/iHA M3 CHHXPOHHBIX 3aIHCEH
OyzmeT ycmemiHa, W IOCKOJIbKY BCE HHTH 3alMCBIBAIOT OJHO M TO K€ 3HA4YCHUE,
M3MEHEHHE II00aIbHOM aMsITH OyJeT TaKUM, KaK ecJii Obl 3aICh BHIIOJIHIIA O/THA
HUTB.

Cpenu uHCcTpykuuii PTX, BbIZaBaeMbIX KOMIMISITOPOM, MOXKHO BBIICIHTH [Ba
Kjacca WMHCTPYKUHH, KOTOpbIE HE TapaHTHPYIOT HYXKHOM HaM HHBapHUaHTHOCTH
BBITIOJTHEHHSI: 9TO BCE aTOMapHbIe MHCTPYKIUH M KOMaH/a BbI30Ba QyHkuuu (call).
TeopeTuuecky, MOJIB30BATENBCKUNA KOJ MOJKET COJepkKaTh acceMOIepHbIe BCTaBKH,
KOTOpBIE TaK)Ke MOTJIH OBl COJlepKaTh HApyLIAIOUINe HHBAPUAHTHOCTh UHCTPYKIINH,
HO B HACTOsIIIee BpeMsi OHH He MOTYT Bo3HUKaTh B OpenMP target-pernonax: mis
9TOTO CHHTAKCHC acCeMOJIePHOH CTPOKH JOJDKCH OBITH JOITyCTUMBIM Kak mist PTX-
acceMOuepa, Tak U IS XOCT-apXUTEKTYPHI (00BIIHO X86-64), 9TO HEBO3MOXKHO.
OtMmetnM, 4TO caMu 1o cebe call-WHCTpyKIMH He HapyIalOT WHBAPHAHTHOCTH:
mpobjemMa B TOM, YTO BBI3BaHHBIH KOJA B IIEJIOM MOXKET HMETh HaOJrOgaeMbIe
3¢ ¢eKTsI, pa3IHYHbIC B 3aBUCUMOCTH OT TOTO, aKTUBHBI JIU BCE HUTH CHHXPOHHOU
TPYIIIEl WJIA TOJMBKO OfHA. Tak, BEI3OB vprintf mpuBenmer K mosiBiieHHIO 31 komwn
(hopMaTHpOBaHHBIX JaHHBIX, a BBI30B malloc BeraenuT 32 Giroka mamsTe (M BepHET
YHUKaJIbHBIN yKa3aTeNb B K&K0W HUTH CHHXPOHHOW TPYIIIIBI).

J1J1s BBI3OBOB MBI MOKEM ITOTPEOOBaTh, YTOOBI BCE BRI3BAHHBIC (DYHKITUH COXPAHSITH
WHBapUAHTHOCTH (3TO MOYKHO TPeOOBATh I BceX GyHKIUH, KommumupyeMbix GCC;
HCKJIIOUeHHEe cOoCTaBisiioT GyHkiuu malloc, free, vprintf, Ha KOTOpbIC TOMaraeTcs
peanusanus libc (newlib) mis nvptx).

Juiss  aTomMapHBIX oOmepandii W TEPEeYHCICHHBIX TpeX (YHKIMA HEoO0X0IuMo
obecreuuThb, YTOObI Orepalus ObUia BBINOJHEHA POBHO OJHOIM HUTHIO B CHHXPOHHOM
IpyIIe U TI0CIE 3TOTO BBIYUCIEHHBINH PerucTp ObLI paclpoCcTpaHeH B Ipyriue HUTH
9TOM rpymisl (kpoMe QyHKIMHU free, KOTopas He UMEET BO3BPAIIAEMOTO 3HAYECHUS).
st 3TOrO JIOCTaTOYHO BBINOJHUTH OPUIMHAIBHYIO KOMAHIy MO MPEIUKaTOM,
WCTUHHBIM TOJBKO B HYJIEBOH HUTH, U BOCHOJIB30BaThCsl MHCTpyKuuen shfl mms
pacrpoCTpaHeHHs] perucTpa ¢ pesyinbTaToM. Hampumep, eciau HMCXOAHBIA KOJ
BBITIOJTHSAET MHCTPYKIMIO aroMapHoro oomeHa (atom.exch.b32 dst, [addr], src), To
WHCTPYMEHTHPOBAHHBIHN KOJI BBITJISIUT TaK:

[pred] atom.exch.b32 dst, [addr], src
shfl.idx.b32 dst, dst, 0

Wncrpykiun shfl nopnepxusatorcst B PTX Tomeko mist GPU apxurtektypHOTO
ypoBHs sm_30 mnn Beime (apxutekrypa NVIDIA Kepler uiam Gonee HoBast). [{ns
akcenepaTtopoB 0e3 moamep Kk shfl-HHCTPYKITHIT MOKHO BOCIIONB30BaThes .shared-
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namsATeI0 (HO 3TO HE peann3oBaHO: B HacTosmiee Bpemsi kozmoreHepamus GCC
paccunTaHa Ha ypoBeHb He Hioke sm_30).

[penukaTHeIii peructp pred MOXKHO BBIYHCIIATH HEPen KaXKIbIM HCIIOIb30BAHUEM
WU B TIpoJiore (yHKINH, cpaBHKBAas HHAEKC HUTH Yolaneid ¢ 0. it call-uHCTpYKINiA
MHCTPYMEHTALUS BBIIOJIHICTCS aHAJIOTUYHO.

OTMeTHM, 4YTO  IPEUIOKCHHas  CXeMa  HEesSBHO  IpeamoJyiaraer,  4To
HMHCTPYMEHTHUPYEMbIe HHCTPYKLIMH CaMH HE HMEIOT KOHTPOJIMPYIOLIETO IpeauKaTa.
B mnacrosmee Bpems GCC He MOXET TeHEpHpPOBATh WHCTPYKIHUU C YCIOBHBIM
BBIIIOJTHEHHEM IJISL NVPX (3TO MOXKET IMPOMCXOJUTh TOJIBKO MOCIE PACIpeNeIeHU
perucTpoB, HO IS NVptX BCS IIOCIENIOBATEIBHOCTh MAIIMHHO-3aBUCHMBIX
npeoOpa3oBaHKi BHIIOIHAETCS Ha ICEBIOPETHCTPax). XOTs IpeoOpa3oBaHue MOKHO
0000ImUTs Ha clOy4yaW, KOIJa HCXOJHAas KOMaHAa cama BBIIOJHIETCA O[T
npenukaroM, 3¢dexTruBHee OyAeT 3ampeTHTh BblAaYy aTOMAapHBIX MHCTPYKIHMH H
BBI30BOB I10]1 TIPETUKATOM.

3aMeTuM, YTO XOTS MPEUIOKEHHBIN BBIIIE TOAXO0 pelaeT NpodieMy Juis Kojia BHe
simd-pernoHoB, s Koja BHYTpH Simd-perHoHOB Takoe mpeoOpa3oBaHHe JenaTh
HEJb3sl, TaK KaKk B HUX MOOOuYHbIE 3(P(EeKTH OT aTOMapHBIX MHCTPYKLIUH JOJKHBI
MpOUCXOAUTHL HE3aBUCUMO BO BCCX AKTHUBHBIX HUTAX (npnqu HE€ BCC HUTHU
CHHXPOHHO TpyINIbl MOTYT OBITH aKTHBHBI). [IpOCTO 3ampeTHTh MHCTPYMEHTALUIO
JUIsL KHCTPYKIUiA B simd-pernoHax ObUI0 ObI HEIOCTATOYHO: €CIIM B HUX €CTh BBI3OBEI
Opyrux GyHKOMHA, Ui BBI3BIBaeMOW (YHKIMH TaKXkKe HYXKHO 3alpeTHTh
MHCTPYMEHTALIMIO, ¥ TaK Jgajiee. PElUTh 3TO 3a CYET KIOHUPOBaHUS (YHKUHMIA
HeJb3s, TaK KaK B OOLIEM Clly4ae OHO HEBO3MOIKHO.

[pennaraercs UCoap30BaTh CileAyoLIee penieHue. Mamennm nHetpykuuto shfl Tak,
YTOOBI MHJECKC HUTH C PaCIPOCTPAHIEMBIM PETHCTPOM MOT OBITh IHHAMHYECKUM:

[pred] atom.op.b32 dst, ...
shfl.idx.b32 dst, dst, master

Kak ormeueno panee, BHe simd-pernonoB pred = (%laneid == 0) u master = 0.
Buytpn simd-pernoHoB HeoOxoanmo obecneduTb, 4YTOOBI HCXOAHAs OIeparus
BBITIOJIHWJIACh BO BCEX HUTSX, Tak uto pred = 1. Jlanee, nocneayromas HHCTPYKIHS
shfl He HomKHA M3MEHWTH 3HAYEHHE PETHCTpA: JJIS ATOrO JOCTATOYHO master =
%laneid.

Uto661 3¢ ¢dexTuBHO BRMHUCIATH pred W master, OyaeM Ui KaXIOW CHHXPOHHOI
IPyINbl XpaHUTh (Iiar, YKa3bIBaIOIINi, HAXOIUTCS JIM BBIIOJHEHUE BHYTpH simd-
pernona. IlonoxknMm, urto BHe simd-perHoHOB 3HaueHHe 3Toro ¢mara pasuo 0, a
BHYTpH -1 (T. €. Bce OUTHI B CIIOBE yCTAaHOBJIEHHI). TOra MOKHO CHaYana BEIYUCIUTh
master kak %laneid & mask (mobutoBoe «¥» WHAEKCAa HUTH CO 3HAaUeHHEM (iara), u
3atem pred kak %laneid == master.

Kak u 1u1s1 ykazaTess Ha BEpIIMHY CTeKa, ()J1ary IMpeularacTcsi XpaHUTh B MAaCCUBE B
.shared mamsTH.
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6. lNodxo00kI, ucnonb3oeaHHbIe 8 peanusayuu OpenACC

Peammzammss OpenACC B GCC He wucnonp3yer libgomp s opraHusaimm
BBITIOJTHEHHS TTapajuIeIbHBIX PETHOHOB Ha aKCENIEPaTope: BMECTO 3TOTO KOMIHIATOP
HETIOCPEZICTBEHHO TEHEPHUPYET KOJ, BBIMOIHIIOMIMNCS Ha TPaHHUIAX [TapaJICIbHBIX U
BEKTOPHBIX PETMOHOB. TeM He MEHee, MOXOXKHE 3aIadd TaKKe PEIIaroTCs MW IS
OpenACC. OnucanHast B IMpeasIAyIIeld CeKIUU MpobieMa pemraeTcs CIeayIoImnM
obpazoM. Koz BHE BEKTOPHBIX PETMOHOB BBITIONHSIETCS TOJNBKO HUTHIO 0 B KaKIOH
CHHXPOHHOI1 rpynme. Bce ocTanbHble HUTH BBIIONHSIOT TOJIBKO MEPEX0/Ibl Ha KOHEI
odepeaHoro 6a3oBoro 0J0Ka; IPU ITOM, €CIM BETBICHUE B KOHIE 0a30BOro O10ka
SBJISIETCS YCJIOBHBIM, C TOMOIIBbIO HHCTPYKIMU shfl BEIMONHSETCS paciipocTpaHeHue
NpeanKaTHOro peructpa u3 Hutu 0 B ocranbHble. TakuMm 00pa3oM O0CTHraeTcs, 4To
BCE HHUTH KaXION CHHXPOHHOM TPYINIBI BBIIOJIHAT NEPEXOJbl MEXIy 0a30BBIMHU
650KaMu 10 BXOa B BEKTOPHBIH PETHOH B TOH XK€ MOCIIEI0BATENIFHOCTH, YTO U HUTh
0. Ilpm nmocTKeHMH BEKTOPHOTO pETHOHA COCTOSHHE IOOOYHBIX HHUTEH He
CHHXPOHHM3HPOBAaHO C OCHOBHOM HHTHIO, TaK KaK OHM MPOITyCKann Bce 0a30BbIC
6moku. st CHHXPOHHM3AIUK COCTOSIHHS BBIITOJIHICTCSI KOMMPOBAHUE COAEPKHIMOTO
PETHCTPOB U cTeKOBOTO (peiiMa. IIpu 3TOM Ha BXOJle B BEKTOPHBIA PETHOH MOXHO
CKOITMPOBaTh TOJIBKO TEKYIIMH CTEKOBBIH (peiiM, XOTS coAepkuMoe (peiMoB
BBI3BIBAIOIIIUX q)yHKL[I/Iﬁ TaKKE€ MOXKET HCIOJb30BaTbCA BHYTPU BEKTOPHOTO
peruoHa.

7. TecmupoeaHue peanu3ayuu Ha MoOesibHbIX npumepax

s OLeHKHM NPOM3BOJAUTENLHOCTH TeHepupyemoro ¢ momomnpio GCC koma amst
MOJIH30BaTENBECKUX nporpamMm Ha OpenMP mis akcenepatopoB NVIDIA PTX Obin
co3maH HabOp TECTOB, COJAEPXAIIMH MOJAENbHBIE IPUMEPHI, TNPHIOAHBIC I
MpEeIBAPUTENLHON OLICHKM MNPOU3BOAUTENBHOCTH peanuzauuun  OpenMP. On
BKJIIOYAeT B ce0s YMHOXEHHE MaTpHIbl Ha Bektop (Mmul-matr-vec), u3piedeHue
KBaJIpaTHOTO KOpHS MerojnoM HpioToHa (newton-sqrt), BEIMHCIEHHE CKAISPHOTO
MIPOM3BEICHUS IBYX BEKTOPOB (scalar-prod) m cioskeHHe IBYX BEKTOPOB (vector-
add). Kaxxaprii u3 3TuX TeCTOB OBIT peann3oBaH C HMCIOJIB30BAaHHEM HHTEpQEHcoB
nporpammupoBanust  OpenMP, OpenACC wu CUDA  (sBmssace  Gonee
HU3KOYPOBHEBBIM HHTEp(eficoM, 4eM [Ba APYTruX, OH MPEICTAaBISAET Ui HHUX
OPHEHTHPOBOYHYIO BEPXHIOIO TPAHUILY IPOU3BOIUTEIBHOCTH).

Hwmxe npuBeneHsl TpaduKy 3aBHCHMOCTH BPEMEHHU BBIOJHEHHS OT Pa3IMIHBIX
MapaMeTpoB 3amycka (YHCiI0 HUTeH, OMOKOB, Hamuuume mnparMel simd, pasmep
BXOJHBIX MaHHBIX). B ciydasx, kornma rpaduku Al BCEX YETHIPEX TECTOB MMEIOT
TUOWYHBIA BUI, TPUBEAEH OOWH rpaduk. V3mepeHHs BpeMeHH, NPOBOANMOIO
ynpasinenueM BHyTpu GPU-sinep, BBINONHSUIMCH C IOMOILIBIO YTHJIUTHL nvprof,
nocrasisiemoit B coctae CUDA toolkit.

Kak BugHO u3 rpaduka Ha puc. 2, HAKJIAZHBIC PACXOJbl HA CTApT HAPauICIBHOTO
peruoHa coctaBisitorT okosio 100 mkc. [l HeOONMBIINX BXOMHBIX JaHHBIX (pa3Mepsl
BekTopa 10 2! 31eMeHTOB) BBITO/IHEE 3aITycKaTh MEHbIIEE KOJIMYECTBO HHUTEH. C
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YBEJIMYEHUEM  pa3sMEPOB  MaTpUIbl  IPUPOCT
JOIMIOJTHUTCIIbHBIX HUTEH HAYMHAET TNIEPEBCIINMBATh HAKJIAOHBIC pPAcxXxodbl Ha HX

MIPOU3BOIUTEIHLHOCTH
3aITyCK.
PacnapannenuBanue BeITTOTHEHNS Ha 32 KOHTEKcTa (mparma simd) gaeT okuaaeMblid
MIPHUPOCT IPOU3BOAUTENEHOCTH, OMM3KHUI K 32-KpaTHOMY, [UIA TecTa newton-sqrt. ITo
O’KH/IaeMO, TaK KaK 3TOT TECT UMEET BRICOKOE COOTHOIICHHE YUCIIa apu(hMETHIECKITX
orep anui K YHCITy omepainuii ¢ namsathio. ['paduk cnpasa Ha puc. 3 TUNMYEH IS
OCTaJIbHBIX TECTOB U3 Habopa. CBepXIMHEWHOE YCKOPEHUE, BEPOSITHO, OOBSICHSIETCS
yBEJIIMYCHUEM 3(P(PEKTHBHOCTH HCIIONB30BaHMS Kellla Ha akcenepartope. C apyroi
CTOPOHBI, Ha TecTax C OOJBIIOW HWHTEHCUBHOCTBIO OOpAaIleHWH K NaMsTH
MacuTabupoBaHUE MOXET OBITh OTPAHUYEHO MPOITYCKHOM CIOCOOHOCTBIO MaMSTH,
4qTo O6'I))ICH51€T CHMIKCHUEC NOCTUIHYTOI'O YCKOPEHHUSA 0 BCIWYHWH, CYIIECTBECHHO
MEHBIINX 32, IPH pOCTE KOIMIECTBA OIIOKOB M HUTEH.
Ha puc. 4 xaxxiast U3 JMHUIA Ha rpaduke cieBa 0ToOpa)kaeT 3aBUCUMOCTb BPEMEHH
BBIMOJIHEHHS OT YKCia OJIOKOB HUTEH (mparma teams) npu (GUKCUPOBAHHOM YHUCIIC

HUTEH B OJIOKeE. Ka;xz[aﬂ W3 JIMHUNA Ha rpa(bmce CIIpaBa IMOKa3bIBACT 3aBUCUMOCTD
BPEMCHHU BBIIIOJIHCHUA OT YHCJIa HHUTCH B KaXXI10M O110Ke npu (I)I/IKCI/IPOBB.HHOM qUCJIC

mul-matr-vec.bin

OJIOKOB.
mul-matr-vec.bin
4561.7 . 277740 o
|
[ |
/ |
_—6— no-teams-no-threads | _—— no-teams-no-threads |
24 teams=8,threads=8 [ 24 teams=8,threads=8 ‘
€+ teams=64,threads=8 / €+ teams=64,threads=8 |
8 [ 8 |
5 / 5
2 | 2 |
o [ o |
E | £ |
1265.3 — ° 69800 4 = /ﬂ
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Sodl DN e 17652 o S
111,19 { s==t=—=p—mt—t= 1116 w4
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Puc. 2. 3agucumocmu epemenu 6bINOTHEHUSA NAPANIENLHO20 PE2UOHA O PA3MEPHOCHIU
Mampuyel 0151 pA3IUYHO0 YUCIA HUMell U 610K08.

Fig. 2. Execution time of a parallel region againO9st matrix size, for different thread and
block counts.
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newton-sqrt.bin
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simd

scalar-prod.bin
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5471
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Puc. 3. Vckopenue, nonyuennoe npu 6kuoveHuu npazmul simd Os pasiuyHbIX 3HAYEHUll
uycen Humetil u O10K08 Ha mecme newton-sqrt (cnesa) u scalar-prod (cnpasa).

Fig. 3. Speedup from enabling simd pragma for various numbers of teams and
threads per team on newton-sqrt test (left) and the scalar-prod test (right).
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Puc. 4. 3asucumocmu BpeMEHU 6blNOJIHEHUA napajllle/lbHO2c0 pecuona om 4ucia

610K08 NPU PABIUYHBIX 3HAYEHUSIX YUCIA HUMELL U OM YUCAA HUMel 6 OJI0Ke OISl PA3IUYHBIX
3HaueHull yucia OJ10Ko8.

Fig. 4. Execution time of a parallel region against number of teams, for different
threads per team counts (left), and against threads per team, for different team counts (right)
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Implementing OpenMP 4.0 for the NVIDIA
PTX architecture in GCC compiler

A.V. Monakov <amonakov@ispras.ru>
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Institute for System Programming of the Russian Academy of Sciences,
25, Alexander Solzhenitsyn st., Moscow, 109004, Russia

Abstract. The paper describes the approach used in implementing OpenMP offloading to
NVIDIA accelerators in GCC. Offloading refers to a new capability in OpenMP 4.0
specification update that allows the programmer to specify regions of code that should be
executed on an accelerator device that potentially has its own memory space and has an
architecture tuned towards highly parallel execution. NVIDIA provides a specification of the
abstract PTX architecture for the purpose of low-level, and yet portable, programming of their
GPU accelerators. PTX code usually does not use explicit vector (SIMD) computation; instead,
vector parallelism is expressed via SIMT (single instruction — multiple threads) execution,
where groups of 32 threads are executed in lockstep fashion, with support on hardware level
for divergent branching. However, some control flow constructs such as spinlock acquisition
can lead to deadlocks, since reconvergence points after branches are inserted implicitly. Thus,
our implementation maps logical OpenMP threads to PTX warps (synchronous groups of 32
threads). Individual PTX execution contexts are therefore mapped to logical OpenMP SIMD
lanes (this is similar to the mapping used in OpenACC). To implement execution of one logical
OpenMP thread by a group of PTX threads we developed a new code generation model that
allows to keep all PTX threads active, have their local state (register contents) mirrored, and
have side effects from atomic instructions and system calls such as malloc happen only once
per warp. This is achieved by executing the original atomic or call instruction under a predicate,
and then propagating the register holding the result using the shuffle exchange (shfl)
instruction. Furthermore, it is possible to setup the predicate and the source lane index in the
shuffle instruction in a way that this sequence has the same effect as just the original instruction
inside of SIMD regions. We also describe our implementation of compiler-defined per-warp
stacks, which is required to have per-warp automatic storage outside of SIMD regions that
allows cross-warp references (normally automatic storage in PTX is implemented via .local
memory space which is visible only in the PTX thread that owns it). This is motivated by our
use of unmodified OpenMP lowering in GCC where possible, and thus using libgomp routines
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for entering parallel regions, distribution of loop iterations, etc. We tested our implementation
on a set of micro-benchmarks, and observed that there is a fixed overhead of about 100
microseconds when entering a target region, mostly due to startup procedures in libgomp (and
notably due to calls to malloc), but for long-running regions where that overhead is small we
achieve performance similar to analogous OpenACC and CUDA code.
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Mopenb noBeaeHNs 06HLEKTOB,
noaBepXXeHHbIX COHTAaHHOMY U3MEHEHUIO,
B NpeueaeHTHOM noaxone K ynpasrneHuio?!
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AHHOTamMsA. B paMKax mpereaeHTHOro MoIX0/1a K YIPABICHHIO CIIOKHBIMH 00BEKTaMH, HE
nojIaromuMucs (GopManu3alui B BHIE MaTEeMaTHUECKOH MOIETH, MpPEAoKeHa MOJENb
MOBEICHUSI 00BEKTOB, BOBJICUCHHBIX B BSUIOTEKYIIIHE MPOIECCHI M MOBEPIKCHHBIX, Ka3aJI0Ch
Obl, BHE3AITHOMY CIIOHTAHHOMY MEPEXOy B JIABHHOOOpa3HbIi mporiecc. [IJis OMUCaHUs TaKUX
W3MEHEHU BBOAMTCS TIOHSATHE COINYTCTBYIONIETO Kjacca, BIUSHHUE KOTOPOTO MOXHO
TPaAKTOBATh KaK JIOTIOJIHUTENILHOE YIIPABJISAIONIEE BO3JCHCTBUE 10 OTHOLIEHHUIO K UCXOJIHOMY
KJIaccy, K KOTOPOMY NpHHa[IIekal OO0BEeKT. MoJels OpHUEHTHpPOBaHA IIPEXKAE BCETO Ha
MEAMIIUHY, TJIe MOXHO HATH MHOXECTBO aHAJIOT'OB TAKOTO IMOBE/ICHUS.

KirodeBble ca0Ba: CIOXHbIE OOBEKTHI, NMPELEIEHTHBIH MOAXOA K YHPABIECHHUIO, KJIACChl
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B HacTosmee Bpems pa3pabOTaHO MHOKECTBO Pa3IMYHBIX MPOTPAMMHBIX CHCTEM
NOJJIEP)KKN TIPUHATHS peieHnid. Hanbosee TpyaHBIMK U aHANIW3a U IPUHATHA
PELICHUH ABJISIOTCS CUTYALMU, YbH XapaKTEPUCTHKU HE MOIAAI0TCS (hOpMalIn3aliny,

! PaboTa noanep:kana rpantamu Poccuiickoro Gposaa GyHaaMeHTaIbHBIX
uccienoBannii Ne 15-01-02362-a u Ne 15-07-02355-a.
183



Yudin V.N., Karpov L.E. Model of spontaneously changing object behavior in case control approach. Trudy ISP RAN
/Proc. ISP RAS, vol. 28, issue 4, 2016, pp. 183-192.

TO €CTh BBISIBIICHHIO OCHOBHBIX ACHCTBYIONINX ()aKTOPOB U CBA3EH MEKAy HUMH. B
CHIIy HEIOCTaTOYHOCTH 3HaHWA 00 0O0BeKTe W O cpeme, B KOTOPOH OH
(YHKIMOHHUPYET, ITONYyYUTh TOYHYIO MOJENb MOBEACHHS TAaKOro OOBEKTa HE
MPECTABIIETCS BOZMOXKHBIM. OIHAKO yIpaBIeHUE 3THMHU 00BEKTAMH ITPEACTABIISAET
HE MEHBIIMN MHTEpeC U SBISETCS HE MEHEEe BAXKHBIM, YEM YIPABIECHHUE XOPOIIO
(dopmannzyeMbIMi 00bEKTaMH.

BriBO, OCHOBaHHBIHN Ha MPELEACHTAX, — TO METO IPUHSTHS PELIEHUN, B KOTOPOM
UCIIOJIB3YIOTCS 3HAHUSI O TIPEABIAYIUX CUTYallUsIX UITH cilydasx (mpeuenenrax). [lpu
TaKkoM BBIBOJIE NPELEACHT, €CIM OH NMPHU3HAH CXOXHM, SIBISIETCS O0OCHOBaHHEM
pemenus. [TogoOHast MeToAMKA NPHHATHS DPELICHUH MOJAEIUPYET YeIOBEYECKHUE
paccyXAeHus, Ha MPAKTUKE OHA MPUMEHSETCS BO MHOTHUX OOJIACTSAX YEIOBEUYECKOM
ACATCIBHOCTH, I'IC B3jATa Ha BOOPYXKCHUC IHPOKHM CIEKTPOM BCCBO3MOXKHBIX
NPWJIOKEHUH, B TOM YHCIIC NMPHUKIAJHBIMUA CHCTEMaMH YIPaBICHUS OOBEKTaMH, HE
nojjaonMucst  gopmanusanun. PaccMaTpuBas YeIOBEUSCKMH OPTaHM3M Kak
OOBEKT YNpaBICHUS, NPUXOJUTCS KOHCTaTHPOBATh, YTO COBPEMECHHBIC METOJBI
(hopManuzayy He TMO3BOJISIOT ONHCATh €r0 C MOMOIIBIO MMPOCTOH MaTEeMaTHIECKOH
MozenH. IMEHHO T03TOMY METOABI BEIBOAIA IO MPEIEJCHTaM UL CHCTEM MTOJICPKKH
BpadeOHBIX PEUICHNI MOTYT PacCMaTPUBATHCS KaK BECbMa MEPCIICKTUBHEIC.
HccnenoBatenbckas cucteMa, paspadaTeiBaeMass B VIHCTHUTyTE CHCTEMHOTO
nporpamMMupoBanust Poccuifckoil akageMuM HayK C IOIIEP)KKOW CO CTOPOHBI
Poccmiickoro ¢onma ¢yHAaMEHTaNbHBIX MCCIEAOBaHUHM, NpeAHa3HAYeHa JUI
0TpabOTKH METOZOB MPEILEAECHTHOr0 IOoAXofAa K NHpUHATHIO pemeHud. Cucrtema
"Cnyrauk Bpaua" — WHCTaIAIMS, CO3JaHHAass OCHOBe Ha 0a3e MOCKOBCKOIO
00/1aCTHOT0 KJIIMHUYECKOTO HWHCTUTYTa HUM. BHa}II/IMI/IpCKOI‘O — MNp€aHasHa4YCHa OJIsd
MHQOPMALMOHHONW MONIECP)KKH BpadeOHBIX pEIIeHHH B JMAarHOCTHKE U BhIOOpE
JICUCHMUA.

BbIBOI 10 MpereeHTaM — 3TO MOUCK PEIICHHsI MOJO0HBIX MPOOIEMHBIX CUTYAITH
Ha OCHOBE IPOILIOTO OMBITAa PEIIeHHs 3a1a4. BMecTo TOro, YToObI HCKATh PEIIeHNe
KaX/IpIi pa3 CHayaja, MOXKHO IIBITAThCS MUCIIOJIb30BAaTh PEIICHHE, PaHee IPUHSITOE B
CXO}IHOﬁ CUTyallii, BO3MOXHO, aIallTUPOBAB €T0 K W3MEHHBIIIECHCS CUTyalnuu
TeKyIero ciy4as. [Tocie Toro, kak TeKynui cirydaid Oyzer oopadoTaH, ero MOXHO
BHECTH B 0a3y NpEIEJeHTOB BMECTE C INPHHSATHIM PELIEHHEM JUIS BO3MOKHOTO
HOCEIYIOUIET0 UCIOIb30BaHUS.

CornacHo [1]), mpelieieHT BKIIFOYAET:

1. Onrcanue npob6IeMsl,
2. Pemenue npo0Oiiemsl,

3. Pe3ynbTar NpUMEHEHUs! PEeLICHHSL.

IMoxxox, OCHOBaHHBIN Ha NpelEneHTaX, B HaubOoiee OOIIEM BHIC COCTOUT W3
CJIEIYIOIINX COCTaBISIOIMX [2]:
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1. M3BneuycHue HaubosIee PEICBAHTHBIX MPELEACHTOB ISl TEKYIIETO CITyJasl U3
0a3bl IpereIeHTOB

2. Ananranus BRIOPaHHOTO PELIEHHs /IS TEKYIIETro CIydasi, ECJIH 3TO
HEOOXOIUMO

3. IlpumeHeHue perieHus
4. Onenka npuMeHeHHs (TIPOBepKa KOPPEKTHOCTH) PELICHUS

5. Coxpanenue ciydas (JoOaBIeHHE TEKYILEro cirydas B 6a3y NpereeHTOB)

Ha ocHOBaHWNM TpOBENEHHBIX MCCIECIOBAHUI pa3padaThiBAeMOT0 MaTEeMaTHIECKOTO
amnmapara ¥ HaKOIUICHHOH BpaueOHO# mpakTuku (cM. [3-4]) ObUT IpeAsiokKeH MOIX0.1
K (GopManu3alMu TOHATHS (JICYCHHE», pacCMaTpuBasl IPOLECC JEYCHUs Kak
NPOJOJDKUTENBHBIN  MPOLIECC YNPABJICHUS TaKUM CJIOKHBIM OOBEKTOM, Kak
YeJIOBEYECKUH OpPraHU3M, M TPAKTYIOT MPOLECC JICUEHHUs KaK IMOCIe0BaTeIbHOCTh
YIPaBIAIONIX BO3IEHCTBUH Ha OpraHU3M OOJIBHOTO.

B nanpHeimeM 3TOT moaxoi ObLI paclpoCTpaHeH Ha JPYrHe BHUABI IPOLECCOB.
«Knaccuyeckuey» moxo/1bl K yIpaBJICHHIO 00beKTaMu (CM., Hapumep, [5]) cTposTes
Ha MPEINONI0KEHUH, YTO MOXKHO TOJyYUTh TOYHYIO, AHAIUTHYECKH 3aJaHHYIO
(hopMy QYHKIIMOHAIEHON 3aBUCUMOCTH BXOJIHBIX U BEIXOJHBIX IIAPAMETPOB CHCTEMBI
ynpaBieHus. COBpeMEHHBIE TpeOOBaHHS K KAadeCTBY YIPABICHUS CIOKHBIMHU
00BEKTaAMH B TEXHHKE, SKOHOMHUKE, SKOJOTHH, MEIUIMHE H APYTHUX OO0JIACTSIX
YEJIOBEYECKON NEATENBHOCTH MPUBEIM K TOMY, YTO BO MHOIHMX CIIy4asX METOJIbI
KJIACCUYECKON TEOPUH YIIPABJICHUS, B YACTHOCTH, IPUHSATHUS PELLICHUN, OKA3bIBAIOTCS
HETPUTONHBIMU. B cHIly HeoCcTaTouHOCTH 3HAHUHA 00 00BEKTE U Cpesie, B KOTOPOH
OH (YHKIMOHHWPYET, IOJYYUTh TOYHYK MOJETh TIIOBEJACHUS TaKOro OOBEKTa
3aTpyOHUTENBHO. V3-3a CI0KHOCTH pealbHBIX 0OBEKTOB M HEONPEAEICHHOCTH HX
(yHKIIMOHMPOBaHUS, 0COOCHHO 3aMETHBIE ITPH MOIBITKAX NOJIEP)KUBATh BpaueOHbIC
pemieHus, 3ajadya IMOCTPOEHHS MaTeMaTHYecKOW MOJAeNM HX MOBEJCHHS
OTKJIIabIBaeTC Ha Joiroe Bpems. OJHAKO YIpaBlICeHHE TaKUMH OOBEKTaMH,
OTHOCSAIIMMHUCS KO BTOPOM MIX KaTEropuu, He MEHee HHTEPECHO U HE MEHEe BaKHO,
YeM yIpaBJIeHHE XOPOIIo (popMann3yeMbIMU OO BEKTaMH.

Jnst ympaBieHHsT Takoro poja OOBEKTaMU OBLIT TPEIJIOKEH METOJN MPUHSTHS
pemeHni, B KOTOPOM BMECTO MaTeMaTHYeCKOH Monend o0beKTa JJOCTYITHA
anpropHass MHQOpManmus O COCTOSHHAX OOBEKTa YIPABICHUS, YNPABISIOMINX
BO3ACUCTBUSX Ha HEro M pe3ylbTaTaX BO3JACHCTBUN, 4YTO COOTBETCTBYET
npeneneHTHOMY noaxony. IlpenioskeHHbI noaAXoa ABISETCS OPUTUHAIBHBIM U HE
UCIIOJIB3YETCS B HACTOAIIEE BPEMS, XOTS €r0 MOJE3HOCTh CTaja sICHA C CaMOro Hauana
TBOPUYECKOTO CO/PY)KECTBA C MPAKTHKYIONIMMHU BpauaMi MOCKOBCKOTO 00JIaCTHOTO
Hay4YHO-MCCJIE0BaTeNbCKOro knHnueckoro uacturyra (MOHUKN). Hecmotpst Ha
TO, YTO WJAeS MPELEACHTHOTO VIPABIECHHS BO MHOTHX c(epax UYeIoBeUecKOu
JIEATENIBHOCTH JIEKUT Ha IIOBEPXHOCTH, BMECTO HEE MCIIONB3YETCsS BBIBOJ IIO
mpaBwiaM. Tak OOCTOMT HeJ0 W B MEIUIMHCKON JuTeparype. MemuiuHa -
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NpereacHTHAs HayKa, TEM HE MEHEe, BCe IIPUMEPHI BpaueOHBIX PEIICHUI CTpOsATCA
Ha MPABIJIAX «ECJIN-TO», B YaCTHOCTH, Ha JCPEBbSX perieHuii [6].

[IpennoxeHHas oOpraHu3alysl YOPaBICHHUS CYMIECTBEHHO OTIMYaeTCs  OT
YIPABICHUS, BBIOTHAEMOIO HA OCHOBE MPSIMBIX MAaTEMaTHYECKHX pacuéToB.
Cucrema ympaBieHHS IOJDKHA OOECIICUWTH YMPABICHHE B YCIOBHAX HEMOIHOTHI
3HAHUH, KaK CaMHX 0OBEKTOB, TAK M PE3yJIFTATOB YIPABIISIONINX BO3IEHCTBHIA HA ATH
00BEKTHI. DTO TpeOOBaHNE MPUBOIUT K TOMY, UTO CHCTEMA YIIPABICHHUS 00513aTEIHHO
JOJDKHa 00JlaaTh CIOCOOHOCTHIO K BHYTPEHHHM HM3MEHEHHSIM, BBI3BAHHBIM
MOCTENICHHBIM HaKOIUIEHHEM 3HaHUH 00 00beKTax B MPOLIECCE YIPABICHHUSI.
Cxemarnyecky JII00O# Iar ymnpaBieHUs OOBEKTOM MOXKHO IPEJCTaBUTh B BHIE
TPOMKM COCTaBJIAIOUIMX: COCTOSHHE OOBEKTa 1O BO3JACHCTBHA, YIpaBIIAIOILEE
BO3JICHCTBHE M COCTOSIHME OOBEKTa IMocje BO3ACHCTBHs. B TepMHMHAaxX BBIBOJA IO
IperneaeHTaM — 3T0, COOTBETCTBEHHO, OIMCAHKE NMPOOJIEMBI, PEIICHUE U UCXOA. DTy
Tpoiiky OyJeM Ha3bIBaTh «ciiydaem». COBOKYIHOCTh TaKuX Ciy4aeB o0pa3yeT Tak
HasplBaeMylo «0a3y mpeneaeHToB». Ciydad, OTpakalollMe XPOHOJIOTHUIO
BO3JICHCTBUH Ha OTICIBHBIM OOBEKT, CBA3BIBAIOTCS B TaK HA3BIBACMYIO «IIEIb
YIPABILIIONINX BO3ACHCTBUIN, BEPIIMHBI KOTOPOH — COCTOSIHUSI O0BEKTA, a XYyTH —
YTIPABILIIONIE BO3JCHCTBHS.

Apanranus
BO3ACUCTBHS K Bri6op
TEKYIIEMY CIIydar0 [Tpornos < HpeleeHTa
Action adaption to Prognosis Case selection
the current case A4
. CoxpaneHue
Bo3zaeiictue CocrosiHue . HpelieenTa
Action State P :
Case saving

Puc. 1. CmpykmypHas cxema ynpasienus no npeyeoeHman.
Fig. 1. Case control scheme.

Ecn Ha ocHOBe ampuopHOil WH(oOpManuu O mpeAMETHOW O00JacTH yJaaeTcs
chopmupoBath 0000IIeHHBIE 00pa3bl — KJIACCHI COCTOSHHM, TO YIpaBIsIONIee
BO3JICCTBIE MOXXHO paccMarpuBarh Kak 0ToOpakeHHe 00beKTa U3 Kiacca B Kiiacce
(B 9aCTHOCTH, BO3MOXKHO OTOOpaKEHHE Ha TOT JKe KIIaCcC, TO €CTh yAep KaHHe 00beKTa
B TOM e kiacce). [IoHATHE Lenu yNpaBJCHUs HE BCErJa OTOXKAECTBISIETCS C
JOCTHKEHHEM KOHKPETHOro cocTosiHus. llenbio Moxker ObITh yIpaBiisieMoe
MOBEJICHHE, YYHUTBHIBAIOUICE MEPEXOAbl O0BEKTa M3 OJHOTO KJIAcCa COCTOSIHUH B
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npyroi. Tak, mMpu JeUEHUH XPOHUYECKHX 3a00JIeBaHMIA, 3aJada BOCCTAHOBJICHHS
OOJIPHOTO OpraHa — HEBBINONHUMA. Torga IENbIO YIpPaBICHHUS MOXET CTaTh
3aMeUIeHHE TIpoliecca AereHepanuu pabodeii Tkanu. [loaTomy, roBops o menw,
UMeeTcs B BUIY HE COCTOSIHHE, a ONTUMaJbHOE ToBeneHNe o0bekTa. Heobxoaumo
HaWTH aJITOPUTM YIpaBJICHUs, 00ECIICUNBAIONINN TOCTHKEHUE IIEJH 32 KOHEYHOE
YHCIIO YIIPABIIOIUX BO3IECHCTBUN.

CrpykTypa ymnpaBicHHS, TA€ Ul TPOTHO3a BMECTO MAaTEMaTHYECKOW MOJICTH
00beKTa UCTIONB3yeTCs HAKOIUIeHHas 0a3a NpeleeHTOB, IpUBeieHa Ha puc. 1.

[Ipu BEIOOpE BO3MEHCTBUS HYKHO PEIIUTH HECKOIBKO 3a1a4:

® OIICHKA COCTOSIHUSI 00BEKTa 10 BO3JCHCTBHA (OTHECEHHE €TO COCTOSHUS K
TOMY WJIM HHOMY KJIacCy) HO €ro HabI01aeMbIM IIPH3HAKAM.
e 0TOOp MPELEIEHTOB CO CXOKUMH COCTOSHUAMHY,
e IIPOTHO3UPOBAHME TMOBEJCHHUA OOBEKTa MPH BO3JCHCTBUAX, KOTOpHIE
3aMMCTBOBAHBI y 3THX MPELEICHTOB.
® OKOHYATeJbHBIN BBHIOOpP BO3JCHCTBHS Ul NEPEBOJa OOBEKTa B HYKHBIH
KJIacc.
e OIIEHKA COCTOSHUA 00BEKTa B KJIaCCEe HA3HAYCHHUS.
IIpn BbIOOpe BO3AEHCTBHA M3 0a3bl INPELENCHTOB BBHIOMPAIOTCS BO3ICHCTBHA,
KOTOpbIe MPUMEHSINCh K CXOTHBIM COCTOSHHAM. COOTBETCTBYIOIIMH NpEleeHT
COZIEP’)KUT BO3JCHUCTBHE, IIPU IOMOILIY KOTOPOTO [OCTUraeTCs HYXKHBIH Kiacc
COCTOSIHUSI.

Cocrosinne CocrostHre
«II0 BO3JEHCTBUAY «II0CJIE BO3JIEWCTBHUS
«Before» state «Aftery state
Vnpasnaowee
Knacc 1 so30eticmaue | Knace 2
Class 1 Control action " | Class 2

Puc. 2. Cmpykmypa npeyedenma npu ynpaeienuu.
Fig. 2. Case structure in case control.

O1eHKa COCTOSIHHS 00BEKTA «JI0 BO3JCUCTBHS» — 3TO CPABHEHHE €r0 MPU3HAKOB C
ONMMCAaHWSIMHU KJlaccoB B 0Oa3e mpeneneHToB. EciaM HeEKoTopoe IOIMHOMXECTBO
NPU3HAKOB TONAJaeT B TPaHUIBI COOTBETCTBYIOILETO KJIacca, 3TO TOBOPHT O
BO3MOXKHOH MNpPUHAUIC)KHOCTH COCTOSIHUSI 00bekTa K Kiaccy. B obmewm ciyuae,
MOXHO BBIJICJIUTH PsiJl TAKUX HOAMHOXKECTB (He 00s13aTeNnbHO pa3aenbHbIx). Kaxkmoe
U3 HAX MOXKET COOTBETCTBOBATH JIMOO OJHOMY KJIACCy, THOO cpa3y HECKOIbKUM

OT6Op MOXOKHUX COCTOSIHUI NPOU3BOJUTCS C MOMOIIBIO BBEJCHHOTO paHee METoAa
JUISL  OICHKH OJU30CTH MOAO0OHBIX 00bekToB [3]. OIeHKa COCTOSHHS —«JI0
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BO3JICHCTBHA» MIPOU3BOJMUTCS B NPU3HAKOBOM IIPOCTPAHCTBE TEKYLIEr0 COCTOSHUS
00pekTa. COOTBETCTBYIOIIAss OOBEKTYy TOYKAa CPABHHUBACTCS C PACIIOJIOKCHHUEM
cOpMHPOBAaHHBIX KJIACCOB B MPOCKLUMHM Ha IPOCTPAHCTBO €ro IPU3HAKOB.
[peueneHTsl, €CIM TAKOBBIC HAICHBI, PAHXUPYIOT IO CTENCHH OJM30CTH K
TEKyIIEMY COCTOSHUIO 0OBEKTa.

IIpu BEIOOpEe BO3AEHCTBHSA W3 0a3bl MPENENEHTOB BBIOMPAIOTCA T€ W3 HUX, YTO
NPUMEHSUIUCH K CXOXHBIM COCTOSHUSIM. COOTBETCTBYIOIIUH MPELEACHT COINCPKHUT
BO3JICHCTBHE, IPH TIOMOIIN KOTOPOT'O JOCTUraeTCsl HYKHBIH Kiacc (puc. 3).

COCTOSIHHE «JI0» COCTOSIHHE «ITOCIIEY
«Before» state «After» state
Fm————— | e 1
: ! 1 [}
1 ! 1 1

"_"'_'___.I.;____ _________________________________ s :
[ 1T .
oL\ S e [ =
! ER e @ |
1 R e P . :
-t {  TTT=--a_ L i
[ S !
1 1
1

Puc. 3. Ombop npeyeoenmos
Fig. 3. Case selection

B cnydyae ecnm HaiiieHHBIH TpeleeHT HE TOJHOCTBIO COBHANACT C TEKYIIUM,
JOJDKHA BBIMIONHSTHCSA —aJanTalds peHIeHHs — MOAU(UKAIWs BO3JCHCTBUS,
UMEIOIIeToCsT B BBHIOpaHHOM mperieneHTe. HeBo3MOXXHO BBIpabOTaTh EAMHBIN
BapHaHT ISl TAKOW ajamnTaliy, TaK KakK 9TO B OOJBIION CTENEHH 3aBUCUT U OT
MIPUKIIATHOM 00JIaCTH, ¥ TAKXKE CBA3AHO C OONBIINM pa3HOOOpa3rueM KJIACCOB U THIIOB
BO3ACUCTBHM B TakoW obmacTh, Kak MeaWIMHA. ECIM CyIIEeCTBYIOT aJrOpUTMBI
ajlanTanyuy, OHU OOBIYHO MPEATOIAraloT HaTMIHUEe 3aBUCUMOCTH MEX Ty Ha9aTbHBIMU
COCTOSTHUSIMU TIPELICICHTOB M COACPKAIMMMUCS B HUX BO3JACUCTBHSIMH. Takwe
3aBHCHMOCTH MOT'YT 331aBaThCs Y€JI0BEKOM IIPU OCTPOCHUH 0a3bI IPEIeICHTOB WK
0oOHapyKUBaThCs B 03¢ aBTOMATHYSCKU METOJJAaMH JOOBIYH JaHHBIX.
Wnentudpukaims cocTosHHSA OOBEKTa B KJIACCe HA3HAYCHUS MPOU3BOTUTCS
AHAJIOTUYHO, B TIPOCTPAHCTBE MPU3HAKOB TEKYIIETO CITydasi. 3aada WACHTU(PUKAIINN
00BEKTa B KJIAacCe 10 BO3ICHCTBUS HE SBISCTCS TUIHUYHOW JJISI KaXIOTO IIara
yopasieHusi. Eme 10 mnepBoro BO3AEWUCTBUS HYXHO  ONPENENHUTHCA C
NPUHAIICKHOCTBIO O0BEKTa, BEISBHB BCE HEOOXOIUMBIC JIOTOJHUTEIHHBIC
MpU3HAKW, BO3MOXHO, IOTPATUB HA JTO JOMNOJHUTEIbHBIE PECYpChl, HHaue
yIOpaBiIeHHE TepsieT CMBICH. [IpHHAIIeKHOCTh 00BEKTa TOMY M HHOMY Kiaccy
T0CJIe BO3/ICHCTBHS yiKe TpeicKazyeMa, H, KaK IPaBUIIO, OTCICKUBACTCS 110 OTHOMY
WIIA HECKOJBKUM IIPU3HAKAaM, KOTOpPbIE SBISAIOTCS WH(GOPMATHBHBIMH IJII JAHHOTO
KJacca.
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VYpasindmolee Bo3aeiicTBIE
Control action

Kiacc 1 Kiacc 2
Class 1 BrixoxHbIe TApAMETPHI Class 2

\ 4

Output parameters

Puc. 4. Ynpasnarowee 6o30eticmsue, nepesodsiuyee 00beKm 8 H080e COCMOsHUE
Fig. 4. Control action, and changing object state.

Heo06x0auMoCTh afeKBaTHO OIMCHLIBATE U3MEHEHHS B IIOBEAEHUH 00BEKTA, KETaHUuE
(hopMaM30BaTh 3TO TMOBEACHUE MPUBOIUT K MOAUDUKAIIUN KIACCHUCCKON CXCMBI
paboThI ¢ mpereaeHTaMu. KoHeuHo, B TITaBHOM 001I[asi CXeMa YIpaBiICHUs 00bEKTOM
COXpaHseTCs, OJHAKO, JJI1 CTaHAapTHOrO Mpoliecca oOpabOTKHM MpereeHTa, B
KOTOPOM YIIpaBJISOIIEe BO3AeHCTBHE (KaK COCTABIIAIONIAS MPEIEICHTA) TIEPSBOIUT
€ro M3 OJHOI0 Kjlacca COCTOSHHMA B APYroi (B 4aCTHOCTH, OCTAaBJIICT B TOM K€
kmacce) (puc. 4), BBEACHO IIOHATHE COMYTCTBYIOMIETO Kiacca, MOIO0HO
COIYTCTBYIOIIEMY 3a00JICBAHUIO B METUIINHE.

Conyrcrsyrommii Kmace || ComyrerBytommmii Kiace

Satellite class Satellite class
VYupasnsroniee .
p N B Control action
BO31CUCTBHUEC v
) Knacc 1 Kiacc 2

Class 1 Class 2

Puc. 5. Bauanue conymcmesyrowe2o Kiacca COCIMOsHUL Ha UCXOOHbIIL.
Fig. 5. Satellite state class influence onto the initial class.

B mpouecc, XapakTepH3YIOLIMICS HAXOXKAEHHEM OOBEKTa B HCXOJHOM Kjacce
COCTOSIHMH, 00aBisieTcsl elle OJWH MosBUBIIMICA kiacce (puc. 5). Hamuuue
COITYTCTBYIOIIETO KJacca SBISIETCSI CBOETO POAa YIPABIAIONINM BO3JICHCTBHEM Ha
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00BEKT B HCXOJHOM KJlacce. DTO IPUBOAUT K PE3KOMY, TETIEPh yKE HE CHOHTAHHOMY,
U3MECHEHHIO  TIOBEJCHUS  oObekTa. [lpm 3TOM  IpUYMHAMH  MOSBICHUA
COIIYTCTBYIOLIETO KJacca MOTYT CaMble pas3Hble SBICHUSA: Kak IIOJCITYAHO
BO3HUKAIOIHE BHYTPH UCXOMHOTO KJIacca, TAK U BO3HUKIINE BCIEACTBHE KaKUX-TO
BHEUIHUX BO3JCHCTBHH. DTH NPUYUHBI JOJDKHBI CTaTh HPEAMETOM JAAIbHEUIINX
UCCIICJOBAHUM.

[IpennoxeHHas cxema MO3BOJISET aJIeKBATHO OMMCATH CYIIECTBEHHOE, N3HAYAIBHO
Npe/ICTaBIsieMOe KaK CHOHTAaHHOE, N3MEHEHHE B MOBEACHHH 00BEKTa, KOTOPOE 10
9TOT0 MOYKHO OBUIO ONHUCATh KaK BSUIOTEKYIIEe, U (OPMAIU30BATh ITO MTOBEJCHHUE.
Hcxopdmue cTpeiaky Ha pucC. 5 yKa3blBalOT HalpaBlIeHHE NepeJadd MapaMeTpoB
OIMMCBIBAEMOI'0  COCTOAHHA OT TNPEAbIAYIICTO BO3)1€I>1CTBH)I. 3HaueHUs ITUX
nmapaMeTpoB, Aa)X€ MpHU OTCYTCTBUU BO3)1€I\/IICTBI/I)I H3BHC, TAKXC ABJIAIOTCA CBOCIO
poza YIpaBJSIOIIMM BO3ACHCTBUEM. MOMKHO IPOMIUIIOCTPUPOBATH CKAa3aHHOE
CJICAYIOIUM IPUMEPOM U3 MEIUIIUHBI: BSIJ'IOTeKyIlII/Iﬁ mpouecc yracaHus mo4€4HoOro
TpaHCIUIaHTaTa BIPYr IEPEXOAUT B JIABMHOOOpPa3HBIA IpOIECC, 3a HECKOJIBKO
MeCSIeB MPHUBOAALINKA K TMONHOH moTepe ero (yHKIuH. [IpuduHON CIIyXAT
MOSIBIICHUE COMYTCTBYIOLIETO 3a0osieBaHus — WH(apKTa MHOKapAa, CIeICTBUEM
KOTOPOT'O OKa3bIBACTCSI PE3KOE CHIDKEHHE KPOBOTOKA B opraHu3Me. ColyTCTByroIIee
3a00JIeBaHME U €TO CIICACTBHE OKA3bIBAIOTCS IIPH 3TOM YIPABIISIOIINM BO3AEHCTBHEM
Ha TPAHCIUIAHTAT: CHW)KEHHE KPOBOTOKA IMPUBOANT K CHIKEHHIO (DYHKIIMU OpraHa,
YTO, B CBOIO OYEPE/Ib, BIMACT Ha pabOTy APYTUX OPraHOB, M YEPE3 MOJIOXKUTEIbHYIO
00paTHYIO CBS3b MOATAIKHBAET IIPOIlecC yracaHusa. MOXHO HMPUBECTH MHOXECTBO
Jpyrux TpHUMEPOB U3 MEIUIMHBI, KOrJa JJIEMEHTApHas IIPOCTYAa BBI3BIBAET
o0ocTpeHne comaTudeckux 3aboneBaHuil. OJHAKO 3TH MPHUMEPHI JIETKO HAalTH U B
JPYrUX MPUKJIAIHBIX 001aCcTsIX.

CTpyKTypa mpereeHTa npy Takoi cxeMe He MpeTeprieBaeT O0NbIInX U3MeHeHni. B
0a3e Tpele/IeHTOB, 3allOJIHEHHOW KaK pealbHbIMH, TaK U CMOJACIHPOBAHHBIMU
Cly4yasMH, JOJDKEH XPaHUThCS Ciaydyaid, KOTJla Ha HMCXOAHBIN KJIacC OKa3bIBaeTCs
BO3/JEICTBUE, aHAJOTUYHOE TOMY, YTO OKAa3blBAE€T COIYTCTBYROIIMU Kiacc. Torma
MOBE/ICHUE, PaHEe CUUTABIIIEECS] CIOHTAHHBIM, YK€ MOKHO IIPOTrHO3UPOBATh.

ComyTCTBYIOMHNHI KJIacC MOKET Pa3BHBATHCS MO CBOMM IpaBmiaM. Kak pesympraT —
€ro BO3JCHCTBHE HAa COCTOSHHE B ITOM K€ Kjiacce (MHBIMH CIIOBAMH, Pa3BHTHE
COITYTCTBYIOIIETO 3a00JICBAHHS).

Cnucok nutepatypbl

[1]. Klaus-Dieter Althof, Eric Auriol, Ralph Barlette, and Michel Manago. A Review of
Industrial Case-Based Reasoning Tools. Al Intelligence, 1995.

[2]. Agnar Aamodt and Enric Plaza. Case-based reasoning: Foundational issues,
methodological variations, and system approaches. Al Communications, 7(1):39-59,
1994.

[3]. Valery Yudin, Leonid Karpov. "The Case-Based Software System for Physician’s
Decision Support”. Sami Khari, Lenka Lhotska, Nadia Pisanti (eds.), "Information
Technology in Bio- and Medical Informatics, ITBAM 2010", Proc. of the First

190



IOmun B.H., Kapnos JI.E. Moziens noBesieHHst 00bEKTOB, TOJABEPKEHHBIX CIOHTAHHOMY H3MEHEHHIO B TIPELEICHTHOM
noaxoze K ynpasnenuto. Tpyoet UCII PAH, Tom 28, Boim. 4, 2016, ctp. 183-192.

International Conference, Bilbao, Spain. Lecture Notes in Computer Science Sublibrary:
SL 3, Springer Verlag, Berlin, Heidelberg, 2010, pp. 78-85. ISSN 0302-9743.

[4]. A. B. Barasun, JI. E. Kapnos, B. H. IOmun. Ilpomecc nedeHus: Kak afanTHBHOE
yIOpaBlIeHHE YEIOBEYECKUM OPraHM3MOM B IporpaMMHOil cucteme "CmyTHUK Bpada'.
AnbMaHax KIMHHYECKON MeauuuHsbl, T. 17, 4. 1, 2008, ctp. 262-265.

[5]. 5. 3. Lpmkun. Afganrands 1 00y4eHHe B aBTOMaTHIeCKuXx cucremax. M.: Hayka, 1968.

[6]. Hillary Don. Decision making in critical care. University of California School of Medicine
San Francisco, California, B. C. Decker Inc., The C. V. Mosby company, 1985, ectsb
pycckuii nepeBoj;: X. Jlon. [IpunsiTie perienus B MHTEHCUBHOM Tepanuu, M., MeaunnHa,
1995, 224 c., ISBN 5-225-00489-X, ISBN 0-941158-35-7.

Model of spontaneously changing object
behavior in case control approach

12V N. Yudin <yudin@ispras.ru>
13L.E. Karpov <mak@ispras.ru>
Institute for System Programming of the Russian Academy of Sciences,
25, Alexander Solzhenitsyn str., Moscow, 109004, Russia.
2M.F. Vladimirsky Moscow Regional Science Research Clinical Institute, 61/2,
Shchepkina str., Moscow, 129110, Russia
3 Lomonosov Moscow State University,
GSP-1, Leninskie Gory, Moscow, 119991, Russia

Abstract. As a further development of case-based approach to complex object control with
objects that cannot be formalized by mathematical model, authors offer new object behavior
model. This model deals with objects that are involved in low-intensity processes, and then
suddenly (as it seems) and spontaneously are changing their states in avalanche-like manner.
To describe such changes a new conception of satellite class is introduced. The influence of
satellite classes may be treated as an additional control action that effects on the class to which
the object belonged. This model is firstly oriented on medicine applications where one can find
many examples of the similar behavior.
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HekoTopble 3apayun Ha rpadoBbIX 6a3ax
OaHHbIX
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AunHoTaums. OnHUM U3 Haubollee NOMyIAPHbIX M aKTyalbHBIX IT0JJBU/I0B HEPEIISILIHOHHBIX 0a3
JTaHHBIX SIBIIIOTCS rpadoBble 0a3bl JTaHHBIX. B naHHOM paboTe pacCMOTPEHHI 3a1a41 Ha TaKUX
0a3ax JaHHBIX, KOTOPbIE HAHOOJIEE YACTO BCTPEUAIOTCS B COBPEMEHHOM tuteparype. M3yuenst
3aJa4y MaKCHUMH3aIMu BIusHAA, motif mining (MM), 3a1aua OLIEHKH CXOXKECTH Y3JI0B rpada,
comocraBieHHe oOpasua B rpade. PaccMOTpeHBI IepBHYHBIE AITOPUTMBI  KaXXIOTO
HalpaBICHUs. U HEKOTOpBIE IPOMEKYTOUYHBIE DPAbOTHL. I[IpoaHANM3HUPOBAHBI AITOPUTMBI,
COOTBETCTBYIOIIHE TEKYIEMY IOJOKECHHIO JEI.

KunroueBbie cioBa: rpadoBbie 6a3bl JaHHBIX; CETEBLIE MOTUBBI; COMOCTABJIEHUE ¢ 00PA3IIOM;
MaKkCUMU3aIMs BIMAHUs; simrank.
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1. BeedeHue

Bonpmme manneie (anrn. big data) — COBOKYNHOCTH MOJXO/0B, HHCTPYMEHTOB H
METOJIOB 00pabOTKH CTPYKTYPHPOBaHHBIX M HECTPYKTYPHPOBAHHBIX JIAHHBIX
OTPOMHBIX O0BEMOB M  3HAYWTEIBHOTO MHOTOOOpa3ws IS TMONyYCHHS
BOCTIPHHUMAEMBIX YeloBeKOM pesyabraroB [1]. Jpyrumu cioBamu, Goubiiue
JIaHHBIE — 3TO TMpobiemMa XpaHeHus U 00pabOTKU THTaHTCKUX 00beMOB AaHHBIX. C
JIpYroil CTOPOHBI, 06paboTKa OOJIBIINX 00HEMOB MHPOPMAIIUH — TO TOJIBKO YaCTh
«amcOepra». Kak mpaBuio, Koraa roBopsr O «OOJBMINX AAHHBIX», TO MCHOIB3YIOT
HanOosee IOIyJIsIpHOE ompeneneHne Tpex «V», 4ro o3HadaeT Volume — o0bem
JnaHHBIX, Velocity — HeoOXxomumocTs 00pabarsiBaTh HH(pOpManmio ¢ OonbLIOi
CKOpOCTBIO M Variety — MHOroobpasue W  4acTO  HEJOCTATOUYHYIO
CTPYKTYPHPOBAHHOCTh AaHHBIX. [2]

I'padoBble 6a3bl TaHHBIX CTAJIM OJHUM W3 HauOosiee aKTyalbHBIX MPEACTaBICHUIN
OousibIIMX JaHHBIX. VX MOMyJsipHOCTH OOYCIIOBJIEHAa MX YA0OCTBOM NPHMEHEHHS B
3a7a4ax, B KOTOPBIX JJaHHBIC MUMEIOT OOJBIIOE KOJIMYECTBO CBSI3CH, HANpUMeEp B
MUIIEBBIX IIETIOYKAX, OCNOK-OEIKOBBIX B3aMMOICHCTBHSAX W COLHANBHBIX CETAX.
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Kpome Toro, pedpa rpada sBISIOTCS XpaHUMBIMH JaHHBIMH, a 3HAYUT 00X01 rpada
HE TpeOyeT NOMOTHUTEIBHBIX BRIYHCICHUH. Takas cucTemMa 0kazanach €CTCCTBEHHON
¥ BOCTpeOOBAHHON B COBPEMEHHOM MHpe ceT HTEpPHET U CONMalbHbBIX ceTei [3].
CaMbIM KpYITHBIM pa3/ieiioM 3a7a4 Ha rpadoBbIX 0a3ax JaHHBIX SIBJISCTCS TITyOMHHBIN
aHanmu3 naHHbIX (data mining). Cro/ia BXOAAT 337a4H MO0 O0YYCHUIO aCCOI[UATUBHBIM
MpaBUIaM, KIACCH(PUKAMU W KATErOpHW3allud JaHHBIX, KJIACTCPHBIA aHAIH3,
perpeccuoHHbli aHamu3 u Ap. Cpeau MeHee KPYMHBIX Pa3[elioB 3a/1a4 MOXHO
OTMETUTh TMPOCTPAHCTBEHHBI U CTATHCTHYCCKUN aHANM3 AaHHBIX, BU3yaH3alHIO
aHAMTHYECKUX MaHHbIX [1, 4]. Omucars Bee 3a1a4m B JAHHOM HEOOJBITOM 0030pe
HE MPE/ICTABISIETCS] BO3MOYKHBIM.

JanHasi cTaThsl mpejcTaBisieT cO00 0030p Haubosiee MOMyJSIPHBIX 3a7a4 Ha
rpadoBpIX 0a3zax MaHHBIX W3 pasfena data mining: OIEHKa CXO0XECTH OOBEKTOB,
pacnpocTpaHeHHe BIUSHUS Y3II0B BHYTpH Tpada, MOMCK YacTO BCTPEUAIOIIUXCSI
noArpadoB U COMOCTaBICHUE ¢ 00pa3iioM. VX MOMyIIpHOCT OTPaXKaeTcst OOJIBIIUM
HabOpOM MyOJMKALMKA MO 3THM 3ajjauaM Ha KPYIHBIX KOH(MEPEHLUSIX MOCICAHUX
rozioB. B pabore OyayT npeacTaBieHbl TpaJUIMOHHBIC TIOCTAHOBKY 33124 ¥ 0a30BbIe
aJIrOPUTMBI UX PEIIeHUs, npeiokennbie 10-15 et Hazag, a Takke pacCMOTPEHBI
HEKOTOpbIe  PabOThl, COOTBETCTBYIOUIME TEKYLIEMY IIOJIOKCHUIO JIed M0
paccMarpruBacMOMY HAIPaBJICHUIO.

CTpyKTYpHO NaHHBIA 0030p coCTOMT u3 4 pasnenoB. [lepBwlii pa3zen mocBsIIeH
3amade OIICHKH CXOXECTH OO0BekTOB M anroputMmy SimRank. Btopoit paszmen
OINKUCHIBAET 3a/1a4y MaKCUMM3allMM BIMsSHHUS Y3i10B Tpada. B Tperbem pasumene
NPE/ICTAaBICH aHalU3 3aJaydl ComocTaBieHus rpada c obpasuom noarpada. B
YETBEPTOM pa3fiell COJCPIKUT AITOPUTMBI IOUCKA CETEBBIX MOTHUBOB (network
motifs).

2. Simrank

B nanHOM paszzene Mbl pacCMOTPUM Takylo 3ajady Kak H3MepeHue '"moxoxkectu"
o0bekTOoB. Bo MHOXecTBE OCHOBHBIX 3ajady Ha rpadax, Hampumep, B
nporHozupoBanun ceszeit (link prediction), knactepusanun, 0OHapyKeHUH crama,
MOMCKE YacTo BCTpewaromierocsi moarpada, peKOMEHIAaTeNbHBIX CHCTeMax W p.
TpeOyeTcsl TIIATENbHBIH aHajlM3 CXOXKECTH CYIIHOCTEH, a 3HAYUT BO3HHKAET
HEOOXOTUMOCTbH TIATPOPMEI 151 3PPEKTHBHOTO BEIYUCICHHS IIOX0KECTH OO BEKTOB.
B 2002 r. Tnen Mex u [ixenuddep Bumom HpeicTaBHIH MHPY MOJENb IO
HazBaHueM SimRank [5] - Mepy oleHKH 0100151 00BEKTOB, OCHOBAHHYIO Ha aHAJIM3E
B3aUMOOTHOIIEHUS 3THX O00BEKTOB Apyr ¢ apyroM. OcHoBHOW wmaeed SimRank
cunraercs ppaza "aBa 00bEKTa MOXOKU €CITH Ha HUX CCHUTAIOTCS MOX0KHE OOBEKTHI".
ITockonbky GopMyTHpOBKa MOXOXKECTH 3aMaeTcs depe3 camy cedsi, To 06a30i dToM
PEKYPCUU CITY)KUT YTBEPKISHHUE "Kax bl 00EKT MAKCUMAIBHO MMOX0XK Ha CaMOTO
ce0s".

dopMalibHO MOJIENL OIMCHIBAETCS CleayromuM oopazom. O6o3naunm 3a 1(v) u O(v)
MHOKECTBA BXOJAINUX M BBIXOJALIMX COoceled y3ia V, a 3a s(a,b) Mepy cxoxectn
IByX y3i0B. Clienyro pekypcuBHOMY onpeaenenuio $(a,b) = 1, ecim a = b. Unaue
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c 1@ 11(b)]
s(a,b) = OO ; ; sili(a), 1;(b)) M)

rae C - xoHctanta co 3HaueHueM wu3 (0, 1). DTo KOHCTaHTa Ha3bIBACTCS
K0IPuyuenmom 3amyxanus M sBISETCS HEOOXOIUMOH ISl pEaTMCTUYHON OLICHKH.
B cBoux BbluMcnenusix asropsl ucnonsdyror C = 0,8. Omare ke, u3-3a
PEKYPCUBHOCTH MEphI MOXOKECTH Ha MPAKTUKE UCIOJIb3YyeTCs UTepaTUBHAs MOJIEINb
BBIUUCIICHUS, OMNpenesss AAsf MepBOM HUTepaluu eIuHHIENd Mepy MHOXO0XKEeCTU
OJIMHAKOBBIX O0BEKTOB W HYJEM Mepy MOX0XXECTH pa3Hbli 00bekToB. Ha kakmoit
UTEpaIMH TIOXOKECTh Kak Obl "pacnpocTpansiercs” no rpady cienys popmyie

[1(@)] 11(b)]
C
Ri+1(a,b) = m Zl }Zzl R (I;(a), 1;(b)) @)

Mex wu Bugom[5] [0Ka3bIBAIOT CXOAMMOCTH IPOIECCA, IPH  KOTOPOM
R, (a,b) > s(a,b) , mpu k — o, a tak xe yrBepxaaror, uto npu k = 5 urepauusam,
HOJIyYEHHbIE 3HAUCHHUSI MOXKHO CUMTATh JOCTATOYHO TOYHBIMH JUIS OLEHKU 3HAYEHUSI
MIOXOXECTH.

B ux paboTe Tak ke MpeiaraeTcst MHOM coco0 BBHIYMCIEHHS OLIEHKH CXOKECTH C
MOMOIIIBIO nap cayuatnwix oayacoanu (random surfer-pairs model). B stom ciyuae,
s rpaga G crpoutcs cootercTByrOmMid emy rpad G 2 B KOTOPOM y3Ibl
NPEJICTABISIIOT CO0O0M maphl, cocraBieHHble U3 y3imoB G, a ayra u3 (a,b) B (c,d)
npucytcryer B G 2 Tonbko eciu B G ecth Ayra us a B ¢ u u3 b B d. IIpeanonosxkum,
qro 2 TIOJB30BATENs CIy4alHO ONyKAAroT Mo Trpady, HauWHas W3 y3JI0B & U b
COOTBETCTBEHHO. Toraa yTBepskaaercs, uro oneHka S(a,b) cxoxectn y3nos a u b
nonydeHHas SimRank coBmajaer ¢ OXHAAEMBIM YHCIOM IIaroB, HEOOXOJAMBIM
TIOJIB30BATEIISIM JUIS TOTO, YTOOBI BCTPETUTHCS B KAaKOM-THOO y3ie. B sTom cirydae
(opMyIia OIEHKH BBITIISIUT CICSAYIONMM 00pa3om:

s'(a,b) = Z P[t]c!® 3)

t:(a,b)~(x,x)

CymmupoBanne Benercs mo Bcem t - myte B G 2 u3 KaKoro au6o y3na B
OJTHOTOUEYHBII y3el (B 3TOM Cliydae MOJb30BaTeIH HaXOAATCS B OJJHOM U TOM K€
y3ie HadansHoro rpada G). I(t) - mnHa myTH, a KOHCTAHTa ¢ UTPAET TY K€ POJIb, YTO
u C B (1). BepositHocTh BbiOOpa nyTH t P[t] BeIuMCIsieTcs hopmynoi

k-1
Pl = [[ion (@
t] = —
L L{o(w)l
i=1
r/1e Wi - MPOMEKYTOYHBIN y3ei myTu t.
OmnwuceiBas SimRank, mone3Ho ynmomsHyTs pOACTBEHHBIH eMy anroputM PageRank,
KOTOpBIA sIBJISIETCS TMEPBBIM W Hauboiee MOMYyJSIPHBIM — alrOPUTMOM ISt
yIOPSIOYNBAHUS ~ PE3yNbTATOB  MOMCKOBOM  cucteMbl  Google.  PageRank

MOJACYUTBHIBACT KOJHUYCCTBO U KAa4Y€CTBO CCHUJIIOK Ha CTpaHHULy U rpy60 OLICHUBACT,
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HaCKOJIBKO 3Ta CTpaHMLa BakHa. B ocHoBe PageRank nexuT npearnonoxenue, 4to
4yeM Ba)kHee BeOcallT, TeM OOJIblle Ha HETO CChLIAIOTCS APYTUe CalThl.

Ha puc. 1 wum3o0paxken mnpumep npumeHenust PageRank juis mpoctoit cerw,
pe3ynbTaThl BHIPAXKECHBI B NPOLEHTHOM cooTHomieHun. Ctpannna C umeer
nokasatenb PageRank Briie, uem y crpanunsl E, HecMoTpst Ha To, 4TO K cTpanuie E
BenyT Oombuie cchulok. Ha crpanmiy C ccblnaeTcss ofHa BakHas CTpaHULA U,
CJIEIOBATENBHO, 3TA CChUIKA IEHWTCS Bbine. Ecim OmyxnaHWs, HadaBIIHECS CO
CIlyJalHOW CTpaHHUIBI MMEIOT BEPOATHOCTh 85% BBIOOpA MCXOAAIIEH CCBIIKH CO
CTpaHUIIbI, HA KOTOPOH OHM HAaXOISTCs,, M BEPOATHOCTH 15% mepelitn Ha 1r00YIO
CIIy4alHYIO CTpaHHIly U3 BCel ceTH, TO B 8.1% ciyuaeB OHM OKaXyTCsl Ha CTPAHHUIIE
E (6e3 ¢akropa ciaydallHOTO «IpBDKKa» Bce ONYKIaHWS 3aKaHUYMBAIHACH OBl Ha
ctpanunax A, B umu C).

Puc. 1. I[Ipumep npedcmaenenus PageRank.

Fig. 1. PageRank representation.

[pemnoxkeHHpIi  MeTOX  CAy4alHBIX  Omyxknmanwii s SimRank  umeer
BBLIYUCIIUTENBHYIO CIOKHOCTL B 00LIEM cilydae paBHyto O(n*). na ontumusanuu
Mex u BHIOM NpeiaraioT ONEHHBATH CXOXKECTb Map, OCHOBBIBASCH TONBKO Ha
BIUSHUU OJKalmumx cocenel (HampuMep Ha pacCTOSHMMA 2-3 1yr), TOrjaa
CJI0KHOCTB BCero anroputma coctasutr 0(kn?d?), rae d - cpennss cteness ysna (He
JOJDKHA 3aBHCETH OT N), a K - KommuecTBo nrepanmii. [1o yTBep:KIeHHUsIM aBTOPOB,
MOCJIE BCEX ONTHMU3AINI, MOJIENb CIIOCOOHA MPOBOJIUTH BHIYMCIICHUS UIsl Tpad)oB B
npegenax N = 278,626 00bEKTOB, YTO SBJISIETCS MPAKTHYCCKH HEIIPHEMIIEMBIM B
Halie BpeMs BBUAY TOTo (hakTa, 4TO COBpeMeHHble TpadoBble 0a3bl JaHHBIX
HACUYMTHIBAIOT MUJIIMOHBI Y3JIOB M MHJUTHAPIbI CBsizeil. Tak ke CTOMUT OTMETUTH
TAKOW OrpaHUYMBAIONINIA (AKTOP, KAK 00bEM MANIMHHOW MaMSTH, TPEOYyeMBbIH Jis
XPaHeHHUs Pe3yNbTaTOB BhIYMC/IEHHH. B cpeHeM notpedyercs nopsaka n? equHu
MAMSITH, YTO MOXKET COCTAaBUTh TepabdailThl st 00paboTKu 0a3 NaHHBIX C MHJUTMOHOM
win 0oee 00BEKTOB.
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3a mocienuue 15 ner A yMEHBUIEHUWsS BBIYHMCIUTEIBHBIX CTOMMOCTEH ObLI
TPEUTOXKEH TEIbIH psix anmropuT™oB [6-13]. st OTHOCHTENBHOTO CPaBHEHHUS 3TUX
pabor ymoOHO wuWcmomb30BaTh Tabm. 1, TpeacTaBieHHyl0O B pabore
Kacymoro et al [14], Ho miis Hadana pasbepeM OCHOBHBIE THIIBI 3a1ad it SimRank.
1) OnuHOYHAS TIapa: COCYUTATH 3HAUCHHE TTOXOKECTH JABYX JAHHBIX Y3JI0B U H V. 2)
OIMHOYHBIN HCTOYHHUK: U JaHHOTO y3Ja # COCUYUTATDH €€ 3HAUCHUE MOXO0XKECTH CO
BCEMH OCTaJBHBIMHU y3naMH. 3) Bce mapbl: cocuMTaTh 3HAUCHHE HMOXOXKECTH IS
Ka)XXIIBIX JIBYX Y3JIOB.

Taon. 1. Crosccnocmu aneopummos 01: 3aoay Simrank.
Table 1. Algorithmic complexities for Simrank problem types.

AJropuT™ Tun 3apaun Bpewennan IMamaTe Meton
CJI0KHOCTH
JIuneiiHo-peKypcuBHas
Kastu rtnot(; ;t] al EA] Top-k nouck <<0O(n) O(m)  dopmymuposka u Monte-
(state-of-the-art) Kapio
JIuneiHO-peKypcUBHas
Kasumoto et al [14]  Top-k Bce 2 M _
(state-of-the-art) mapst <<O() O(m) ¢>0pMymrIg;1§i) 1 Monre
. ITaps! ciayuaiiHbIx
212 2
Lietal [9] OnuHoOY. ITapa O(Td*n?) o(n% IPOXONOB (MTCpATHBHEL)
IMapsl ciygaitHBIX
Fogaras and Racz [6] Oxumou. nmapa O(TR) O(m+nR) npoxonos (Monte-Kapiio)
Jeh and Widom [5]  Bce mapst O(Tdn?) o(n? HaunsHs1it
Lizorkinetal [11] ~ Bcemapsr  O(Tmin{nm,n*/logn}) O(n? YacTu4HbIC CYMMBI
. BLICTpOG TIEPEMHOKECHUE
2
Yuetal [13] Bce napsr O(Tmin{nm,n"}) o(n% MaTpHII
Pasnoxenue Ha
. 42 2
Lietal [8] Bce mapsr O(r'n?) o) CHHTYISPHELE HCTA
. Pasnoxenue na
Fujiwara et al [15]  Bce mapst Oo(r'n) o(r’n?) CUHTYIApHBIE quCTa
P
Yuetal [10] Bee napst O(n*+Tn?) O opomene e

Kacymoro et al [14] ucrnonb3ytor Matpuunyio GopmyaupoBky SimRank: mycts P -
MaTpuiia nepexomaa aus rpada G, T. e.,
1
Tr7N1” (l! ) € El
P ;= 1)1 J

0 ., WHEE
Iycts S - MaTpuIla, CoEpKAIIIE 3HAYEHUS TIOXOKECTH Y3JIOB, TO €CTh Sj j = S(i, j)

®)

. Torga (1) B MAaTpUYHOM BHJIE TIEPEITUIIIETCS KaK

S =max{c(P'SP), I} (6)
Jnist  cokpaimieHusi  BBIYMCIHTENBHBIX pecypcoB  Kacymoro et al npemnarator
QITOPUTM BBIYUCIICHHUS tOP-K y3710B, OCHOBBIBAIOIIUIACS, HA YETHIPEX MyHKTAX.

1. Jluneiino-pexypcuenas dopmyauposka. Kacymorto et al [14] BBOJIAT
JaroHajbHy0 Marpuiy D:
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S=c(P'SP)+D (7

U JIOKa3bIBAIOT, YTO OHA CYIIECTBYET M KOPPEKTHO OIpeAeieHa. JTa MaTpHIla
M03BOJISIET IIPE0OPa30BaTh HEMMHEIHBIE PEKYPCHBHBIC BBIYMCICHNUS B IPABOH YaCTH
B CXOJSIIMIICA Pl U UCIIOJIB30BAaTh €ro YaCTUYHYIO CyMMY M3 T cliaraeMbiX JUIs
TOYHOH PUOIMIKEHHOM OLICHKH 3HAYESHHUS CX0KECTH OAMHOYHOM Iaphbl.

2. Memoo Monme-Kapno. TlockonmbKy I8 3a7a4d  OJWHOYHOTO HMCTOYHHUKA
(3HaYeHUs CXO0XKECTU OJJHOTO y3Jla CO BCEMH OCTAIbHBIMH) BPEMEHHas CII0KHOCTb

nunelnoM pexypeun coctaur O(TMN), uTo He ABISETCSA TPUEMIIEMBIM, ABTOPLI

UCTIONB3YIOT MeTo MonTe-Kapio amst BeiOopku 13 R HE3aBHCHMBIX Tap CITydaifHbIX
HPOXO/I0B. 31€Ch MPEIIAraeTcsi AlrOPUTM, 4bsi coxHocTh cBoautcs K O(TR) .

3. 3asucumocmo _om_paccmosnus. Kimouepoe Habmiomenne SimRank: 3nauenue
CXOXKECTH MEXIY U U V 3aTyXaeT 04eHb OBICTPO C YBEIHMYCHUEM PACCTOSIHUS MEXKIY
stumu y3iaamu. Kacymoro et al [14] npoBein OmbITEI ¢ HEKOTOPHIMH peajbHBIMHU
6a3aMM JaHHBIX U BBIACHIIHN, 4yTO tOP-1000 cambIX CXOXKHX Yy3JIOB Ul CITydailHBIX
100 y31oB nexaT He Jajbllle YeM Ha PacCTOSHHUH B 7 AYT OT UCXOTHOTO y37Ia.

4. Bepxnasa oyenka 3uauenus cxodcecmuy. ITOT U TMPESIBIAYIIHNA MYHKTH IOMOTAIOT
CHIIHO COKPATUTh BPEMEHHYIO CI0KHOCTB MPEIaraeMoro ajlrOPUTMa C TIOMOIIIHIO
BEPXHEH OI[CHKH 3HAYCHHS CXOXKECTH y3JI0B, KOTOPAs 3aBUCHUT TOJIEKO OT PACCTOSIHUS
MEXIY y31aMH. 371eCh aBTOPHI HAXOAST 2 OLEHKH B 3aBHCUMOCTH OT TOTO, BBICOKAs
WA HU3Kas CTETIICHb Y PACCMAaTPUBACMOTO Yy37Ia.

Cobupast Bce myHKTBI BoeauHo, Kacymoto et al [14] npemoxkunu 3¢ dexTuBHbIH
JBYX(A3HBIH aJrOPUTM JUTA BEIYUCIIEHHS tOP-K CaMBIX CXOKHX Y3JI0B C 3aJaHHBIM
y3iom. IlepBast aza - paza 00pabOTKM - HAXOMUT "KaHAMIATOB", KOTOPHIC MOTYT
UMeTh OOJIbLIIOE 3HAa4YE€HHE CXOXKECTH, a BTopas (aza yxke IMpoBepseT ITHUX
"KaHAUIATOB", HAXOAUT WX TOYHBIE 3HAYCHHS CXOXXECTH C 3aJaHHBIM Yy3JIOM U
BBIZIAET OTBET Ha top-K 3ampoc.

PaccmarpuBast 3amauy  SimRank, BaxkHO yHoemuTh BHUMaHHE  CIYYaro
HeolpeeNeHHbIX TpadoB. Heonpenenenusiii rpad G MOKXHO paccMaTpuBaTh Kak
pacmpesieneHne  BEpOSITHOCTEH JUIS  BCEX  pealbHBIX  HCXOM0B Tpada -
JNCTCPMUHUPOBAHHEIX  (ompeneneHHbIX) TpadoB G. [maBHBIM — OoTIHYHEM
HEOIPEeICICHHBIX TPaOB MPH BEMYUCICHHH KO3()(HUIINECHTOB TOX0XKECTH SBISCTCS
HECIpaBeUIUBOCTh (GopMyIibl [yt K-O0i cTermeHH MaTpullbl nepexoaa. To ecTb
P % (P(l))k.

Takoe HabMIOIEHUE CENAN U J0Ka3all B cBoeil crathe XKy et al [16]. On mpeanoxun
HOBBIe oOOoOmaromue (GopMynsl JUISI BEPOSTHOCTEH CIIydalHBIX IIPOXOIOB II0
Heornpe/eliecHHOMY rpady U 3Ha4eHHH MMOX0XKECTH y3/I0B. Pe3ynbTatoM ero paboTsl
CTIH 3 TIPEAJIOKEHHBIX aIrOpuTMa: 1) MEpBBIH alrOPUTM C BBICOKOW TOYHOCTHIO

BBIYHCIISET HEOOXOauMBbIE N MaTpHIl Tepexoia pO p@ p™ . 2) BTOpOW

ITOPUTM HCTIONB3YeT (HopMHUpOBaHUE BHIOOPKHU IS TIOJICUETA PO p@ pM¢
BBICOKOH 3(()EeKTHBHOCTBIO; 3)TpeTHi anroput™M OOBEAWHSET TPHEMBI JBYX
MPEIbIIYIIUX U CPABHUM IT0 3PPEKTUBHOCTH CO BTOPHIM aJITOPUTMOM, HO 00J1agaeT
HA MOPAZIOK BEJIMYMHBI MEHbBIIICH MOrPEITHOCTHIO OIICHKU.
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3. Influence maximization.

Monenu nporeccos, IpH KOTOPBIX HHGOPMALIHS PACTIPOCTPAHSIETCS MO COLHATBHBIM
CeTsIM, U3yYalOTCs M IPUMEHSIFOTCS yKe T0BOJIBbHO naBHO. B 2001 roay JloMuHTOC
Puuapncon [17] moctaBunu ofHy U3 (YHIAMECHTAJBHBIX aNTOPUTMHUYCCKHX 3a1a4
JUTSL COLIMATTBHBIX CETEH: €CIIM MBI CMOXEM YOCIUTh MPUHATH KaKOH-THOO MPOIYKT
WIM HOBLICCTBO ONPEICICHHYIO TPYIIy JIOACH C LEIbI0 3allyCTUTh Yepemy
OPHHATHS IPOIYKTa WM HOBILECTBA APYTUMH JIFOIBMH, TO KaKUM 00pa3oM HY)XHO
BBIOpaTh 93Ty omnpenencHHyl0 rpymmy? IlepBeIMH, KTO I[IOCMOTpEIHM Ha
MaKCHMU3ALHIO BIUSHIS KaK Ha 32139y ONTHMH3ALNN U OPCIJIOKIIN €€ PEIICHIEe
cramn Kewmre et al [18]. Ux paboTa cMOTHBHpOBaia IENbIA DPSA HCCICTOBAHHI
QITOPUTMOB IO COKPAIIEHHUIO BBIYMCIUTENbHBIX 3arpar [19-22], a cama 3amaua
MaKCHMH3AIUK BIMSHHS Pa3BUBAJIaCh BO MHOTHX HAMpPABICHHUSIX: TeMaTHYCCKasl
MB [23], mpocTpaHcTBeHHO-OpHeHTHpOBaHHass MB [24,25], MB npu Hamunuun
KOHKYpeHTOB [26,27]. B maHHOH CTaThe MBI PAaCCMOTPUM TaKHE aJTOPUTMBI KaK
acaonviii moaxoxm, Reverse Influence Maximization(RIM), Two-phase Influence
Maximization(TIM) u TIM+, npemnoxxennsie Kemme et al [18], Boprc et al [28] u
Tanr et al [29] cooTBeTCTBEHHO.

Kewmme et al [18] pacemotpen 2 moaenu mudbysun (pacnpocTpaHEeHHs BIUSHUS) B
coranbhoi cetu: independent cascade (IC) u linear threshold (LT) momenu. 3xech
Mol paccmotpuM IC Monens. 3aqada MaKCHMHU3ALUY BIMSHUSI CTABUTCS CIIEYOIIIM
o0pazom:

[Tycts G coumnanbHas cethb (rpad) OTHOLICHUI U B3aUMOJICUCTBHI) C HAOOPOM Yy3JI0B
V u Habopom HampasieHHbix ayr E. |[V| = n, |E| = m. TIpeanonoxum, 4to Kaxaoi
HAaIIPaBICHHOM JIyTe e COOTBETCTBYET 6eposmuocms pacnpocmpanenus (propagation
probability) p(e)<[0,1] . Tpu nmammoit G, wmomens independent cascade

paccMarpuBaeT MOIIaroBoe (OTHOCHTENLHO BPEMEHH) PaclpOCTPAHEHUE BIHSHUSI
CIEeIYIONINM 00pa3oM:

e Ha mare 1, MBI axmusupyem BBIOpaHHOE MHOXECTBO y310B S u3 G,
OTIPEZIETIsAsl BCE OCTANbHBIE Y3IIbl B G HeaKmusHbiMU.

e FEcmm y3en u ObUT akTHBHpPOBAH Ha IIare i, TOTAa JJIS KaXIOW IyTH e,
HCXOAAUIeH M3 u K HEaKTHBHOMY Y31y V, ¥ HWMEeT BEpOSATHOCTH p(e)
aKTHBHPOBaTh v Ha mare i + /. [locnme mrara i + /, u GoJiblie HE MOXET
AKTUBUPOBATh HU OJIMH y3€Il.

e Ecmu y3€J1 CTajl aKTUBHBIM, TO OH OCTACTCA TAKOBBIM Ha BCEX MOCICAYIOUINX
nrarax.

Iycts 1(S) - KOMMYECTBO aKTHBHBIX Y3JIOB TIOCIIE 3aBePIICHUs mpolecca (mporece
OCTAHABJMBAETCS, €CIM HU OJUH Y3€Jl HE MOKET ObITh aKTMBUPOBaH). S HA3bIBAIOT
HavyalbHbIM MHOKeCTBOM (Seed set), a I(S) - pacnpoctpanenuem (spread) S.
ITpu nanHoM rpade G, KOHCTAaHTHOM K, 3a1aua MAKCUMU3ALMH BIMAHUS TIPU MOJEIH
IC tpebyer HaiiTh HavanbHbIM HaGop S, |S| = K, ¢ MakcUMalbHBIM 0KHIAEMBIM
pacnpocrpanenreM E[I(S)]. Jpyrumu ciaoBamu, MbI HIIEM MHOKECTBO, KOTOPOE C
00JIbILEH BEPOATHOCTBIO CMOKET AKTUBUPOBATH HAUOOJIBIIEE YUCIIO Y3JIOB.
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Hoaxon, mnpemioxkennsiii  Kewmme et al (Ha3piBaeMblii  jKagHBIM)  (PaKTHUECKH
HAYMHACT C MyCTOr0 HAYaJbHOTO MHOXECTBA S = J, a 3aTeM Ha KaXI0U UTepaluu
JI00aBJISIET B MHOYKECTBO DJIEMEHT U, IIPH KOTOPOM MpUpocT pactpoctpanerus E[1(S)]
OyneT HauOOBIIUM.

Hpyrumu cioBamu:

argmax (E[1(S u{v})]-E[1(S))) (8)
veV

XoTs orcaonsvlii no0xXo0 SBISETCS TOBOJILHO NPUMUTHBHBIM, BBIYHCICHAE OXKHUIAHUS
pacmpoctpanenust E[I(S)] sBmstercss #P-cnoxnoit 3amadeii. B cBsasu ¢ atum, mis
ameksatHoit omenku E[I(S)] Kemme et al uconesyror meronq Monte Kapmo: mis
KaXJI0H nyru e Mbl "moadpaceiBaeM MOHETY" U ¢ BeposTHOCThIO 1 - p(e) youpaem
ayry e. Ionydennsiii rpag HazoBeM ¢, a R(S) - MHOXeCTBO y3JI0B §, I KOTOPBIX
CYIIECTBYET IyTh U3 Kakoro-nu6o ysna S. Kemme et al mokaszanu, 4To 0XugaeMblit
pasmep R(S) pasen E[I(S)]. Takum o006pa3om, MBI TE€HEPHPYEM HECKOJIBKO
IK3eMILIIPOB (, BerumciseM R(S) s kaxmoro ciaydas, a 3aTeM OepeM HX CpejHee
3nauenue s oreHku E[1(S)].

[Ipr [OCTaTOYHO OOJIBIIOM KOJMYECTBE JK3eMILIIpOB I ams m3mepenust E[1(S)]
JCaOHbI  TIOAXOJA €  JIOCTAaTOYHO OOJBLIONH BEPOSITHOCTBIO IPEIOCTaBISET
(L-1/e—¢) -npubmmkennoe peurenne npu IC mozenu [18] rme ¢ - xoHcTaHTa,

3aBucsiias or G, u or r. Kemme et al npepnaraer paccmarpusars r = 10000, u
MOCJIeTHIE MIPECTABICHHBIC PAa0OTHI UCTIONB3YIOT 3TOT K€ BHIOOP.

He cMoTps Ha TO, UTO drcadubiil TIOAXOM ABIAETCS 0000IIEHHBIM 1 3 (QEKTHBHBIM, OH
BJE€YeT 3a 00Ol OTpOMHBIC BHIYUCIUTEIBHBIC PACXOABI, T. K. €r0 BpEMCHHAsS
croxuocts pasrsiercs O(Kmnr) (k urepamwuit st r rpadoB 1o N y37108 U M ayT).

Tonbko nemaBuo (2014r.) Bopre et al [28] cnenamu TeopeTudeckuii mpopsiB u
NPEUIOKUIA  aJITOPUTM € BPEMEHHOM  CIIOKHOCTBIO O(klz(m+n)logzn/ 83)

Bopre et al mokasanu, uyro wmx amroput™ mpegocrasiagser  (1-1l/e—g) -

OpUOJIMKEHHOE pellieHre ¢ Kak MUHUMYyM 1— n’ BEPOSATHOCTBIO M JIOKA3aJk, YTO
STOT PE3yNbTAT SABISICTCSA ONU3KAM K ONTHMAIbHOMY, TaK KaK IOOOH anropuTm,
KOTOPBIH MPEIOCTABISIET TAKOE IPUOIMKEHHE C XOTS OBl TOCTOSIHHOM BEPOSTHOCTHIO
JOJDKEH paborath 3a BpeMs Q(m+n).

OCHOBHOW  TPHYMHOM  HEIP(PEKTUBHOCTH  J/cA0HO20  TIONXOAA  SIBISCTCA
HEOOXOJTUMOCTh OIICHUBATh OKUIAEMOE PACIPOCTPAHCHHE MHOXECTBA Y3JIOB IPHU
KOKIOW WTeparyu anroputMa. J[eWCTBUTENBHO, OOJBIIMHCTBO W3 3THUX OIICHOK
MPOBOIATCS BIYCTYH0, TaK KakK MPH KaKIOH HMTEPAIMH HIIETCS Habop Y3J0B C
HAMOOJBIINM OXKHIAEMBIM PpaclpocTpaHeHHeM. TakuMm 00pa3oM, Hampumep, Ha
MEPBOM WTEpAIlK, MPH MOMCKE IIEPBOIO y3/Ia Ul HavajdbHOTO Habopa y3ioB, 0e3
KaKHX-JTH00 MMCIOIIUXCSA MAaHHBIX 00 OKHIaEMOM PACIpPOCTPAHCHUH Y3JIOB HaM
Ooyner nmeoOxomumo ouenuts E[I({Vv})] mns kaxmoro v, uz G. B srom ciyuae
BBIYHCIIUTEIBHBIE PACXO/IbI TOJBKO MEPBOI UTEpalu cocraistor O(mnr).
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Bopre et al [28] mocrapancs wu30bekaTh OrpaHMYEHUNA #cAOHO20 TOAXOAa U
MIPEIOKIII COBEPIIEHHO MHOH METOJ MaKCUMH3auuu BiusHUA st moxenu IC. B
pabote Tamra et al [29], k KOTOpO# MBI OGpATHMCS TIO3KE, ITOT METOJ HA3BIBAIOT
Reverse Influence Sampling (RIS). RIS ocHoBbiBaeTcs Ha moHsTHd Reverse
Reachable Set win RR(V) -- HaGop Bcex y3110B U, M3 KOTOPBIX €CTh ITyTh B V B {, T/Ie
g - sK3eMIusip BeposTHOcTHOTO Tpada G. bopre et al mokasanu, uro ecnmu RR(V)
TepeceKaeTcs ¢ KaKUM-TO HaOOpOM Y3JI0B S ¢ BEpOSITHOCTHIO P, TO €CIIH MBI BEIOEpEM
S B KauecTBe HAYalbHOTO MHOXECTBA, MPU PACHPOCTpaHEHHU BIHAHHA B G MbI
OymeM HMeTb BEpOSITHOCTh p aKTUBHPOBaTh y3en V. OCHOBBIBasSCh Ha 3THUX
pesynbratax, RIS BeimonHseTCs B 7B Iiara:

1. CrerepupoBaTh ompeneieHHOE KOMNIeCTBO CIIyIalHbIX RR MHOXeCTB u3 G
(RR MHOXECTBO ISl CITYy9aifHOTO Y3714 v U3 CIyYaiHOTO SK3EMILLIpa g)

2. Paccmorpers 3a7aqy MakCHMaibHOTO MOKpeITHA [30]: BBIOpaTh k y3I0B,
KOTOpBIE TOKPOIOT MaKCHMAaJIbHOE KOJIMYECTBO CTCHEPHPOBAHHBIX RR
MHOXECTB. (Vv nokpuigaem S mozoa u monavko moaoa, koeoaV €S ).

Ha nHTYUTHBHOM ypOBHE 3TOT AITOPUTM OOBSCHSICTCS TaK: €CIIN Y3 IPHHAIICKUT
6onpmIoMy KonuuecTBY RR MHOXECTB, TO €ro ojkuaeMoe pactipoCTpaHeHHE JOKHO
OBITh BEJIMKO.

HecMoTpst Ha TO, YTO CIIOKHOCTH aNTOpPUTMAa SIBISETCS] OKOJIOJIMHEWHOM, OH MOXKET
TpeboBaTh OONBIINE BBIYUCIUTENBHBIE PAcCXOJbl B CBSI3W C HEOOXOIUMBIM
KOJIMYECTBOM reHepupyeMbix RR MHOkecTB. Bopre et al npeasioxunu renepupoBaTh
9T MHOXECTBa J0 TeX IMOp, MOKa KOJMYECTBO PACCMOTPEHHBIX Y3JIOB M JAyr HE
npeBbIcUT Topor 7. OHM TOKa3ajaW, YTO €CJIM M 7 YCTAHOBJIEHO 3HAa4YeHHE

®(k(m + n)IogZ n/53), T0 RIS paGoTaer 3a NMHEHHOE MO OTHOIIEHHIO K T BPEMsS H

Bosgpamaer (l-1/e—¢&) -npubnmxennoe pemieHne ¢ XOTS Obl MOCTOSHHOM

BEPOSTHOCTHIO. 3aTeM OHU YBEIUYHBAIOT BEPOSITHOCTh yCrexa J0 XOTst 661 1— n ,
yBenuuuBas T Ha MHOXxwuTelb ¢ | u 3amyckas RIS Q(l log n) pas. Anroput™m He
o0iagmaer nmpakTHYecKoi 3(pPEKTUBHOCTHIO M TpeOyeT OOMBIINX BPEMEHHBIX 3aTpaT
yke npu o6paboTke rpadoB C AECATKAMHU THICAY y3JI0B M ayr. Muoxurens (¢7°) B
OLICHKE BPEMEHHOH CII0)KHOCTH MOSBIIACTCS HW3-32 HEOOXOAMMOCTH BBIOpaTh 7
JOCTaTOYHO OONBLIMM, T. K. MPU MAJIOM T 4acTO BCTpedYaroluecs dneMeHThl RR
MHOJXECTB MOBJIMSAIOT HA BBIOOP KOHEYHOrO OTBETA, M Pe3yibTaT OyIeT AaleK OT
OINTUMAJIEHOTO.

Tanretal [29] mpemmoxun — HoBblid  amroput™m  Two-phase  Influence
Maximization(TIM), kotopsiii ucnonb3yet uaeu RIS, HO 00XomUT ero orpaHuYeHus,

npeuiaras BPEeMEHHYIO CII0XKHOCTb O((k +1)Ym+n)log n/gz). Takast cI0XKHOCTH

oriyaetcss Ha MHOXkuUTeNb (10g N) ot cnokroctr Q(M+N), KOTOpast, KaK JOKa3ain
Boprc et al [28], sBinsiercst HUOKHENM TPaHHULIEN CIIOKHOCTH JFOOOr0 aaropurMa (Ipu
¢duxcuposannsix K, | u ). Kak cinexyer us Hazsanus u nmoao6us anropurmy RIS, TIM
COCTOWT M3 2X IIIarOB:

1. Ouyenxa napamempa. ITOT 1Iar OLICHUBAET HIDKHIOIO I'paHully MaKCUMaJIbHO
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BO3MOXHOIO OXHUAACMOI'0 paClpOCTpaHCHUA 110 BCEM k-paSMepHLIM
MHOKECTBaM Y3JI0B U UCIIOJIB3YCT 3TY I'paHUILy [JI MOJYUCHU IapaMeTpa 0.

2. Bwibop y3nos. Ha sTom 1miare renepupyrores 6 cydaitaeix RR MHOMXECTB 13

G, a 3arem BBIOMpaeTcs k-pazMepHOe MHOXECTBO Y3iI0B S*, KoTtopoe

nokpbIBaeT HawOoipmiee uucio RR wmHoxkecTtB. R* BosBpammaercs B
KauecTBe pe3yabrara paboThl allrOPUTMA.

Bri6op y310B B TIM cxox ¢ BBIOOpOM y3110B B RIS, 32 HCKITFOUeHHEM TOTO, UTO 3/1€Ch

TeHEpUPYETCs yXKe 3apaHee ONpeJielIeHHOe Yicio ciaydaiiHeix RR MHOkecTB. Bbibop

MHOXXECTBA S* MPOUCXOAUT C TMOMOILIBIO JCA0HO20 TOAXOAA PELICHUS 3ajadu

MAKCUMANBHO20 ROKpbIMUsl, T. €. BEIOOPOM K y3II0B, nokpwiéarowux HanbGoblee

KOJIMYECTBO MHOKECTB  Y3JIOB. JTOT moaxon Bosspamaer (1-1/e—g) -

HpI/I6J’II/I)KeHHOG PEHICHUC U UMCCT peain3aluro C JIMHSHHBIM BPEMCHCM:

1:S* =,

2: for j=1tok do

3 Haiimu y3zen v(j), komopuiil nokpuvieaem nauboavuiee yucio RR
MHOJICECTS.

4. Hobasums v(j) 6 S*.

5. Vépamw 6ce RR mnosicecmsa, noxpwimoie V(j).

6: return S*

st oneHky napamerpa (1mar 1), aBTOphI IPUBOJAT M JOKa3bIBAIOT TEOPEMY:

Th: Ecau 0 yoosiemsopsiem nepageHcmesy

llogn+log Cy +log 2

. ©)
OPT -¢

6> (8+2¢)n

mo wae 2 arcopumma TIM eoszepawaem (L—1/e— &) -npubnuoicennoe pewenue c

-
xoms 661 1—N"" seposmuocmoio.

[ockonbKy 3HaYeHUE 6 TPYIHO BHIOPATH COTJIACHO HEPABEHCTBY (TaK KaK 3HAYCHHUE
OPT ueussectHo) Tanr et al [] naxosit HIKHIOW OlleHKY 3HaueHus OPT (Ha3biBas
ee KPT) u McnioNib3yI0T ee B KOHEYHOIt (hopMmyrie s

0=AIKPT (10)

rue

n
+2€)Ilogn+long +log 2

2
&

2=(8 (11)

Otmnuue TIM+ ot TIM 3akimtogaercs B Tom, uro TIM+ no6aBisieT mpomMexyTouHbIi
wrar js yayamenus KPT (nvkaeit onenku OPT), uTo BIEUYET 3a CO00 HEKOTOPOE
HeOOoJIbIIIOE YMEHBIICHHE BEIYUCITUTENEHBIX PACXOI0B aIrOPUTMA.

202



T'ypanpuuk P.U. Hexotopsle 3agaun Ha rpadoBbix 6azax ganusix. Tpyast UCII PAH, Tom 28, Bbim. 4, 2016, ctp. 193-
216.

4. Pattern Matching.

[Ipobnema noucka U cormocraBiieHHs: ¢ 00pa3oM B TpaoBhIX 0a3ax JaHHBIX UMEET
HIMPOKOE NMPUMEHEHHE B TaKMX OOJACTSX KaK COLMAIbHBIC CETH, KOMIIBIOTCPHBIH
JM3aliH, MallMHHOE 3pEHHe, DJIEKTpOHHMKa W Owoinorus. M3-3a paszHooOpasus B
XapaKkTepucTukax rpadoB 3TUX oOJacTed, a Tak e pa3iMuusl IOCTaHOBOK
npobieMbl, rpad)0BOE COMOCTABIICHHE ¢ 00pa3lioM 00beANHSET B cebe enblil Habop
B3aMMOCBSI3aHHBIX 3a/1a4.

OcHoBHas 1enb pattern matching — mouck Bcex BXOKIEHUH 3aaHHOrO IIA0JIOHA B
rpacdoBoii 6aze naHHBIX. DopManbEHO:

e [pagdh G =(V, E), c MHOXKECTBOM BEpIIUH } 1 MHOXKeCTBOM AyT E. BepiuHst
W/WIIM YT MOTYT OBITh TOMEYEHBI W/UIH UIMETh Pa3IMYHbIC aTPHOYTHL.

o [pag-obpasey (nnu obpasey ons_sanpoca) P = (V, E,) ompenenser
CTPYKTYPHBIC U CEMAaHTHYECKHE TPeOOBaHMS, KOTOPEIMHU JOJDKEH 001aaTh
moarpad M rpada G, 9TOOBI COOTBETCTBOBATH 00pa3iy P,

TpebyeTcs HalTH MHOKECTBO Bcex moarpados M, «cooTBeTcTByrOIIX» madIoHy P.
Yarmie Bcero, COMOCTaBICHHE ¢ 00Pa3lOM OMHCHIBACTCS B TEPMHUHAX UZOMOPPUIMA
nooepagos, 4to, KaKk M3BECTHO, siBiseTcss NP-cnoxHoii 3amaueit. Kak omuceiBaet
Tanaxep [31] B cBoeM 0630pe paboOT 1Mo 3TO# MpobiieMe, BCe M3BECTHBIE AITOPUTMBI
noucka nzomop¢husma noarpada UMerT IKCIOHEHIIMAIBHYIO CII0KHOCTB OT pasmMepa
rpacda, 4TO HE MO3BOJIICT HANPSAMYIO peliaTh 3Ty 3aady Ha Oosbiiux rpadax. B
KagecTBE BO3MOXKHOTO PpeEIIeHHS Mpearajorcs Jubo anmpOKCHUMHUPYIOIIHE
ITOPUTMBI MOUCKA HM30MOp(GHU3Ma, JIMOO TOYHBIE AITOPUTMBI, HO HPUMEHSIEMBI
TONBPKO K KOHKPETHOH YacTH BCero oObeMa IaHHBIX. BTopoill moaxonx 0OBIYHO
JIOCTUTACTCS TPeIBApUTEIHLHON 00pabOoTKOMH, KOTOpast MO3BOJSET OTOPOCHTH YACTH
JTAaHHBIX, KOTOPbIC HaBEpPHsKAa HE MPHHECYT pe3yibTrara. OTa (IIBTPAIHs JaHHBIX
00OBIYHO HA3BIBACTCA 86100PKOU KAHOUOAMOS.

IepBbiMU TakoW MOAXOJ KCHONB30BaiM B cBoeM aimropurme GraphGrep
[ama et al [32]. Anroput™ coepKuT 3 KOMIIOHEHTHI: (1) IMOCTpOEHHE METaJaHHBIX
Juta rpada - HHAEKCHPOBAHKE C TIOMOIIBI0 HAOOPOB IMyTeH (ITOT HIar BHIOIHACTCS
TONBKO EOUHOXBI), (2) ¢misTpoBaHWe 0a3bl NAaHHBIX HAa OCHOBE IOIYYEHHOTO
mabjJoHa W WHACKCHUPOBAHHUS C IIENBI0 YMEHBIIEHHS MPOCTPAHCTBA TMOWCKa, (3)
BBINTOJIHEHUE TOYHOTO MTOMCKA.

1. Ilocmpoenue undexca. Ha 3TOM sTame CTpOUTCS <«IpeicTaBieHue rpada ¢
MOMOIIBIO ITyTei». ABTOPBI PACCMATPUBAIOT 0a3y JAAHHBIX M3 HECKOJNBKUX Ipados,
YTO MOYKHO HHTEPIPETHPOBATH KAK HECKOJIBKO KOMITIOHEHT CBSI3HOCTH OJIHOTO Tpada.
Tak kak kaxablii y3en umeet meTky (label) u ynukanpnblii naentudukarop (id), To
«IpencTaBleHUE ¢ MOMOIIBIO MyTei» sBisieTcs Habopom myTeit meTok wiu label-path
(mytu musoit ot 1 1o lp, Shasha et al [32] 6epyt 3nauenue |, = 4), roe kaxaplit IyTh
METOK — Habop u3 nmytei uaentudukaropos win id-path. Ot nannsie popmupyror
XoII-Tabiune, rae KII0YaMH SBISIOTCS XALI-3HA4YeHUs IyTeil MEeTOK, a B SYEHKH
3aIHCHIBAIOTCS KOJMYECTBA ITyTel NACHTH(UKATOPOB 110 3TOMY Kitody. Takyro Xami-
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tabmuny s rpada aBTopsl HaswiBatoT curHatypoit (fingerprint) rpada. Ilpumep
MOCTPOEHHUS TI0Ka3aH Ha puc. 2.

A={(DD} AB={(1,0), (1,2)} AC={(l,3)} ACBA={...}
ABCA={(1.,0,3,1),(1,2,3, D} CB={(3,0),(3,2)} C={(3)} Key g
CBAB={((3,0,1,2).(3,2.1 0} B={{0).(2)} BA={(0,1),(2,1)} oA .
BAB={(0,1,2), (21,00} ABC ={(1, 3, 0), (1,3.2)} ACB={...}
ABCB={...} BC=(...} BAC=[...} BCB={...] CBA=]...} -
BABC=|...\CBAC={...} CABC={...] CAB={(3,1,0), (3,1,2)} h(ABCB) | 2
RACB={ . |BCBA={...|BCAB=|.} BCA={...} CA={(3.1)}
(@) (b) (c)
Puc. 2. (8) 6xo0noii epag g1, (b) e2o npedcmasaenue ¢ nomowpro nymeii u (C)
cuenamypa.

Fig. 2. (a) input graph gz, (b) its path representation and (c) fingerprint.

ITyctb N u K KOMWMYECTBO Yy3II0B W MaKCHUMajlbHas CTENEHb y3Ja B rpade
COOTBETCTBEHHO. Torma B XyAlIeM clydae CIIOKHOCTh HWHIEKCUPOBAHUS W
MPE/ICTABICHUSI C MOMOIIBI0 MYTEH COCTABIISET O(nklp), a 3aHMMaeMasi MaMsTh
O(lpnklp) JUTSL K&KTTOM OTAETbHOW KOMITIOHEHTHI CBSI3HOCTH.

2. Bwibop kanoudamos. Ha sTom srame cTpouTcs curHarypa rpada-madiiona u
CpaBHMBaeTcsi ¢ cUrHatypoil rpada nanueix. Ecnm rpad naHHBIX COCTOHMT M3
HECKOJIBKUX ~ KOMITOHEHT  CBS3HOCTM (WIS  Ka&XIOH W3  KOTOPBIX MBI
HPEIIIOIOXUTEIIBHO MOCTPOMIM CHTHATYPY), TO KOMIOHEHTHI, B 4Ybeil CHUTHAType
XOTs OBl OJHO 3HAYCHHE MEHbBIIEC COOTBETCTBYIOLICTO 3HAYCHWS B CUTHATYpE
mabIoHa, MOXHO 0TOpOcHTh. OCTAIbHBIE KOMIOHEHTHI COJEPKAT OJHO MM Oolee
BXOKJIeHHE ToATrpada, COOTBETCTBYIOIIET0 00pa3iy (I1abioHy).

3. louck coomsemcmgyiouieco nodepaga. Anroput™m o0xomut rpad-oOpasen B
ryOuHY 1 pa30uBaeT BeTBH 00X0/1a Ha TOCIIEI0BATENFHOCTH (Ha3bIBacMbIe patterns)
HaKJIaJIBIBAIOIIUXCS APYT Ha Apyra myTteit metok. YacTu rpada-kaHauaara, 4bi myTH
UIEHTU(HUKATOPOB COOTBETCTBYIOT 3THUM MOCIIEIOBATEIBHOCTSM, CKIICHBAIOTCS
(M30aBisSICH  OT  HAJOXKEHWH) JUIT TIOCTPOSHHUS COOTBETCTBYIOMIETO OOpa3ILy
noarpada. BeraucIuTENbHAS CIOXKHOCTH 3TOTO Iara 3aBHCHT OT YHCIA
noceioBateibHoCcTeR (patterns) oOpasia, KOTOPOEe CJIO0XKHO OLIEHHTh B OOIIEM
ciryqae. I'pyOo roBopsi, OHO TpPsIMO TNPONOPLHHOHAIBHO pasMepy oOpasia u
MaKCHMAJIbHOW CTENeHHU CPe/iu y3JI0B B 00pasie u yeM Gomnbiue |y, TeM MeHbIe P.

Ecnu n — MakcUMaibHO YMCIIO Y3JI0B C OJHOM U TO# ke METKO#, TO BpeMeHHas
CJI0’KHOCTB TOTO Iara B Xy/ieM ciiydae coctapiuser O((nk'r)P).

3amada COMOCTAaBIICHUsSI ¢ 00pas3loM, ONHMCaHHAs Ha s3bIke U3oMopdu3MoB rpada
sBiisieTcs: NP-clioskHOW. DTO CHIIBHO 3aTpyIHSET MAacIITaOUPyeMOCTh TIPH TOUCKE
TOYHBIX BXOXJICHHU oOpas3ma. boiee Toro, TpeOyeTcs HaxoXIeHHE OHEKITUH,
KOTOPBIE JaIlle BCETO CTABIT CTPOTHE OTpaHIMYCHISI Ha THITHI 00pa3IoB Kak MOKa3aHo
B IIpUMepE, NpuBeaeHHOM B [33].
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Puc. 3. Opaanuzayus obopoma napkomuxos: (2) epag-oopaszey u (b) epagh dannvix

Fig. 3. Drug trafficking. Pattern (a) and data graph (b)

Ipumep. PaccMorpum  CTpykTypy oOpraHum3anud  0o0OpOTa  HapKOTHKOB,
n300pakeHHy0 B Buje rpada-obpasua Po Ha puc. 3 (a). I'maBa («boss» - B)
OCYIIECTBIISIET HA/A30p W BEAET KOHTPOJIb OMNEPALUH depe3 IPYMITy YIpPaBIAIOMINX
MOMOIIHUKOB (assistant manager - AM). AM KOHTPONHMPYIOT [ESTEILHOCTD
uepapxmueckoi cTpykTypsl pabotHukoB (field worker — FW) Bminote mo Tpex
YpOBHEW HepapXxuu, 0003HAYCHHBIX METKOW IyTH «3». FW nmocTtaBnseT HapKOTHKH,
coOMpaeT BRIPYUKY M BHIIIOJHSET Ipyrue nmopydenus. OHU OTUMTHIBAIOTCS nepe AM
HaNpsMYIO HIIM KOCBEHHO, a AM HamnpsMyro OTYUTHIBalOTCA nepen 6occom. boce Tak
)K€ MOXKET IepeaaBaTh cooOieHus depes cekperaps (S) BepxHemy ypoBHIO FW
(0603HaUEHO METKOU AYTH «1»).

PaccMOTpHM IpyHIIMPOBKY 10 COBITY HAPKOTHUKOB, MPE/ICTABICHHYIO rpadoM Ha pHC.
3 (b), rme Ay, ...Am 310 AM’BI, B TO BpeMst Kak A siBisieTcst 1 AM u cekperapem (S).

MBI XOTHM OIIPEAEIHTh BCEX I0/I03PEBAEMBIX, KOTOPHIE BXOASAT B TPYIIHPOBKY, C
MOMOIIBIO TOUCKa BXOxaeHu Po B Go. OmHaKo comocTaBiieHHe ¢ 00pa3ioM uyepes
n3zoMopdu3M noArpadoB He CIIPABUTCS C ITOH 3a/1a4eH 10 CIIAYIOIUM NPUUNHAM.

e V3ne1 AM u S u3 Py TOKHBL COOTBETCTBOBAaTh OTHOMY M TOMY XK€ Y31y Am
n3 Gy, 4TO IPOTHBOPEUHUT OUEKIIHH.

e V¥3en AM u3 Py COOTBETCTBYET HECKOJBKUM y3iaM u3 Go (4j,...,Am). 31O
OTHOIIICHHE HE MOXKET OBITh ONMMMCAHO PYHKIMEH OT y3JI0B Py B Y3756l Gy.

e Jlyram3 AM B FW B Py o3nagaeT, utro AM xoHTpOimpyet 3 ypoBHsI FW. D10
JIOJDKHO COOTBETCTBOBATH ITyTH OMPEICICHHONW UTHHBI B Gy, a HE OTHOU
ayre. I3omopdu3M, mMpu KOTOPOM Jyra MEPEXOAUT B AYTy HE MOMONICT B
3TOH CUTYyaIuu.
K takum BeiBoam npuien B. @an et al [34]. B 2010 r. On omyGiukoBai paboTy, B
KOTOPOi MepecMOTpes MPAKTHYESCKH LETUKOM 3a/1auy COMOCTABICHUS ¢ 00pasiomM,
BBeIs MOHATHE orpaHumdeHHoi cumyssuuu (bounded simulation). CormacHo ero
TEPMUHOJIOTHH:

o [Ipag oannwix G = (V, E, f,), tne  f, — dyHKImA OT y3108B, IpH KOTOpPOI
205



Guralnik R.I. Some problems on graph databases. Trudy ISP RAN/Proc. ISP RAS, vol. 28, issue 4, 2016, pp. 193-216.

fo(u) — xoprex (4;=ay,...,An=an), TIEe a; — KOHCTaHTa (HE 00A3aTENBLHO
4mcIoBas), a A; — aTpulyT u, 3aTUCHIBAEMBIN KaK U.A;=a;.

o [pag-odbpazey P = (Vp, Ep, f,, f,). f, — bynkuusa ot ysnos obpasnua,
CONOCTABIAIONIAs Y31y IIPEAUKAT, COCTAaBICHHBIH M3 OObEAUHCHHUS
aroMapHbIX (hopmyn Buma A Op a, Tie a — KOHCTaHTa, A — aTpulyT, a op -
omeparop cpaBHeHms (<, <, =, #, >, >). f, — dyHKIEA OoT Oyr obpasma,
takas yto f,(U,u’) 160 KOHCTAHTA £, OO CUMBOI «*».

Torma BBOIUTCS CIEAYIOMIEE ONPEISIICHIE OTPAHNICHHON CHMYIISIIUN:
Onp. I'pagp G coomeemcmayem obpazyy P 6 mepmunax oepanuyenHon cumyaisyuu,
ecu cywecmeyem bunapnoe omuowenue S <V pxV, m. u.:

o Jna kaxcooeo UeV, cywecmeyem VeV ,m. u. (U,V)€ES;

o Jlna kaxcoozo (UV)€S (a) ampubym ysna v f,(V) yoosremeopsem
npeduxamy f,,(U) yana u. To ecmo dna kaxcooi amomapnoii popmynst A op
a uz f,(u), v4 = a' onpedeneno 6 f,(V) u a' op a. (6) Lna kasxcooii oyeu
(wu'y us E, cywyecmeyem uenycmou nymo p=vV/l...IV' uz G, m. u.
(WU)eS wuommnalen (p) < k ecau fy(u,u’) omo koncmanma k.

Takoe OuHapHOE OTHOIIICHHE S Ha3bIBAIOT BXxOxkAeHHeM (Match) P B G u 0603Haua0T
kak P < G.

Unryntueno, (U,V)€S , ecnm V  COOTBETCTBYET —KPUTEPUAM  TOWCKA,
ycraHoBineHHbM  f, (U) , ¥ kaxpas umcxozsmias u3 U ayra (u,u’) cOOTBETCTBYeT
HemycToMy Iyt p, nmueel f (u,u’) , ecmu f,(U,u")=K , nin HeorpanuueHHOM
amuHel, ecm fo (U,U") =%

Mockonbky BxoxkaeHue P B G moxer ObiTh Heckonbko, Dan et al [30] crasar u
JIOKa3bIBAlOT YTBEPKJICHUE:

Y1B. /[na mobozo epagpa G u niobozo odpasya P, ecnu P < G, mo cywecmeyem
eOUHCMBEHHOE MAKCUMANbHOE 6X0xcoeHue Sy, m. e. 0as 1106020 6xodcoenus S
obpasya P 6 zpag G sepno, umo S Sy, .

Ha ocHoBe BBeneHHBIX omnpeneneHuii rpada, o0pasia 1 OrpaHHYeHHONH CUMYJISIIINY,
aBTOPHI IIEpecMaTPHBAIO 3a]jady COIIOCTABIECHHS C 00pa3loM CIeyIOINUM 00pa3oMm:
s dannoeo epagpa G u obpazya P mpebyemcs natimu MakcumanibHoe 6XoxcoeHue

PG, ecruPLG.

@an et al [34] npuBOSIT aNrOPUTM, UMCIOLIUI BPEMEHHYIO CIIOKHOCTh

OV I E|+]Ep IV P +IVp IV ) (12)
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Taxoii anroputm, B oTaudue 0T NP-CII0KHBIX anropuTMOB H30MOpGhr3Ma
noarpadoB, 3aBepinaeTcs 3a Kyouiaeckoe BpeMs (T. K. B Xy/miem ciry4dae |E| ato
o(vA).

Tak kax KyOW4ecKas CIIOKHOCTh BCE €Ile BCE €llle HE MOIXOJUT Ui OOJIBIINX
rpados, Pan et al [34] npemnarator anroputMsl mpupamienuii (incremental match
algorithms) mms mowcka BxoXIeHWH B ciydae, korma rpad G wu3MeHsiercs
MOCPEACTBOM YAAJICHUSI M BCTaBKM Oyr. OTO IO3BOJISIET HANTH BXOXKACHHE
eANHOXMBI, a 3aTeM ero 3(pQeKTruBHO OOHOBIATH NpH m3MeHeHUH G, 0e3 HyKIbI
3aITyCKaTh BECh IPOLECC CaMOT0 Havaa.

5. Network motifs.

MHOXECTBO OHOJOTHYECKHX CeTei, MNpeACTaBIseMBIX C MOMOIIBIO TIpados,
coJieprkaT OIpeJeeHHbIe MojceTH (moArpadsl), KOTOPHIE MOSBISIOTCS B JaHHOH
CeTH ¢ ropaszo Oosplueil 4acTOTOH, YeM B ciydailHBIX ceTsx. Hampumep, B cetn
B3aUMOJICHCTBUSI NPOTEUH-POTEMH HEKOTOpPBIE TPEX- U YeThIPEeXy3elbHbIE
noarpadbl BCTPEUYAIOTCS TOpa3mo dYaile, 4eM B CIy4allHOW CETH CO CXOXHMU
MareMaTHuecKuMu  cBodictBamu. B 2002 1. Mumo etal [35] mpemmoxun
UCIIONIb30BaTh TaKHE «TOIOJOTHYECKHE OJIOKW» Ui M3YYeHHs CTPYKTYPBl H
CTPOCHHS CIIOXHBIX CETel, Ha3BaB Takue OJOKH cemegvimu momusamu (network
motifs). C Tex mop GbLIO MPOBEICHO MHOTO MCCIICIOBAHHIN Ha 3Ty TEMY, HEKOTOPHIE
M3 KOTOPBIX OPHEHTHUPOBAIHNCH HAa OHMOJOTMYECKOW COCTABISIONIEH CETeBBIX
MOTHBOB, IpyTHE — Ha TEOPHU AITOPUTMOB WX NMOMCKA. B maHHOH cTathe He Oyner
00CyXIaThCsl CaMO TOHSATHE CETEBBIX MOTHBOB, a OyIyT pacCMOTPEHBI HEKOTOpPHIC
ITOPUTMBI, KOTOPBIC IO3BOJISIOT aHAIM3HPOBATh CIOXKHBIE NPUPOJHBIE W IPYyTHE
CEeTH Ha MpeIMEeT HaXOXK/IEHHS B HUX CETEBBIX MOTHBOB.

[Ipomecc oOHapyKeHHSI CETEBBIX MOTHBOB OOBIYHO COCTOMT W3 JBYX IIAaros: 1)
reHepanus Habopa CIIyJaiHBIX CeTell, YbM CBOMCTBA 3aBUCST OT CBOMCTB CETH, B
KOTOPOH TPOM3BOJMTCS IOUCK (HAa3bIBAEMOH Hacmoswas cemv), 2) TOACYET
BXOXIICHUI moArpad)oB B HAaCcTOsIIEH U ciaydaiiHbix ceTsix. Muo et al [35] B cBoeit
paboTe ommcan HECKOJIBKO CIOXHBIX TpadoB cereil, BCTpeyaromuxcss B MPHPOJE,
COJIEpKAINX CeTeBble MOTUBEL. Ero pabora Obia opreHTHpOBaHa Ha 000CHOBaHHE
BO)XHOCTH 3ajla4, KOTOPYIO STH MOTHBBI MOTYT BBIIOJIHATH, & Uil BBIYHCIICHUIT
WCIIONIB30Bajla METOJ ITOJHOTO Iepedopa BCEX BO3MOXKHBIX HOATpadoB ceTH ¢
JAHHBIM KOJIMYeCTBOM y370B. OUeBHIHO, YTO BPEMEHHas CIIO)KHOCTh TaKOTO
ITOPUTMA OYEHb OBICTPO PACTET C YBEIMYCHHUEM KOJIMYECTBA Y3JIOB Hoarpada u
pocTtoM camoro rpada JaHHbIX. TaKkol alropuT™ CIPaBIISLICS C TOUCKOM HEOOIBIINX
CETEeBBIX MOTHBOB, HO HaXOXK/IE€HHE IISITH- WIM IIECTUY3JIOBBIX MOTHBOB HE
MPE/ICTABISUIOCH BEIYMCIUTEFHO BO3ZMOXKHBIM.

[epBbIM aNTOPUTMOM, OTIHMYAIOIIMMCS OT MpocToro mepebopa cram mfinder —
QITOPUTM, OCHOBAaHHBI Ha METOJE TEHepaluu BBIOOPKH, IPEIJIOKEHHBIH
KariuraH et al [36]. Aaroputm orieHHBaeT KOHIEHTpaUuy HoArpad)oB HaIpaBICHHON
WM HEHAIPABJICHHOM CETH, W3 KOTOPHIX MOXXHO CAEJATh BBIBOJA O HAJIMYMU HIH
OTCYTCTBUM CETEBBIX MOTHBOB. BbIOOpKa HauMHaeTCst ¢ BEIOOpa NPON3BOJIBHON JIyT'H
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rpada, TakuMm o0pa3oM mopoxnaas moarpad pasmepa 2, a 3aTeM YyBEIHMYUBACT
noarpad, mobaryiss B HETO CIYYalHYHO KACArONIYHOCS €ro Iyry. 3aTeM, alrOpUTM
MPOJIOJKAET BBIOMpATh CIy4alHBIC COCEJHHE OYrd, MOKa pasMep moarpada He
mocturHetr N. Hakowrer, B 0TOOpaHHBIN HoArpad M00aBIAIOTCS BCE AYTH MEXIY
MOJy4eHHbIMU N y3iamMu. Vcmonb3ys Takoil mojaxoj, HEOOXOAMMO HCIOIb30BATh
HECMEIICHHYIO BBIOOPKY, MOCKOJIBKY TPOLEypa BEIOOPKU COCTABISET IK3EMILISPBI
HeogHopoaHo. s sroro, Kamrran et al [36] mpemmoxun cucreMy B3BEIICHHBIX
noarpadoB, HCIOIB3YS BEPOSTHOCTH TeHEpaIuy moarpada B mporecce BEIOOPKH U
COMOCTABJISI KaXIOMY SK3EMIULIPYy COOTBETCTByIomnii Bec. Takum o0Opaszom,
BEPOATHBIC MOATrPadbl MOTYYarOT CPABHUTEILHO MCHBIIIHN BEC, YeM MaJIOBEPOSTHEIC
noarpadpl, obecneynBas TEM CaMbIM CIPaBEUIMBYIO OLIEHKY KOHLIEHTPALUi
noarpados. Tak, ecnu mojaoxuth P — BEpOsATHOCTH T'eHepanuu obpasia noarpada

tuna i, W =1/ P, torna S; nakarusaer BecoBoii mokazatenb /s moArpados THITa
i §;=S,+W . Iocne renepauum Bcex dK3eMIULIPOB, Monaras, 4To OBLIO

CTeHEPHPOBAHO L pasIMuHbIX THIOB MOATPadoB, TO KOHIEHTpAIHUs oaArpada Tura i
BhIUHUCIIsACTCS (HOPMYJION:

S.
Ci=ar — (13)
k=1

BrruncnurtensHas CI0KHOCTh TAaKOTO aJrOPUTMa aCUMITOTHYECKH HE3aBHCHMAa OT
pasmepa rpada namHeix M coctaBaser O(N") mia kakmoro obpasia moarpada

pasmepoMm N. Ho HeoOXommMo yHOMSHYTb, YTO TIPOLECC BBHIOOPKH MOJKET
CTE€HEepHPOBaTh O/IMH U TOT Xe TMoArpad HECKOJIBKO pa3, TpaTs BpeMs 03 MoIydeH s
Kakoi-1m60 napopmaru. HecMoTpst Ha 3TO, anropuT™ ¢ BBIOOPKOH sIBIIsieTCst Ooiiee
3G QEKTUBHBIM IOJXOJ0OM, HEXEJM CIy4YailHbIH mepebop, XOTb W OLCHHUBAET
KOHICHTpAIUN JIMIIb ITPUMEPHO. AJ'IFOpI/ITM MOXKET HaxXOoJuWThb MOTHB BIUIOTH 10
pasmMepa 6 y3noB.

3a mpomenmee JecATHWIETHE OBIIM  NPEJIOKEHBl TaKHe aITOPUTMBL, Kak
FANMODI37], Grochow-Kellis[38], FPF[39], MODA[40], G-trie[41]. Cpeam
YIOMSIHYTBIX (-trie sBiseTcsi caMbIM OBICTPBIM, HCIIONB3YS HOBYIO CTPYKTYPY
xpaHeHns1 Habopa noarpados, npemtoxennyo [leapo Pubeiipo n @eprango Crsa
B 2010r. G-trie 3T0 MHOTOIyTEeBOE IEPEBO, B KOTOPOM KaXKAAsl BEPIIMHA XPAHHUT
nHpOpMaIio 00 OTHOM y3Jie rpada JaHHBIX U COOTBETCTBYIOIIUX JyTax, BEAYITUX
K ero mpeakaM. [TyTe OT KOpHS K BepIIMHE JiepeBa COOTBETCTBYET KOHKPETHOMY
rpady, a MOTOMKH BEpIINHBI IepeBa CoiepKaT oJuHaKoBbIH noarpad. Ilocrpoenne
g-trie moapo6Ho ommcaHo B [41]. OcHoBHOW wupaeed MOACYETa KOJIMYECTBA
BXOXKAEHHMH moarpada siBisercs oOpaTHBIE 00X0J AepeBa MO BCEM BO3MOKHBIM
noarpagamM, Ipu KOTOPOM OJHOBPEMEHHO IPOBOJATCS MPOBEPKH HA M30MOP(H3M
noarpagoB. BaxHoe JOCTOMHCTBO TaKOro IMOAXOJa K XPAHEHHIO IIPH TOUCKE
CETEBBIX MOTHBOB 3aKJIOYACTCA B TOM, YTO HET HEOOXOAUMOCTH IOJCUHTHIBATH
KOJIMYECTBO BXOXKACHHWH Toarpada B CIydallHYyIO0 CETh, €CIM TaKoW moiarpad He
HPHUCYTCTBYET B OCHOBHOM cetr. OIHAKO IJIAaBHBIM HEIOCTaTKOM (-trie sBisiercs
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OonpmION 00BEM UCIONB3YEeMOH MaMATH, 4YTO MOXXET OrPaHHYUTH pa3Mep
HAaXOJAMMBIX MOTHBOB TIPH HCIOJIb30BAHUH [IEPCOHATBHOTO KOMITBIOTEPA CO CPEHIM
00BEMOM aMSITH.

CTOUT OTMETHTH €llle OJHO HAalpaBJICHWE PA3BUTHUS TEOPHU CETEBBIX MOTHBOB —
MOTUBBI AWHAMHYECKHX ceTax. C pOCTOM IOMyISIPHOCTH COLHANBHBIX CeTeH
MOSBHWIICS W WHTEPEC K HAXOXKICHUIO CETEBBIX MOTHBOB B THHAMHUYECKHX CETAX.
Takue ceTH yamie BCETo MPEIaraloT BpEeMEHHBIE METKHU IS KaKIOH IyTH CBOETO
rpada. B aTom cirygae ycioKHSETCS TOHATHE «COCETHHUX YT, TaK KaK, €CIIH JyTa
0003HaYaeT B3aNMOACHCTBIE MEXKIY IBYMS ITOJIb30BATEIIIMH, TO COTPHKACAIOLTHECS
IYTH CUUTAIOTCS «COCEIHUMID TOJBKO €CIIH MIX BPEMEHHBIE METKH HaXOIATCA IPYT
OT Jpyra Ha pacCTOSHMM He OOoJbllle 4YeM HEKOTOpHIi BpeMeHHO# mopor AT.
CyLIecTBYIOIINE aITOPUTMbI MOUCKA MOTHBOB CTaTHYECKUX rpa)OoB UTHOPHPYIOT
BPEMEHHOW acleKT JUHAMHYECKUX CeTei, MOATOMY HE pEIIAIOT IOCTAaBJICHHYIO
3a1audy.

Ha naHHBIII MOMEHT, CAaMBIM COBPEMEHHBIM aJTOPUTMOM ITOHCKA CETEBBIX
MOTHBOB B auHamMuueckux ceTsx cumraectes COMMIT, mpencraBieHHBIH
Typyxap et al [42] B 2015r., KOTOPBIiA, COTTIACHO MPOBEICHHBIM 3KCIIEPUMEHTaM, Ha
2 mopsAKa BEIWYMHBI OBICTpee MNpEACTAaBICHHBIX paHee alropuTMOB. B memsix
3KOHOMUHM BpeMeHH B qanHo# ctathe COMMIT Oyzer npenctaBiieH TOJIBKO BKPATIIE.
3a moApOOHBIM OIMMCAHWEM 3aMHTEPECOBAHHBIM YHTATENhb MOXET OOpATHTBHCS K
OpHUTHHAJILHOM cTathe [42].

MpeoBpasoBaHue
rpachoB

B NocneAoBaTensHOCTH
Ha OCHOBE rPachoBEIX
WHBApHUaHTOE,

[Hamaueckan cets

Mouck wabnoHos
B
noanocnenosa;
TenkHeCTAX

O6patHoe
npeoGpazosanue B
NPOCTPaHCTEO

Mot
AWHAMUYECKOR
cem

KaHOupaTe! MOTHEOE B
npoctpaHcTae
nocregoearensHocTel

Puc. 4. Konseiiep arcopumma COMMIT.
Fig. 4.Pipeline of COMMIT

Ha puc. 4 npencrasnen kousetiep anroputMa COMMIT. OcHOBHOI ues alroputMa
3aKJIF0YAETCs B TIEPBOM IIAre: MEPEBOJ KaXKJIOH BPEMEHHO CBSI3aHHON KOMITOHCHTHI
(KOMITOHEHTa CBSI3HOCTH, B KOTOPOW METKH Iyr HAaXOMSATCS B MpEIesiaX OJHOTO
BPEMEHHOIO TEpuoja, OrpaHudeHHoro moporom AT) B  MaTeMaTHYECKYIO
MOCJIEIOBATEIILHOCTD €€ B3aUMOJICHCTBUM. 3/16Ch IIPOUCXOIUT HEOOXOIUMBIN aHATTN3
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NOJy4YeHHOW 0a3bpl JaHHBIX [OCJIEIOBATENILHOCTEHl M IOMCK B HEHW 4acTo
BCTpPEYAMOLIUXCS ~ LIa0JIOHOB  IOJIIOCIENIOBATENILHOCTEH,  KOTOpBIE  MOTYT
NpPE/ICTaBIsATh  MOTHBBI  CeTH.  3aTeM, OTH  MOAMNOCJIEIOBaTEIbHOCTH
peoOpa3oBEIBAIOTCS 0OPATHO B MPOCTPAHCTBO IpadoB s HPOBEPKU U BHITHUCICHUS
KOHEYHOI'0 pe3ynbrara. Takod MOAXOX K HaXOXKICHHUIO MOTHBOB IPHUBOAUT K
9KOHOMHH BPEMEHH, TaK KakK OOJBIIMHCTBO BBIYHCICHHH NPOXOAAT MMEHHO B
HPOCTPAHCTBE ITOCIIEAOBATEIBHOCTEH, Yel pa3Mep 3HAYUTENEHO MEHBIIE pa3sMmepa
npoctpaHcTBa rpados. Takxke, MpoBepkrd Ha W30MOP(HHU3M HMPOBOISITCS TONBKO Ha
HeOobIIoi foe rpadoB-KaHIUIATOB Ha CTaTyC MOTHBA CETH, NOTYYCHHBIX B X0/
aHaJIM3a.

3aknroyeHue

Takum 00pa3oM, NMPUBENCHHBIH aHAIN3 IMOKA3bIBACT, YTO OIMCAHHBIE METOIBI C
HEKOTOPBIMH ~ OTOBOPKAMH  IO3BOJISIIOT ~ PEIINTh  IOCTABJIEHHBIE  3aJa4d.
IIpenyioskeHHbIE aNrOPUTMBI  MOXHO CYHMTaTh MAacIITaOUPYeMBIMH, OJHAKO
YCOBEpIICHCTBOBAHNE MX BPEMEHHBIX CJIOXKHOCTEH KakK BCerja SBISAETCA OJHUM U3
IPUOPUTETHBIX  HANpaBICHUM  JaJbHEHIIMX  HcclefoBaHud. B kaudectse
IBTEPHATHBHOIO MYTH Pa3BUTHSI OTMETUTH Pa3pab0TKy MHKPEMEHTAIbHBIX BEpCHil
anroputMoB. Takas BepcHus aJropuTMa YK€ pealn3oBaHa Ul peIICHHUs 3aladu
MaKCUMH3ALUU BIUSHHUS.

[lanee, moMHMO paccMOTPEHHBIX B 0030pe 3amad Ha rpadoBbIX 0a3ax JaHHBIX
CephE3HBI HMHTEpEC INPEACTABIAIOT 33Jadd IOoMcKa 3((EKTHBHBIX aJTrOPHUTMOB
KJIaCTepHU3alUM 1 Kiaccu(UKaIyy, 3a1aqn CTATUCTHYECKOTO U IIPOCTPAHCTBEHHOTO
aHanu3a, BU3yalnu3alys JaHHbIX. XOTs B HACTOALIEE BPEMS HHTEPEC CIIELUATUCTOB
K 3THM 3aJadaM MeEHee BBIPaKCH, MX IOJIHOE pPEUIeHHE IT03BOJIMIO Obl pPe3KO
MOBBICUTB 3()(hEeKTUBHOCTH aHATIM3a U XPAaHEHHS OOJIBIINX JTAaHHBIX.
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Abstract. Graph databases appear to be the most popular and relevant among non-relational
databases. Its popularity is caused by its relatively easy implementation in the problems in
which data have big numbers of relations such as protein-protein interaction and others. With
the development of fast internet connection, graph database found another interesting
application in representation of social networks. Moreover, graph edges are storable which
lowers graph traversing calculation costs. Such system appeared to be natural and in-demand
in the era of Internet and social networks. The most significant by size and matter section of
graph databases problems is data mining. It contains such problems as associative rules
learning, data classification and categorization, clustering, regression analysis etc. In this
review, data mining graph database problems are considered which are most commonly
presented in modern literature. Their popularity is represented by the big number of
publications on these problems on several recent years’ major conferences. Such problems as
influence maximization, motif mining, pattern matching and simrank problems are examined.
For every type of a problem we analyzed different papers and described basic algorithms which
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AHHoTanus. B mocnegane roas! mo Mepe yBeIHUIEHHS IPON3BOANUTENFHOCTH U pOCcTa 00beMa
OTIEpPaTHUBHOM W BHEIIHEH mamATh mpou3BomutenbHOCTh CYBJl 1 HEKOTOPHIX KIIaccoB
3aIPOCOB ONpeeNsIeTCs HEMOCPEACTBEHHO CKOPOCTHIO 00pabOTKH 3aIIpocoB mporieccopoM. B
CYBJ PostgreSQL mis ucnonnenust SQL-3anpocoB TpagUIMOHHO UCIONB3YETCSl MEXaHU3M
UHTEpIIpeTaluy, KOTOPbI NPHUBOAUT K HAKIAJHBIM pacxoiaM, HAIlpUMeEp, CBA3AHHBIM C
MHOJKECTBEHHBIM ~ BETBJIICHHEM, HESBHBIMH  BBI30BaMH  (YHKIHH-00pabOTYMKOB M
BBINIOJIHEHUEM JIMIIHMAX MPOBEPOK, KOTOPBIX MOXHO M30€XKaTh, UCIONB3YS HH(OpPMAIHIO,
JIOCTYIHYIO TOJIBKO BO BPEMs BBIIIOJIHEHHMS 3aIIpoca.

B nanHOlt pabore paccmarpuBaeTcs METOJ IMHAMHYECKOW KOMITWIISIMH 3alpocoB, B
YAaCTHOCTH, KOMIMJIAIMS BblpaxkeHud omneparopa WHERE u Mmertona mocnemoBaTenbHOro
ckanupoBanms Tabmur SeqScan mis CYBJl PostgreSQL ¢ moMomipo KOMIMIATOPHOM
nHbpactpyktypel LLVM. PaccmarpuBaercs onTtumm3anusi JocTyma K aTpuOyTam,
3aKJIIOYAIOIIAsICs B BBIYMCICHHM CMEUICHHH aTpUOYTOB KOpTEXa BO BpeMsi KOMITHISLMN
3ampoca, a TakXKe METO/I aBTOMAaTHUECKOW TPAHCIALUK BCTpOoeHHbIX (yHKImil PostgreSQL Bo
BHyTpeHHee mnpeacrasieHne LLVM IR, uto mno3BonsieT MCHONb30BaTh OJUH U TOT XKe
UCXOHbIM Kox Kak i JIT-kommumAropa, Tak M Ul HMEIOLIETOCS HHTEPIpETaTopa.
T'eneparuss MamIMHHOTO KOZa BO BPEMs BBIIOJIHEHHS 3alpoca JaeT BO3MOKHOCTh H30eXkKaTh
HaKJIQJHBIX PACXOA0B TPAJULIUOHHON CUCTEMBI HHTEPIIPETALIUY.

Meron peammsoBan B Bune pacmupenus k CYBJ] PostgreSQL u He Tpebyer m3MeHEHHs
ucxoxHoro koma CVYB]l. Pe3ynmbTaTbl HpOBENCHHOTO TECTHPOBAHHS IIOKAa3bIBAIOT, UYTO
JIMHaMU4ecKass KOMIWIAIUS 3anpocoB ¢ nomombio JIT-komnunstopa LLVM mno3Bonsier
MOJIYy4YUTh YCKOPEHHE B HECKOJBKO Pa3 HA CUHTETHYECKUX TECTaX.

KiroueBble caoBa: auHamuueckas Kommwsanus, JIT-kommmnsmus; 0a3bl  JaHHBIX,
PostgreSQL; LLVM; sa3b1kH 3a11pocoB
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1. BeedeHue

Cpenn cucteM ympaBieHHs 0OazaMd JaHHBIX HAET IOCTOSHHas Oopnrba 3a
MPOU3BOIUTENBHOCTD. PaOOTHI MO yIyYIIEHUIO MTPOM3BOAUTEILHOCTH OOJBIITHHCTBA
pemsmonHbix  CYBJ]  TpagummoHHO ORI B OCHOBHOM HAalpaBJICHBI Ha
ONTHMU3AINIO JOCTyNa K MaMATH HEHOW MeHee 3((EKTHBHOTO HCIIOIb30BaHMS
nporeccopa. Kpome Toro, peammsarus B CYB/l anreOpsl pessinOHHBIX OepaTOpPOB
U MOJEIH UTepaTopoB [1] mo3BoNAeT yIpOCTUTH KaK IIOCTPOSHHE M ONTHMHU3AIMIO
IUIAHOB, TaK U PEATH3alHI0 PEIIMOHHBIX ONEPaTOpOB B OTACIHHOCTH, HO B TO XK€
BpeMs IPUBOJIUT K 3HAYMTEIbHBIM HaKJIaJHBIM pacxo/iaM IPH BBIIIOIHEHUH IIJIaHA.
C poctoM 00BEMOB M YIyYIICHHEM OIEPALMOHHBIX XapaKTePUCTHK AOCTyHa K
ONEpaTHBHOM MNaMATH HaKJIaJHbIe pacXoAabl, CBA3aHHbIE C HEIPPEKTUBHBIM
UCIIOJIb30BaHHUEM IIPOLIECCOPA, CTAHOBATCS BCE Ooiee 3aMETHBIMU.

OnHO U3 pelIeHnit — IUHaMUYecKasi KOMIMIIALUS 3alpoCoB, KOTOPas MO3BOJISIET BO
BpEMsI BBITIOJIHEHUS TTOJTyYUTh 3P )EKTHBHBIN MalIMHHBIA KO, ONTUMU3HUPOBAHHBIN
C Y4ETOM CTPYKTYPHI KOHKPETHOTO 3aIpoca, UCTIOJIb3YEMbIX B HEM THUIIOB JaHHBIX U
(yHKIMH, U mapaMeTpoB 6a3bl JaHHBIX, TAKUX KaK pasMep U CXeMa HCIOJIb3yEeMBbIX
TaOJIHII, TUITBI HHAEKCOB H T.J.

B nmamHO# paboTe paccMmarpuBaeTcsl JUHAMUYECKas KOMIWIALNSA BBIPAKCHUH
orneparopa WHERE u meroma mocnenoBaTeIbHOTO CKaHHpOBaHMA SeqScan ais
CYB/ PostgreSQL [2] ¢ moMomsio KoMIuiIsaTopHoi HHppacTpykTypsr LLVM [3].

2. 0630p cxoxux pabom

YBenmyeHne 3PEKTHBHOCTH HUCIOIB30BaHUs Tporeccopa B pernsnnoHHbXx CYB/]
SBIISICTCS. OJHMM U3 IIEPCIICKTUBHBIX HANPABJICHUN HCCIEAOBaHUS B O0JIACTH
pa3paboTku cucTteM 00pabOTKY JaHHBIX.

Junamuueckast KOMIWIALKS 3anpocoB [4,5] uiau Mukpo-cnenuanuzanus koga CYB]]
[6] ¢ wucmomp3oBaHMEM WHQOPMANWHU, IOCTYIHOW BO BpEMs BBITOJIHCHUSA, B
ONTUMU3MPOBAHHBIA MAIIMHHBIA KOJ II03BOJIICT HOOUTHCS Oosiee 3(PPEKTHBHOTO
WCTIONB30BaHUs MPOIIECCOpa, COXPAHUB IpH 3TOM 0011y apxutektypy CYB/] u eé
MMOJACUCTEM, HU3MCHHMB TOJBKO MOAYJb BBIYUCICHUSA 3aIIpOCOB. KpOMe TOTO,
JMHAMHUYCCKass KOMITWIANUA OTKPBIBACT HOBBIC BO3MOXHOCTHU JIA OINITUMU3ALNU,
CBA3aHHBIE C HO)ICTaHOBKOI\/’I KOHCTAHT W BBIYUCJIICHUEM apI/Iq)MCTI/I‘-IeCKI/IX
BBIpOXEHUH, TPAAUIIHOHHO BBIITOIHAEMOM IIPH TOMOIIN HHTEPIIPETAIIH.

B [4,5] onmceiBaeTcs anroput™ TeHepanuu 3G(GEKTHBHOTO MAIIMHHOTO KOJa IS
3anpocoB k pensiinonHoit CYBJI Ha si3pike SQL ¢ MCTob30BaHHEM KOMITHIIATOPHOM
nappactpyktypsl LLVM [3]. B pabGorte aprymeHTHpyeTcs OTKa3 OT MOJCIH
uteparopoB (Volcano-moxenu) [1] W TpHUBOAATCS SKCIEPUMEHTAIBHBIC NaHHBIC,
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COTJIACHO KOTOPHIM HCIOJNB30BAaHMUE IWHAMHUYECKOW KOMIMIANWHU 3alpOCOB
MO3BOJISIET JOONTHCS YCKOPEHHMS B 2 pa3a, a CMEHa MOJEIIH BEIITOJHEHHS Ha MOJENb
SIBHBIX BJIO’KCHHBIX IIUKIIOB (data-centric) — emé B 3—4 pasa.
Muxpo-criermanu3anms [6] mpenmnoaraet 3aMeHy «ropsaux» ydacTkoB koga CYB/]
Ha BEPCHH, ONTHMH3MUPOBAHHBIE MOA KOHKPETHYIO TaOIMIy, 3alpoc WIN KOPTEXK.
Hanmuue pa3snudHBIX cTeTeHEW I'paHyJSPHOCTH IIO3BOJISET, HAPUMEP, COXPAHATH
KOJl, CHEIHMAIN3UPOBAHHBIN IO TaONUIBl WM KOPTEXH, JUIL JOJITOCPOYHOTO
XpaHeHHs M MCHOJIB30BaHUS. B KadecTBe OJHOIO M3 NPHMEPOB, HCCIECIOBATEIH
MOKa3bIBAIOT, KAaK MOXKHO HCIIOJIb30BaTh IOAXOJA MHKPO-CIENUATU3alud IS
YCKOpEHUs Tporeaypsl oopaienus k atpudytam B CYB]] PostgreSQL.

s CYB]I PostgreSQL pa3paborano komMmepueckoe pacimpenue Vitesse DB [7] ¢
3aKPBITHIM HCXOJIHBIM KOZOM, B KOTOPOM peajn30BaHa AUHAMUYECKAs KOMITUIISILS
3anmpocoB ¢ ucnojib3oBanneM LLVM. Ha 3anpoce Q1 u3 Ha6opa tectoB TPC-H [8]
KOMITHJISILIMSL IPE/IMKATOB TTO3BOJIMIIA MOJIYYUTh YCKOPEHHE B 2 pasa, a KOMITWIISLHS
BCETO0 3ampoca B 0HY QYHKIIUIO — ycKopeHue B 8 pa3. JlanpHeiimas onTuMu3anus
C MIPUBJICYECHUEM IapajuIeIN3Ma H KOJOHOYHOTO XPAaHMIUIIA MO3BOIMIA OTYINTh
yckopenue 10 180 pas.

Kommunsinuss  apud)METHYECKUX ~ BBIDOKEHHMH  NPUMEHSETCs B CHCTEMax
pactpenenénHoit 06padotku qarHbx Cloudera Impala [9] u Spark SQL [10].

B Cloudera Impala aas KOMOWISAIUM KPUTHYHBIX JJIsl [POM3BOAUTEIBHOCTH
(yHKIMI B ONTUMHM3MPOBAHHBIA MAIIMHHBIA KOJA HCIIONB3YyeTcs MHPPACTPYKTYpa
LLVM. DkcnepuMeHThl MOKa3ald YBEIMYEHUE IMPOU3BOJUTENILHOCTH 10 5 pas.
Ocoboe BHMMaHHME HCCJIEAOBATENIN YACIAIOT ONTUMH3ALUMM KOCBEHHBIX H
BUPTYQJIbHBIX BHI30BOB (DYHKIIMH.

B onrumuzatope 3ampocoB Spark SQL BRIMOTHSIETCS TPAHCIAIHS apH(PMETHISCKAX
BBIPXEHUH B KOJI Ha s3bIKe Scala, KOTOPBIN 3aTeM TMHAMHYECKH KOMITHIIMPYETCS B
JVM-0afitkon m 3amyckaerca. B pabore oTMmeuaeTcs COKpamieHHE KOJIHMYECTBA
BETBJICHUH 1 KOCBEHHBIX BBI30BOB B CKOMITHJIMPOBAHHOM KOJIE.

JuHamuueckast KOMIUWISIUS U onTUMH3aius ¢ nomousio LLVM [3] ucnonb3yrorest
BO MHOrMX mnpoekrax. LLVM wucnosnp3yroT kak npu pa3pabOTKe HOBBIX S3BIKOB
nporpammupoBanus (Julia [11]), Tak u mpu co3maHum OoJee TMPOU3BOJUTEIBHBIX
peanmusanuii cymectByromux: JavaScript (JavaScriptCore FTL [12] u LLV8 [13]),
Python (Pyston [14]), Ruby (MacRuby [15]) u apyrux.

3. Apxumekmypa obpabomku 3anpoca e CYB/] PostgreSQL

OcHoBHOM anroput™ BemoiaHeHus: SQL-3anpoca B PostgreSQL cocTouT U3 4eThIpéx
3TaIoB!

1. Pa30op u ananu3 3ampoca.
2. TlpeobGpa3oBanue.

3. CocraBiieHue miaHa.
4

Brinonnenue miaHa.
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Ha mepBom stame PostgreSQL BEIMONHSACT TeKCHYECKUN U CHHTAKCHYCCKUH aHAIH3
SQL 3ampoca u cTtpouT xaepeBo paszbopa. Ha crmemyromem mare mporenypa
npeoOpa3oBaHKs NPUHMMAET OT aHaIM3aTopa NEpeBO pa3dopa M BBHIIONHSET
CEeMaHTHUYECKH aHaJIN3, HEOOXOMMBIN JJIs TOHUMAaHUs, K KaKUM UMEHHO Ta0JInIam,
¢yHkuaM u omeparopam oOpamaercs 3anpoc. CTpyKTypa MAaHHBIX, KOTOpas
co3aéTes AUl IPEACTaBICHUS 3TOH HHPOPMAIINK, Ha3bIBAETCs JIEPEBOM 3aIpoca.
Ha tperbem nstame PostgreSQL Ha ocHOBe nepeBa 3ampoca COCTaBISeT IJIaH
BBINIOJIHEHHsT 3ampoca. [lmaHupoBIIMK paboTaeT Cco CTPYKTYpaMH JIaHHBIX,
Ha3bIBAEMBIMH ITyTSIMH, KOTOPBIE IPEJICTABIISIOT COOOH YIPOIIEHHBIE CXEMBI IIAHOB,
cozepkamye HWHGOPMALUIO, HEOOXOAUMYIO IUIAHUPOBIIMKY JUI  TIPHHSATHS
peuenuii. [Tocne BbiOOpa Hambosee 3PpHEKTHBHOTO MyTH BBIMOJHEHUSI CTPOUTCS
JIepeBo IUIaHa, KOTOpoe Mepemaércss HcmoiHuTenato. Ilpu MOAroToBKE IIaHa
PostgreSQL Takxe oleHMBAaeT BpeMsi, KOTOpOe OyIeT 3aTpadeHO Ha BBIIOJHEHHUE
TOTO WJIM MHOTO IIlara BBINOJHEHMs 3ampoca. VITOroBblil miuaH sBisieTcs Hanbosee
3¢ GEKTUBHBIM C TOYKH 3PCHHUS HIMEIOLIUXCS OLICHOK 3aTpaT Ha €ro BBHITIOJIHEHHUE.
CTpyKTypy IUIaHA BBIIIOJIHEHUSI MOXHO BBIBECTU ¢ oMoulbio komanasl EXPLAIN.
Hampumep, Ha puc. 1 mokas3aH IUIaH BBIOJHEHUS AJIS IPOCTOro 3ampoca “select
count(*) from rtbl where x+y <17;

QUERY PLAN

Aggregate
-> Seq Scan on rtbl
Filter: ((x +y) < '1"::double precision)
(3 rows)

Puc. 1. IIpumep niana evinonnenus sanpoca

Fig. 1. Example of execution plan

OuHAIBHBIM 3TallOM SIBIISETCS BBINOJIHEHUE IUIaHA, KOTOPOE PEaM30BaHO IPHU
MIOMOIII MOJICITH UTEPaTOopa, TaKXke u3BecTHOU kKak Volcano Style Processing [1]. B
STOW MOJENH 3alpoC COCTOMT W3 MHOXKECTBA ONEPATOPOB, KAKIBIH OIeparop
SIBIIIETCSI UTepaTopoM ¢ naTepdeiicom “open()”, “next()”, “close()”.

HcnonHuTeNs MPUHUMACT TUTAH, CO3JJAHHBIN IJIAHUPOBIIMKOM, H 00pabaThIBacT ero
PEKYypPCHBHO CBEpXy BHH3 IO AEPEBY, NPH 3TOM KaXIbli y3el B JEpeBe IUIaHa
BBI3bIBaeT MeTO “next()” OT y3JI0B HIDKE B JIepeBe IJIaHa JJIs MOJYICHHUS BXOIHBIX

JAaHHBIX, 00pabaTHIBaeT W BO3BPAIIAET OJMH KOPTEK Ha y3€II BBIIIC.
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Aggregate

SeqScan

Puc. 2. Moodenv umepamopog 05 3anpoca

Fig. 2. Iterator model for example query

B mnaHe BhIMONHEHHUs 3ampoca Ha pHuc. 2 y3en Aggregate Oymer oOpamatscs 3a
BXOAHBIMM JAaHHBIMH K JO4YepHEMY Y31y SeqScan, MpeACTaBISAIONIEMY YTCHHE
Tabnuupl. B pesynbrare BbimoiHeHUs y3na SeqScan UCIOIHHUTENb BbIOEPET OAHY
CTPOKY U3 TaONHIBI U BepHET e€ BBI3bIBaIOLIEMY y37Ty Aggregate. Hamo 3ameTurs,
gto ycinoBue WHERE mpumeneno kxak ¢wietp (Filter Ha puc. 2) x y3iy miaHa
SeqScan, koTOpbIil mpoBepsAeT ycIOBHE ISl KaKIOM MPOYTEHHOM MM CTPOKH U
BBIBOJIUT TOJIBKO YJIOBJIETBOPSIIOIIHME YCIOBHIO CTPOKH.

JunamMpyeckod KOMOWJLSIIMM JTAHHOTO METOJA CKaHWPOBAaHUS M (QIbTPALUH
MOCBSIIIIEHA OCHOBHAS YacTh 3TOH pabOTHI.

4. KomnunsmopHasi uHghpacmpykmypa LLVM

LLVM [3] — xommunsitopHass HHGPACTPYKTYpa ISl KOMITAISAIIMA U ONTHMU3AIHH
nporpaMM. B LLVM ncnons3yercss HU3KOYPOBHEBOE THITH3UPOBAHHOE IIATHOPMO-
He3aBUCHMOe TpoMexyTodnoe mpencraBieHne LLVM IR, ocHoBanHoe Ha SSA-
(hopme, KOTOpOe, B CBOIO OYEpEb, MOXKET OBITH NPEJCTABICHO M HCIIOIH30BAHO
OJTHUM U3 TPEX crocOoO0B:

e  Kak rpad CTPYKTYp JaHHBIX, IPEACTABIAIONTNX (QYHKITHH, 6a30BbIe OJOKH U
WHCTPYKIMH B ONEPATUBHON MaMATH — HCIOIB3YeTCS I TEHEepaIH,
aHaM3a ¥ ONITUMU3AINN IPOTPAMM;

e Kak 3aKOJMpPOBAaHHOE OWHAPHOE TPEICTaBJICHHE, HAa3bIBAEMOE OWTKOIOM
LLVM, — wucnome3yercss kKak (opMarT BBOJA-BBIBOAA B Pa3TMUHBIX
WHCTPYMEHTAX, COCTaBJIIONMX HHPpacTpykTypy LLVM;

¢  Kak YEIOBEKOYHTAEMOE TEKCTOBOE IPEICTABJICHHE — HCIOIB3YETCS IS
OTIAAKH.
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HNudpactpykrypa LLVM mnpenoctasnsier 6orateiit API Ha s3eikax C++, C, Go,
OCaml u Python ams aHanmm3a u ontuMm3anuu nporpamMm. Kpome toro, B €€ cocras
BXOJUT UIMPOKUII HAOOp MHCTPYMEHTOB, M3 KOTOPHIX B JaHHOW padoTte
UCIIOJIb3YIOTCS:
e Clang — xommumstop ¢ s3eikoB C, C++ u Objective-C BO BHyTpeHHee
npencrasieane LLVM;

e 0pt— crarnyeckuii ontumusarop LLVM-nipencrasnenus;

e llvm-link — xommonoBmuk LLVM-Momyseif, TO3BOJIET CKOMIIOHOBATE
HECKOJIBKO MOJYJIEH B OJIUH;

e llc — cratuueckuii KOMITUISITOP U3 BHYTpeHHETO mpencrapinenuns LLVM
moJ; pasnuuHbie wiatdhopmel (moaaepkuBaroTcs x86, x86 64, ARM u
MHOTHe Apyrue); B coctas llc Bxogut 6mbnmmoreka CPPBackend, xotopas
M03BOJIIET KOMIIWJIMPOBATH B KOA Ha si3bike C++ ¢ ucnonb3oBanvuem LLVM
C++ API.

Wudpactpykrypa LLVM comepXUT MOAyNb IS NWHAMHYCCKOH KOMITHIISIHA
MCJIT [16], B koTropoM 3ameiicTBOBaHBI MexaHu3Mbl LLVM s MamimHHO-
3aBUCHMOW ONTHMH3AalMM W TeHEpaluH KoJa I0J| pa3jIMuHble IUIaTPOPMBI.
Ucnone3zys MCJIT u LLVM API, MOXHO AMHAMHYECKH KOMIIMJIHPOBATH
WCTIOJIHAEMBIN KOJ BO BpEeMs BBINOJHEHHWS OCHOBHOW NMPOrPaMMBI, YTO MO3BOJISET
YUHUTBIBATh MPH ONTUMHU3ALMHN OOJIbIIEe HH(POPMAIUHN, HATPUMED, THITHI IIEPEMEHHBIX
(Ut IMHAMUYECKH THITU3UPOBAHHBIX SI3BIKOB).

5. OcobeHHOCMUu xpaHeHuUs1 0aHHbIX U peanu3ayuu
nocsiedoeamesibHO20 ckaHuUpoeaHus 8 PostgreSQL

Paccmotpenue peamnzanuu SeqScan B PostgreSQL npenBapuM KpaTKUM ONHCAaHUEM
CTPYKTYPBI JaHHBIX, HCTTONb3yeMoil B PostgreSQL s xpaHeHns Tabnuil, a UMEHHO
heap-daiina [17].

Heap-daitn — »70 ¢aiin Ha aucke, comepkanuii JaHable Tabmumpl. OnHa Tabnuma B
PostgreSQL mMoxeT OBITH IpencTaBieHa HECKONBKUMH heap-(aiimamu, 0coOeHHO
ecnu Tabnuia 6oibinas: pasmep heap-daiina orpannuen (o ymomnganuio) 1 I'b.

Heap-¢air cocTouT U3 MoCIenoBaTeIbHOCTH CTPaHMIl (PUKCHPOBAHHOTO pa3Mepa
(o ymommaanuto 8 KB). CtpykTypa cTpaHHIBI Ipe/ICTaBIeHa Ha puC. 3.
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Tuple Tuple Special

Puc. 3. Cmpyxmypa cmpanuywl ¢ heap-ghatine
Fig. 3. Structure of a heap file page

JanHbIe TaONHIBI TIPENCTABIAIOTCS HAaOOpOM KopTexkell (tuple), mpuuém omHOU
CTPOKE TaONMIBI MOXXET COOTBETCTBOBATH OOJNBIIE OJHOTO KOPTEXa B CHILY
ucnonezyemoro B PostgreSQL mexannzma maoroBepcronHoctH (MVCC).

Koprexu mumryTcs ¢ KOHIA CTpaHHIBI B HAa4alo, a ¢ Hadaja B KOHEI[ NHUIIYTCS
ykazarenu Ha kopTexu (Itemld), cocTosimue n3 cMemeHus Ha CTPAaHWUILE W JJTHHEI
KOpTEXa, YTO MOo3BOJIsieT 3()(HEKTUBHO TOCIE0BATEIHHO O0XOIUTH BCE KOPTEXKH,
MPUCYTCTBYIOIINE Ha CTPAHMIIE, — YTO U COCTABJISICT OCHOBY orepaTtopa SeqScan.
Taxum o6pasom, orepatop SeqScan COCTOHUT U3 IBYX BIIOKCHHBIX ITUKJIOB:

1. BuemmHuii muKI TO BceM cTpaHMIaM Tabmunbel. Haumbast ¢ Bepcuu
PostgreSQL 9.6 BHEIIHUIN LMK MOXET BBINOJHATHCA U B MapajuleIbHOM
peXMMe Ha HECKOJIBKHX Mpoleccax.

Buytpennnii nuka o BceM [temld u cOOTBETCTBYIOIIMM MM KOPTEXaM Ha
cTpanutie. [ Kaka0ro KopTexa IPOU3BOIUTCS

® IPOBEPKA COOTBETCTBUS BBIIIOJIHAEMON TpaH3aKLUU U

BbIUNCIIeHHE mpeaukara yciaosus WHERE.

Cnenyst Volcano-mozenu, omepartop SeqScan NpeACTaBISETCS HTEPATOPOM, C
KaXIIbIM BBI30BOM COOTBETCTBYIONIET0 KOTOpOMY Merona next() MpOU3BOIUTCS
BBINTOJIHEHWE HE 0ojee OJHOM WTepaldy BHENIHETO NHKIa W He Ooyee OgHOM
UTEepaluyd BHYTPSHHETO W BO3BPAT CJICAYIOMIETO KOPTEXKa WIIM WHIWKATOpa KOHIIA
IIOTOKA. HpI/I 3TOM Ka)l(]lblﬁ CHC}Iy}OHH/Iﬁ BbBI30OB IPOAOJIKACT BBIMTOJIHCHHUEC ITUKIIOB C
HO3HHHﬁ, JOCTUTHYTBIX MPEABIAYIIUM BBI3OBOM, U OGHOBJ’IS{GT 3HAYCHUS C‘-IéT‘II/IKOB,
COXpaHEHHBIX B 00BEKTE cocTostHHS SeqScanState uisi TOTO, YTOOBI BBHIMOJTHEHUE
MOJKHO OBLITO TIPOJOJDKHUTE TP CIEAYIOIIEM BBI30BE.

Jns Berumcnenuss npenukarta yciaoBuss WHERE wucnonssyercs wmHTEpmnperatop
BBIpaKeHUi (moxpobHee B 6.2). Jlns obecmedeHuss AOCTyNma K YYaCTBYIOIINM B
BBIpOXEHUH aTpHOyTaM KOpTEKa MCIoNb3yeTcs QyHKIms slot getattr, koTopas mo
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Mepe HEOOXOIMMOCTH MPOU3BOJUT YACTHUHYIO JECepUalu3aluio aTpuOyTOB
KOpTEXa.

[Ipouecc mecepmanu3anyy MpEAINONaraeT MOCIEA0BATENBHBIN 00X0A KOPTEXa Kak
6aifTOBOr0 MaccrBa M BOCCTAaHOBJICHHE aTpHOyTOB OHOTO 3a ApyruM. B Mexanusme
YaCTHYHOM JAecepHanu3aliiy JUId KaKAOro CIEAYIOIIero aTpudyTa 3TOT 00X0x
3aITyCKaeTCs, HAUYMHASL C MO3HIMH IIOCIEIHETO BOCCTAHOBIEHHOTO aTpuOyTa, 4TO
MO3BOJISIET YaCTUYHO M30€KaTb BOCCTAHOBJICHHS HE MCIOJB3YEMBIX B 3alpoce
aTpuOyTOB.

HeaddexTrnBHOCTH MpoIeRypsl T0CTyna K aTpuOyTaM KOpTeKa SBISETCS HPSIMBIM
CJIC/ICTBHEM TOTO, HACKOJIbKO KOMIAKTHO TaOJHIBI MPEICTABISIOTCS C IMOMOLIBIO
heap-daiinos. Pazmep kopTexa u pacrmoaokeHne aTpudyTOB MOT'YT BaPbHPOBATHCS B
3aBUCHUMOCTHU OT XpAHUMBIX TaHHBIX!

e 3gayeHus NULL xpansrcs B OUTOBON Macke B 3aroJOBKE KOpTexka, a MpH
cepHaM3aliy aTpHOYTOB KOPTEXXa MPOIYCKAIOTCS;

e arpubyTthl mepemeHHoit mHBI (varlena — variable-length attributes;
HalpUMep, CTPOKH) MOTYT XPaHUTHCS KaK B CAMOM KOPTEXe, TaK U BHE €ro
(B T.H. TOAST-Tabnurie);

e  aTpuOYTOB B KOPTEXKE MOXKET OKa3aThCsl MEHBIIIE, YeM KOJIOHOK B TaOJIHIIE,
— B TaKOM Cllydae 3Ha4CHHs OCTAJIBHBIX aTPHOYTOB CUUTAIOTCS PABHBIMU
NULL.
Takum 00pa3om, B 00IIeM Cllydae CMEIICHHE aTpUOyTa ¢ MOPSAAKOBBIM HOMepoM N
onpenensercss HannaueM NULL-atpuGyToB M 1iMHOW aTpuOyTOB MepeMEeHHOU
JUIMHBI cpenu aTpubyToB ¢ HoMepamu oT 1 10 N - 1 u motomy TpedyeT JTHHEHHOTO
00x0/1a 110 BceM aTpudyTaM ¢ MEHBIIMMU HOMEpPaMH.

6. Peanusayusi QuHamu4eckol komnunsyuu e PostgreSQL

JIT-xommmsaTop 3ampocoB s PostgreSQL, o koTopoM uAET pedb B 3TOH cTaThe,
peanusoBaH B Buje pactpenus kK CYB/I.

Mexanm3m pacmmpennii B PostgreSQL  mpemoctaBiser BecbMa  IIHMPOKHE
BO3MOYXHOCTH: TIPH IMTOMOIIH PACIIMPEHUA MOKHO OTIPEIeNIATh HOBBIE THITBI JAHHBIX,
TUTIBI  WHIEKCOB (access methods), HOBbIE (QYHKIMH U OMEpaTopbl ISt
ucnonb3oBaHus B SQL-3ampocax, a Takke IepexBaThbBaTh yMpaBICHUE HA
OTIpeNeNnéHHBIX 3Tanax 00paboTKH 3ampoca MPH MOMOIIM PETUCTPAnnU (yHKITHIA-
00pabOTYHKOB.

Bo Bpewmst 3arpy3ku paciupeHue perucTpupyeT 00paboTIMK BRITIOIHEHHS 3a1poca,
KOTOPBI BBI3BIBACTCSA IOCJIE OJTalla ONTHMHU3AIMHM HEIOCPEACTBEHHO Iepen
BBHINIOJTHEHHEM IUTaHa. B 00paboTumke mpoBepsieTcs, MOJACPKUBAIOTCS JH BCE
BBIPAYKEHUS, CIIOJIb3YEMBbIE B 3alIpOCe, B CIIyYae Yero NpoU3BOAUTCS JUHAMUYECKAs
KOMITWJISILIUSL U BBITIOJTHEHHE KOJIa, ONTUMHU3UPOBAHHOTO 10, KOHKPETHBIH 3ampoc.
B 6.1 onuceiBaeTcst fuHAMUYecKasi KOMIWISILIMS METoJa CKaHUpoBaHUs SeqScan, a
B 6.2 — BeIpaxxeHuii oneparopa WHERE.
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6.1 IMHamu4yeckas KOMNUNALUA MeToAa CKaHMPOBaHUA
SeqScan

SeqScan — 3T0 OAOWH W3 METONOB CKAaHMPOBAaHUS TAaONHIl, KOTOPHIA BBIIOIHSET
MOCJIeIOBATENFHOE CKaHUPOBAHNE TAOIHIBI B ITOMCKAX MOAXOSIINX IO yCIOBUE
KopTexked. OH peryssipHO oOparaeTcst K GUiIbTpy, KOTOPBIH BBIUUCIISCT PE3YJIbTaT
JIOTUYECKOT0 BhIpakeHHs, cTosimero 3a oneparopom WHERE. IlocnenosarensHoe
CKaHUPOBAHUE OMPEICICHO JJIs BCEX TAOJHII U SIBJIACTCS 0a30BBIM METOJIOM JIOCTYIIA
K n1aHHbIM B PostgreSQL.

[Ipu paspabotke paccmarpuBaeMoro B jaaHHOW pabote JIT-kommmistopa st
PostgreSQL onepatop SeqScan, peanu3aiiyst KOTOPOro HOAPOOHO OMKCaHa B pa3. 5,
OO0 pemieHo mnepenucath ¢ ucnoib3oBanuem LLVM C API. Hecmotpss Ha
HECKOJIBKO BO3POCIIYIO CIIOKHOCTb, TAKOE MEPENUCHIBAHNE TTO3BOJINIIO:

®  [EPEeCMOTPETh UCTOIB3YEMYIO BEIYHCIUTENBHY0 MOIeIb (pa3aen 6.1.1);

®  CIPOCKTHPOBATH M PEATM30BAThH PsJl ONTUMH3AIMN, BO3MOXKXHBIX TOJHKO B
JMHAMHYECKH KOMITHUIAPYEMOM OKpykeHuu (6.1.2, 6.1.3);

®  JMHAMUYECKH KOMIWJIMPOBATH W ONTHMH3HPOBATh KOJ BBIYUCICHUS
apu(pMEeTHUECKUX BBIPAXKEHHUHN U MpeanKaros (6.2).
PaccMoTpuM HEKOTOpBIE CaMble 3HAYMMBIC M3 NPUMEHEHHBIX ONTUMU3ALHUH.

6.1.1 OTKa3 oT uTepaTMBHON MoAenun

B ucmons3yemoii B PostgreSQL Volcano-moznemn [ 1] kaxxaplit orepaTtop peasn3yeTcs
TIPH IOMOIIIK UTEPaTopa, MeTox “next()” KOTOPOTro BO3BPAIIAET CICAYIOMIHA KOPTEXK.
Peanmsanus merona “next()” HEIMCTOBOTO ONepaTOpa B IEPEBE 3aMPOCa UCIIONB3YeT
“next()” AMSA MOJXYYEHHS JAHHBIX OT JOYCPHUX OmeparopoB. TakuMm oOpasom, s
Ka)KJJOT0 KOHKPETHOTO 3alpoca orepaTopbl B Volcano-mMozpenn OpraHusyloTcs B
KOHBelep, B KOTOPOM IOTOK JaHHBIX YIPABJISIETCS KOPHEBBIM OIIEPAaTOPOM 3aIpoca,
gepe3 IeNOoYKy BBI3OBOB ‘“next()” MPOABHUIAIOIIMM IIMKIBI CKAaHUPOBaHMSA Ha
CJIEYIOLIYI0 UTEPALINIO.

OmnucanHast MOJENb 00/1a1aeT CIEAYIONMMHU JOCTONHCTBAMHU:

1) 103BOJISIET OCTAHABIMBATH BHIMOJIHEHHE JIOUYEPHUX OIIEPATOPOB (HATIPHUMED,
u3 oreparopa Limit), 9To mO3BOJISIET M30€XKATh JIUIITHAX BEIYHCIICHUI,

2) TMO3BOJIIET PACHPENENATh BBIYMCICHUS HA HECKOJBKO BBIYMCIUTEHHBIX
y3708B [1].

OTH JOCTOMHCTBA, OJJHAKO, HUKAK HE MPOSBIISIIOTCS HA PACCMATPHUBAEMBIX B JaHHOM
paboTe MPOCTHIX 3aMpOocax BUIA:

select <columns> from <table> where <condition>;
B T0 € Bpemsi, B HSJOCTATKH HTCPATUBHON MOJICITH, IIPOSIBIISIOIIACCS JaXKe Ha TAKUX
MPOCTHIX 3aMpOcax, MOXKHO OTHECTH CYILECTBEHHbIC HAKIIA[HbIE pacxoabl. Tak, ajs
omneparopa SeqScan HEOOXOIUMOCTH COXPAHEHHUS COCTOSIHHSI MEXIY BBI30BAMHU
next() 03HaYaET, YTO IS KAKJOTO CIMTHIBAEMOTO M3 TaOJINIIBI KOPTEXka He0OX0IUMO
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BHAYaJIe 3arpy3UTh IIEPEMEHHBIC COCTOSHUS, B TOM YHCJIE CUETYMKH IMKIOB, M3
o0pekTa SeqScanState W TONBKO IIOTOM MPOJOJDKHUTH BBHITOTHEHHE C HYKHOU
UTepaliy, IIPH OJTOM 3amucaB OOHOBIEHHBIE 3HAYCHHS IEPEMEHHBIX I
MOCJIETYIOLIMX BBI30BOB.

Be3 ucnonp30BaHus MOJETH UTEPATOPOB TOT JKE 3aIPOC MOT ObI OBITH IPECTaBICH
HENOCPECTBEHHO IIPU MTOMOIIH JIBYX BJIOKCHHBIX LIUKJIOB!

for page < table
for tuple < page
if condition(tuple)
print(columns(tuple))

Kon B TakoM Buie 1TO3BOJISIET TIPEICTABUTE CYETINKN IUKIIOB U APYTHE IEPEMEHHBIC
COCTOSIHMS JIOKQJIBHBIMH TIEPEMEHHBIMHM HA CTEKE WJIM PETHUCTpax Ipoleccopa |
3arpyXaTh WX TOJBKO TP HEOOXOAMMOCTH (HampuMep, IpH Mepexoje Ha
CJEIYIONIYIO CTPAHHUILY).

Oneparop SeqScan B paccMaTpuBaeMoM B JaHHOM ctatbe JIT-kommumisitope
peann3oBaH 0e3 UCTIONb30BaHUSA MOJIETH HTEPATOPOB.

6.1.2 OnTMMmn3auma pgoctyna K atpubyram

Mo>kHO BBIIENUTD CEyIOIINE He peanu3oBaHHble B PostgreSQL Bo3MOXXHOCTH 15t
ONITHMU3AIINH NTOCIIEA0BATEIFHOTO IOCTYIA K aTpudyTam:

1. 3aromoBOK TaOIHIIEI COIACPKUT CBOMCTBA attnotnull (aTpuOyTHI, Y KOTOPBIX
3TO CBOWCTBO HE yCTaHOBJICHO, Ha3bIBaroTcs nullable m MoryT nmpuHuMaTh
3HaueHuss NULL) u attlen (amunHa aTpuOyTa, OTpUIaTENbHA UL ATPUOYTOB
MEepEeMEHHON JUTMHBI) AJIsl KayKA0ro aTpuOyTa. JTO MO3BOJISAET BBHIYUCIUTH
3apaHee CMELICHHS MEPBBIX HECKOJIBKUX aTpHUOyTOB, KOTOPBIE HMEIOT
(hPUKCUPOBaHHYIO JUIMHY U HE MOTYT puHUMaTh 3HaueHne NULL.

2. Hecmorps Ha TO, YTO, HauMHasg C arpuOyTa, CJIEIYIOIIEro 3a IMEePBBIM
nullable wnmmn aTpmbyTromM mnepeMeHHON MIMHBI, CMEIIEHHS aTpuOyTOB
(hPMKCUPOBAHHBIMH HE SIBISIOTCS, JUIMHY BCSIKOW MOCIIEOBATEIFHOCTH HE-
nullable arpubyToB (hrkcHpOBaHHOIN ATUHBI MOKHO BBIYHCIHTH 3apaHee,
YTO MO3BOJISIET NMPOIYCKAaTh TaKHE IOCIEIOBAaTEIbHOCTH, COCTOSIINE U3
aTprOyTOB, HE HCIIOJIB3YEMBIX B IpEJIUKATE.

3. 3Has Hamepén, Kakue aTpuOYTHl TOW MM MHOM TaOJIMIIBI UCTIONB3YIOTCS B
3ampoce, a Kakue HeT, MOYKHO M3BJIEKaTh TOJIBKO MCHOJIb3yeMble aTpHOYTHI
IIPY [IEPBOM CUMTBIBAHWHU KOPTEXkKa M OTKA3aThCsl OT 3aTPATHOI'O MEXaHU3Ma
JICHUBOI! Jeceprannanuu.

Paccmorpum mpumep (puc. 4). I[lycth B KopTekax Tabmuiel o 12 aTtpuOyToB, W3
KOTOpBIX aTpuOyTHI 5, 8 u 11 sBustorcs nullable wim UMeOT MepeMEHHYIO UTHHY
(momeuens! cumBoiioMm N/V). ITycTh B 3ampoce BcTpedaroTcs TOJIbKO aTpuOyTh 3 1 8.

226



Mapeirun E.YO., Bydaukuii P.A., Ckopuos JI.B., XKyiikos P.A., MenbHuk JI.M. JluHamudeckas KOMIMIAIUS
BeIpaxkenuit B SQL-3anpocax amst CYBJ] PostgreSQL. Tpyowsr HCIT PAH, Tom 28, Beim. 4, 2016 1., ctp. 217-240.

NA NV N

Puc. 4. Onmumusayua oocmyna k ampudymam. L{eemom gvioenensvt ampubymol,
yuacmeylowue 6 sanpoce.

Fig. 4. Attribute access optimization. Highlighted: attributes involved in the query.

Torma cormacHo onrtumMuzanmu (1) cMmemenne atpuOyra 3 BBIYMCIACTCS Ha 3Tare
KOMITHJISILIMH, COTJIACHO ONTHMHU3aIny (2) anvHa aTpudyTa 4 1 aTpuOyToB 6—7 Takke
BBIYUCIIIOTCS Ha 3Tare KOMITWIALNH, U COTJIaCHO onTuMu3anui (3) arpulyTter 9—-12
HE CYMTBHIBAIOTCA M JIeCEpHaNu3alsi IMPOMCXOAUT HE BO BPEMs BBIYHCICHHS
BBIDOKCHUSI, a BO BpeMs 3arpy3Kd Koprexka. Takum oOpa3om, mpu oOpaboTke
KOpTeka TPeOyeTCs IPOYUTATh BCETO TPU aTpuOyTa: aTpuOyThHI 3, 5 1 8.

s cpaBHeHms, ucnoib3yeMblii B PostgreSQL MexaHusMm nocTyma K aTpuOyTam
TpeOyeT yreHus BocbMH aTpuOyToB 1-8 3a nBa BbI3oBa (yHKIMH slot getattr
(mepBbIit BBI30B cunThIBaeT aTpubyTsl 1-3, BTOpOit — 4-8).

[MpensioxeHHbIE ONTHMHU3AINUN BO3MOXHBI TOJIBKO MTPU IMHAMUYECKOH KOMITMIISIIH
KOJla TOJi KOHKPETHBIH 3ampoc WM KOHKPETHYIO TaONWIly M pealu30BaHbl B
paccmaTpuBaeMoM B aHHOM craTthe JIT-koMnumnsaTope.

6.1.3 MoacTaHOBKa KOHCTAHT M AanbHeKlWwas cneuvanusaums

[TpumeHeHne AMHAMUYECKONW KOMITMIISILINH TTO3BOJISAET YYUTHIBATH IPH ONTUMH3ALIUH
KoJla WMH(OPMAIMIO, JOCTYITHYIO TOJBKO BO BPeMs BBIITOJHEHHS, B YaCTHOCTH
MOJCTABIATh B KOJ KOHCTAHTHBIC IapaMeTphl, TaKHe KaK KOJMYECTBO CTPAHHUII,
HarpaBjeHue 00xoa u T.JI.

Hanpumep, Ha puc. 5 npexncraBieH ¢parmeHT ucxomHoro koxa PostgreSQL,
KOTOPBII OTBEYAET 32 U3BJICUCHHE aTpUOyTa U3 KOpTEXKa.

Bo BpeMsl BBITIOJIHEHUS JIJIsI KaXK/I0TO KOHKPETHOT'O aTpHOyTa M3BECTHBI MapaMeTphI
attbyval (Tumn nepenaun atpubyTa) u attlen, 4To HO3BOJISET TOJICTABUTD 3TH 3HAYECHHS
HETOCPEICTBEHHO B KOJ| ¥ M30€)KaTh U3JIMIIHUX BETBICHHUH.

OnTuMu3amysl TMOJCTAHOBKM KOHCTAHT pealn30BaHa dYepe3 paslelieHHe BCeX
NepeMEHHBIX, UCIOIb3YeMbIX B koze JIT-kommuiaTopa, Ha ABa Ki1acca: epeMeHHbIe
BPEMEHH KOMIWISIIMM M II€pEMEHHBIE BPEMEHH BHIMOJHEHUs. ONTUMH3ALNH
CBEPTKH M IPOJIBM)KECHHSI KOHCTAHT BBITIOJIHSIOTCS 1I0CTIE TeHEpaIuy KoJla BMECTE C
npoynumu ontTumuzamusamMu LLVM.

[IpenmyiiecTBOM Takoro Mmoaxoja SIBISETCS TO, YTO MPU NPABHIBHOW peai3anuu
MOJICTAHOBKA KOHCTAHT OyJIeT NMpUMEHeHa eMHO00pa3Ho ISl BCEro 3arpoca M 4To
3HAUCHMSl TIEPEMEHHBIX BPEMEHH KOMIIWIILMHU MOTYT HCIIOJIB30BAThCA IIPH
TeHepaluy KOJa JUlsl, HAPUMEp, YCIOBHOM TeHepaluy YacTH (GyHKIHHI.
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Henocrarkom Takoro moaxona SBISETCS HEOOXOAMMOCTH pa3feieHHUs BCEX
MEepEeMEHHBIX Ha JBa KJlacca BPYYHYIO, YTO, BO-TIEPBBIX, MOJBEP)KECHO OIIMOKaM
peann3any M, BO-BTOPBIX, MOXKET NPHBOIUTH K HEONTHMAIBHOMY pE3YNbTaTy
(xorma pa3pabOTYMK MO MpPUYMHE OTCYTCTBUS JOKa3aTeJIbCTBA MPOTUBHOTO W3
co00pakeHHH KOPPEKTHOCTH OTBEIN IEPEMEHHYIO-KOHCTAHTY B KJIACC MEPEMEHHBIX
BPEMEHU BBINIOTHEHUS).

#define fetch_att(T,attbyval,attlen) \
(\
(attbyval) 2\
(\
(attlen) == (int) sizeof(Datum) ? \
*((Datum *)(T)) \
A\
(\
(attlen) == (int) sizeof(int32) ? \
Int32GetDatum(*((int32 *)(T))) \
A\
(\
(attlen) == (int) sizeof(int16) ? \
Intl6GetDatum(*((int16 *)(T))) \
A\
(\
AssertMacro((attlen) == 1), \
CharGetDatum(*((char *)(T))) \
)\
)\
)N\
)\
A\
PointerGetDatum((char *) (T)) \

Puc. 5. Koo usenevenua ampubyma uz kopmedwca (PostgreSQL)

Fig. 5. Source code of attribute extraction routine (PostgreSQL)
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TTocTaHOBKa KOHCTAaHT BMECTE€ C JAJbHEHIIMMH ONTHMH3ALMUSAMH IIO3BOJISET
MOJIy4UTh KOJI oneparopa SeqScan, CHeNHaTU3UPOBAHHBIN M0/1 KOHKPETHBII 3ampoc
Y KOHKPETHBIC TaOIHIBI 0a3bl JaHHBIX.

6.2 lIvHamu4yeckasa KoMnunaumsa BbipaxxeHun onepartopa WHERE

WHERE — neobs3atensublii omeparop PostgreSQL, mmerommii popmy: WHERE
<npeduxam>, TA€ MPEIUKAT — ITO JI000E BBIPAKEHHUE, BO3BPAIIAIOIIEE PE3yIbTaT
jJorndeckoro Tuma. KopTexk yoOBIETBOPSET YCIOBHIO IPEAWKATa, €CIH JUIA
3HAa4eHUH aTpUOYTOB JaHHOTO KOPTEXa PE3YNbTAaT YCIOBHUS SBISIETCS MCTHHOM.
Koprexu, ams koTophix 3HaueHue npenukata onepatopa WHERE sBnsercs noxsio
nimu NULL, ucknrouaroTes U3 pe3yspTaTa 3amnpoca.

Jns onpenenenus nonu BpeMeHU BbinosiHeHUs onepatopa WHERE, no xoropomy
(GUIBTPYIOTCSI KOPTEXKH, OBUIO MpPOBEACHO NpoduiIMpoBaHue BhImogHCHHS SQL
3anpocoB u3 TecroBoro Habopa TPC-H [8], mo pe3ynbraTaMm KOTOPOTrO BBISICHUIIOCH,
YTO Ha HEKOTOphIX 3ampocax u3 TPC-H nons BpeMeHHM BBIYHCIEHHS MPEIUKATOB
oneparopa WHERE nocturaer 6osee 50%.

Jns  Berumcnenuss npenukata onepatopa WHERE  PostgreSQL  BrimonHser
UHTEPIPETALNIO epeBa BBIPAXKEHUH, Ie KakJoe BBIpa)KEHHE COCTOUT U3 JiepeBa
OTZAEJBHBIX ONEpaToOpoB U (YHKIMIA, KaK MOKa3aHO B JIeBOi yacTu puc. 6. Kaxnas
BEpIIMHA JlepeBa BBI3BIBACT (YHKIMM COOTBETCTBYIOIIMX JIOYEPHHUX BEPIIUH
HEesSIBHBIM 00pa3oM (depe3 ykaszaTenb Ha (yHKOWio). s BBMHCIEHHS CaMuX
orepanuii BEI3BIBAIOTCS BCTpoeHHbIe (yHKmuu PostgreSQL, a mms mocryma
K aTpuOyTam ucnonbs3yercs: GyHKIus slot getattr, koTopast o Mepe He0OXOJMMOCTH
W3BJICKAET aTPHOYTHI M3 KOPTEXka. DTO MPUBOJUT K OOJIBIIMM HAKIAJHBIM pacxoam
BO BpeMs BBIIIOJHEHUS, TaK KaK ONTHUMU3AINA BCcTpanBaHus QpyHkwmii (inlining) He
MOJKET OBITh BBINOJHEHA, YTO MO3BOJIMIO OBl KOMIMJISATOPY JA€NaTh AajbHEHIIne
ONTUMM3AIINH, TAKKE KaK yajeHne 00X MoABbIpakeHri (common subexpression
elimination, CSE) u T.11.

ITockoabpKy BO BpeMsI BHIIOTHEHUS] M3BECTHBI BBI3BIBAEMbIC (DYHKIIMH U OTEpPaIUH,
MOJKHO HCIOJB30BaTh KOJOTEHEPAIMIO IS 3aMEHBI HESBHBIX BBI30BOB (DYHKIHH
Ha SIBHbIEC, KOTOPBIE B JaJbHEHIIEM MOTYT OBITH BCTPOCHBI.

st iuHaMu4ecKod KOMIMJISIMM BBIpaXXEHUH, cToAmux 3a oneparopom WHERE,
CIiepBa aHAJM3UPYETCS JIEPEBO BRIPAKEHHUH C IEThI0 MPOBEPKU Ha TO, peajii30BaHa
JIY TIOJIZIEPKKA BCeX HEOOXOIUMBIX BBIpKEHUH M THUTIOB 3Ha4YeHMIA. B cirydae, ecnu
BBIp@XEHHE HE TOJEPKUBACTCS, 3alPOC BBINOJHUTCA C HCIIOIH30BAHUEM
WHTEpIpeTanuy, Kak 00braHO B PostgreSQL.

Jlanee mpon3BOIUTCS peKyPCUBHBIN 00X0 AepeBa BRIPaKEHUH B 0OpaTHOM MOPSIIKE
Y BBI30B (DYHKIMK-TEHEPATOPOB, peann3oBaHHbIX ¢ mpuMeHeHneM LLVM C API u
HCTIONB3YIONTNX (YHKITUU-TEHEPAaTOPhl BCTpOeHHBIX (yHknui PostgreSQL s
resepanuu koxa onepauuii Ha s3pike LLVM IR. Hcnonbsyemble arpuOyThI
3arpy’karoTcs 3apaHee IpU CUUTHIBAHUU KOpTexka (Kak OoMMcaHo B pasaene 6.1.2).
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intdlt =<

define il @ExecQual() {
entry:

EX = load &X.attr

Y = load &Y.attr

EPLUS = add %X, %Y
FECMP = dicmp 1t EPLUS, 1

ret BCMP

X “ar Vi “ar

WHTEpNEpTaLMA KoporeHepauwa

Puc. 6. Cresa — unmepnpemayus oepesa svipaxcenuil, cnpaga — ceenepuposannviti LLVM IR

Fig. 6. Left — interpretation of an expression tree, right — generated LLVM IR

B pesynbraTte 3TOr0 00X0/1a reHepupyeTcst Ko B Buae GyHkiuu Ha si3bike LLVM IR
(ExecQual na puc. 6), kotopas OymeT BbI3BaHa 3 SeqScan i BBIYHUCICHUS
MPEIUKaTOB.

Kak moka3aHo Ha mpaBoif yacTu puc. 6, myTeM 3aMeHBI HeSIBHBIX BBI30BOB (DyHKITMH
Ha BbI30BBI (yHKIMii-reHeparopoB LLVM IR u panpHeiinied reHepanuu koua c
MCIIOJIb30BAaHUEM ONTUMH3AIMU BCTpauBanus GyHkuuid (inlining), ko st aqepesa
BBIPQ)XEHUH CTAHOBHUTCS JINHEHHBIM U MOXKET OBITh TMHAMWYECKH CKOMITUIMPOBAH U
BBINTOJTHEH 0€3 KaKUX-TH00 HAKJIAAHBIX PAcXOJIOB Ha HESIBHBIC BHI30OBHI (DYHKITHIA.

B nanHOl paboTe paccMaTpHBAIOTCS JBa METOAa KOJOTEHEpaldd BCTPOSHHBIX
¢yaxanit PostgreSQL, mcmonb3yeMbIX MPpHU BBIYNCICHUH BBIPAXECHUI: pean3aIius
BPYUYHYIO M IPEAKOMITWIISILUS C UCTIOJIB30BaHUEM KOMITWIATOpa clang.

6.2.1 Peanusauus BCTPOEHHbIX PYHKLUA BPYUHYIO

OmHuM W3 TNOAXOJOB K peamm3anuu ¢yHKOui-reHeparopoB LLVM IR jmns
BBIp@)KEHUM, Hcmoiap3yeMbix B omeparope WHERE, saBasercs pydnoe
NepenychIBaHne BCTPOSHHBIX (QyHKIMH PostgreSQL ¢ ncnonszoBannem LLVM C
API, nns panpHeiei revepanuu koja Ha sizpike LLVM IR.

Hanpumep, Ha puc. 7 npeacraBieH ¢parmMeHT ucxoaHoro kona PostgreSQL mms
(GyHKIMM cOKeHMs IBYX LesbIx uncen (intdpl), a Ha puc. 8 — mepenucaHHas
ncnonp3oBanneM LLVM C API Bepcus Toif ke (yHKIWH, NIPH BBI30BE KOTOPOit
cre”epupyetcs ko Ha si3pike LLVM IR.
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Datum int4pl(PG_FUNCTION_ARGS)

{
int32 argl = PG_GETARG_INT32(0);
int32 arg2 = PG_GETARG_INT32(1);
int32 result;

result = argl + arg2;

/*

* Overflow check. If the inputs are of different signs then

* their sum cannot overflow. If the inputs are of the same sign,

* their sum had better be that sign too.

*/

if (SAMESIGN(argl, arg2) && !SAMESIGN(result, argl))

ereport(ERROR,

(errcode(ERRCODE_NUMERIC_VALUE_OUT_OF RANGE),
errmsg("integer out of range™)));

PG_RETURN_INT32(result);

¥

Puc. 7. Ucxoouwiii koo écmpoennot ¢hynxyuu int4dpl (PostgreSQL)
Fig. 7. Source code of built-in function int4pl (PostgreSQL)

Peanuzarust KOHKPETHBIX (QYHKIMHA MOKET OTIMYATHCS OT OPUTMHAIBHOW BEPCHH,
Harpumep, poBepkamu Ha nepenonHenue (B LLVM ects BcTpoeHHbIe QyHKINH 151
OblcTpOoii  MPOBEPKM  HA  NEPEIOJHEHHE  apu(PMETHYECKHX  OIEpaIui:
llvm.sadd.with.overflow.i32 ua puc. 8), Ho u QyHKIUsI, U €€ nepenucanHas Bepcus,
JIOJDKHBI BO3BpAILaTh OJUHAKOBBINA pe3yabTaT. JlaHHbINA METOJ] O3BOJIAET yUUTHIBATh
IpU TeHepanuy Koja Oosiblle MHGOPMAIMM M TEM CaMbIM JIaeT BO3MOKHOCTH, B
YacTHOCTH, W30aBHTbCS WM M3MEHHTH MHOXXECTBO IIPOBEPOK, KOTOpHIE
HaKJIaJbIBAIOT JIOMOJIHUTEIbHBIE PACXO/IbI BO BPEMsI BBINIOJIHEHHS.

K nemocraTkam JaHHOTO MeETOJa MOXHO OTHECTH JKECTKYIO NPUBS3aHHOCTH K
peanmmzanun QyHknuid Ha LLVM IR. [lns monuepkku BceX BCTPOCHHBIX (YHKIHHA
PostgreSQL HeoOxonmuMo BpY4YHYIO Hamucath (yHKIHU-TEHEPATOPHI C IMOMOIIBIO
LLVM C API, otcnexuBarh wu3MeHeHHs B koje PostgreSQL u BHOCHTH
COOTBETCTBYIOIINE U3MEHEHNUS B IIEPETIMCAHHBIE BEPCUH, YTO, YUUTHIBAS CYMMAapHOE
9uCiIo BCTpoeHHbIX QyHkmid B PostgreSQL (6onbme 2000), sBrusercss TpyI0EMKOM
3ajadeil, YpeBaTol BOSHUKHOBEHUEM OIIMOOK IPY NMEPENUChIBAHNN.
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LLVM C API

LLVMValueRef define_int4pl (LLVMBuilderRef LLVMValueRef left,
LLVMValueRef right)

{

LLVMValueRef int4pl = LLVMAddFunction("int4pl™);
LLVMBasicBlockRef entry_block, overflow_block, result_block;
LLVMValueRef sadd_func, args[2] = {left, right}, result, over_bit, call;

sadd_func = LLVMAddFunction("llvm.sadd.with.overflow.i32");

LLVMPositionBuilderAtEnd(entry_block);

call = LLVMBuildCall(sadd_func, args, 2);

result = LLVMBuildExtractValue(call, 0);

over_bit = LLVMBuildExtractValue(call, 1);

over_bit = LLVMBuildIsNotNull(over_bit);
LLVMBUuildCondBr(over_bit, overflow_block, result_block);

LLVMPositionBuilderAtEnd(overflow_block);
LLVMBUuildCall(OVERFLOW_ERROR_f, NULL, 0);
LLVMBuildUnreachable();

LLVMPositionBuilderAtEnd(result_block);
LLVMBuildRet(result);
return int4pl;

}

LLVM IR @

define 164 @int4pl (i32 %0, i32 %1) {

entry_block:

%call = call @llvm.sadd.with.overflow.i32(i32 %0, i32 %1)
%result = extractvalue {i32, i1} %call, 0

%over_bit = extractvalue {i32, i1} %call, 1

%over_bit = icmp eq i1 %over_bit, null

br il %over_bit, label %overflow_block, %result_block

overflow_block:
%error = call @overflow_error
unreachable

result_block:
ret %oresult

}

Puc. 8. Qyurxyus-eenepamop LLVM IR ons pynrkyuu intdpl
Fig. 8. LLVM IR generator function for int4pl
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AHaJIOTHYHO C THIIaMU TMEPEMEHHBIX W KOHCTaHT, KOTOphle BHYTpH PostgreSQL
XpaHATcA B BUAe 64-0nTHBIX 3HaueHni (Datum), 9T0 3HAUHT, YTO I KaXKIOTO THUIA
HEOOXOIMMO HamucaTh (QYHKIIUIO, KOHBEPTHUPYIOMIYIO 604-OMTHOE 3HAa4YCHHE B
3HAYCHHUE HEOOXOJMMOTO TUIIA U 00PATHO.

6.2.2 MNpepgBapuTenbHaa KOMNUNSALUUA BCTPOEHHbIX PYHKLUN

Henocrarok Merona py4HOW peanu3alnuy BceX BCTpoeHHBIX (yHKuuu PostgreSQL
NpUBEN K HEOOXOAMMOCTH PAacCMOTPEHUs AIbTEPHATHBHBIX CHOCOOOB IOYYEHUS
TeHepaTopoB BCTpoeHHBIX (yHKnui PostgreSQL Ha si3pike LLVM IR.

B cocrta LLVM (mo0 Bepcum 3.8) Bxomuna 6bubmmoreka CPPBackend, xoropas
nepeBoauT (Tpancaupyert) outkox LLVM B cooTBeTcTBYIOMMI KO Ha si3bike C++,
NpU BBINOJHEHUH KOTOPOro BbI3bIBatoTCs (yHkuuu w3 LLVM C++ APl mns
resepanuu Moyt ucxoanoro xoxa LLVM IR.

Hcnonezys 6ubnuoreky CPPBackend, Obu1 peanu3oBaH MeTOJ aBTOMATHYCCKOTO
nonyuenus: pynkumii-reneparopos LLVM IR Bcrpoennbix ¢ynknumii PostgreSQL
MyTEeM NPEIKOMIMIISAINT dTHX (QYHKLUA.

Meroa paboTaer cieayromuM o0pa3oM: MHOXECTBO (DailyioB MCXOAHOTO KojJa
PostgreSQL, comepkaiiie BCTpOEHHbIE (PYHKIIUH, ¢ TOMOIIBI0 KoMImisiTopa clang
TPaHCIHUPYIOTCS B OOBEeKTHhIe (Qainbl Outkoma LLVM. 3arem, ¢ mnomomuisro
komronoBmmka |lvm-link, monyvenusie ¢aiiinbl KOMIOHYIOTCSI B €MHBIA OUTKOJI-
(haiiyr, KOTOpHIA ONTHUMHU3UPYETCS MOIYIBHBIM ONTHMH3aTopoM Opt. Ha ocHoBe
ONTHUMHU3UPOBAHHOTO OUTKO/A cTaTndeckuii kommuisitop lIc, B koTopom peanuszoBan
unrepdeiic  6ubnmoreku CPPBackend (-march=cpp), crpoutr C++ (aiin,
conmepxamuii  QyHknun-reaeparopel Ha LLVM C++ API, BBI30BBI KOTOPBIX
CT€HEpUPYIOT KOJ COOTBETCTBYIOIIMX BCTPOCHHBIX (DYHKIMA HMCXOJHOTO KOAa
PostgreSQL na s3pike LLVM IR. Tpancasmus 6utkoga B C++ Koj, coaepKaimui
BbI30BBI QyHKIMH 13 LLVM API Ha s3pike C++, noka3aHa Ha puc. 9. O0uias cxema
MeToJia moka3aHa Ha puc. 10.

CTonuT OTMETHUTH, YTO TeHEepaIs OUTKOI-(pailyioB, UX KOMIIOHOBKA, ONTUMH3ALNS U
TpaHcasnus B C++ ¢aiin u naapHeias KOMITAISAIIS 3TOro (aiiiia MpOuCXOoaUT OJUH
pa3 BO BpeMs COOpPKH pacIIUpEHHs, YTO OCTaBiseT OoJbIleé BpPEeMEHH Ha
ONTUMH3AIHIO KO/Ia, CTICIIU(IYHOTO 11 KOHKPETHOTO 3a1Ipoca.

Jpyrumu  mpenMmyliecTBaMH — JaHHOTO  METOAa  SBJLIIOTCA — IPOCTOTA W
YHHUBEPCAJIHHOCTh peaNn3alliy, YHPOIIECHHAs TOANCP)KKA, ITOCKOJBKY OTIagaeT
HEOOXOIMMOCTh B PYYHOH peann3aluil KaXI0W BCTPOEHHON (GYHKIMH U
OTCIIS)KUBAHUH U3MEHEHUH B koze PostgreSQL.
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LLVM IR

define 164 @int4pl(%struct.FunctionCallinfoData* %fcinfo) {

entry:

%1 = getelementptr %struct. FunctionCallinfoData, %struct.FunctionCallinfoData* %fcinfo, i64 0, i32 6, i64 0
%2 = load i64, i64* %1

%3 = trunc i64 %2 to i32

%4 = getelementptr %struct. FunctionCallinfoData, %struct.FunctionCalllnfoData* %fcinfo, i64 0, i32 6, 164 1
%5 = load 64, i64* %4

%6 = trunc i64 %5 to i32

%7 = add nsw i32 %6, %3

%.lobit = Ishr i32 %3, 31

%.lobit1 = Ishr i32 %6, 31

%8 = icmp ne i32 %.lobit, %.lobitl

%.lobit2 = Ishr i32 %7, 31

%9 = icmp eq 132 %.lobit2, %.lobit

%or.cond = or i1 %8, %9

br i1 %or.cond, label %ret, label %overflow

overflow:
tail call void @ereport(...)

ret:

%10 = zext i32 %7 to i64
ret i64 %18

}

LLVM C++ API

Function* define_int4pl(Module *mod) {

Function* func_int4pl = Function::Create(..., /*Name=*/"int4pl", mod);

/I Block (entry)

Instruction* ptr_1 = GetElementPtrinst::Create(NULL, fcinfo, 0, ", entry);

LoadInst™ int64_2 = new LoadInst(ptr_1, ", false, entry);

Castlnst* int32_3 = new Trunclnst(inté4_2, IntegerType::get(..., 32), ™, entry);
Instruction* ptr_4 = GetElementPtrinst::Create(NULL, fcinfo, 1, ", entry);

LoadInst* int64_5 = new LoadInst(ptr_4, ", false, entry);

CastlInst* int32_6 = new TrunclInst(int64_5, IntegerType::get(..., 32), ", entry);
BinaryOperator* int32_7 = BinaryOperator::Create(Add, int32_6, int32_3, """, entry);
BinaryOperator* lobit = BinaryOperator::Create(LShr, int32_3, 31, ".lobit", entry);
BinaryOperator* lobitl = BinaryOperator::Create(LShr, int32_6, 31, “.lobit1", entry);
ICmplnst* intl_8 = new ICmplnst(*entry, ICMP_NE, lobit, lobit1, "");

BinaryOperator* lobit2 = BinaryOperator::Create(LShr, int32_7, 31, ".lobit2", entry);
ICmplnst* intl_9 = new ICmplnst(*entry, ICMP_EQ, lobit2, lobit, "");

BinaryOperator* intl_or_cond = BinaryOperator::Create(Or, intl_8, int1_9, "or.cond", entry);
Branchlinst::Create(ret, overflow, intl_or_cond, entry);

/I Block (overflow)
Calllnst* void_err = Calllnst::Create(func_erreport, void, "...", overflow);

/I Block (ret)
CastInst* int64_10 = new ZExtInst(int32_7, IntegerType::get(..., 64), ", ret);
Returninst::Create(mod->getContext(), int64_10, ret);

return func_intdpl;

}

Puc. 9. Tpancnsyus LLVM IR ¢ LLVM C++ API ¢ nomowwio CPPBackend

Fig. 9. Translation from LLVM IR into LLVM C++ API using CPPBackend library
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PostgreS0OL Backend  LLVM Bitcode

Iivm-ink *| backend.be I_DI:> backend-opt.bc

ddasymuew- ap

backend.cpp

Puc. 10. Cxema pabomwvr memooa npedxomnunayuu ¢pynxyuti PostgreSQOL
Fig. 10. Scheme of the PostgreSQL backend function precompilation method

OIHHM U3 HEIOCTATKOB JAHHOT'O METOA SIBJsIeTCs TO, 4yTo oubamnoreka CPPBackend
He oOHoBisIack ¢ Bepcuu LLVM 3.4, a ¢ Bepcun 3.9 He BxoauT B coctaB LLVM.
Peanu3zarus metona tpebyet ooHoBnenuss CPPBackend o ncnosbp3yemoii B faHHON
pabote Bepcuu LLVM (3.7) 1 Bcex MOCIEAYIOIIUX BEPCHIA.

K HemocraTkam JaHHOTO MeETOJla TaKXKe MOXHO OTHECTH yXyJUIeHHe
MPOU3BOJUTENLHOCTH IO CPaBHEHHMIO C peaju3alieidl BPYYHYIO TMEepPErmUCaHHBIX
BCTpoeHHBIX (yHKIwmA PostgreSQL. VxymiieHue MpoU3BOIUTECIBHOCTH SBIISETCS
CIEJICTBMEM TOTO, 4YTO TpPU PYyYHOM METOJle TreHepupyercs Oosee
CIeMaTU3UPOBAHHBIHN 1O/ KOHKPETHBI 3ampoc (BEIpaXKeHNE) KOA.

7. Peaynbmamol

J1st TecTUpOBaHUS MPOM3BOAUTEIHHOCTH OBbLT WCMONB30BaH ciexyrommii SQL-
3anpoc:
select a0 from widetbl where a199+a198 < 4;

Ta6mma widetbl comgepxur 201 cronber; u 3000000 kopTexeit. TlepBoiii cTomOer
uMeer THl text (IepeMeHHOW JITUHBI), a ocTainbHble 200 uMeroT TrI integer not null.
Pazmep tabmuisr widetbl cocrasnsier 2605 MB.

Junamuueckass koMmwanus omneparopa SeqScan (pasmen 6.1) m mpemukara
omeparopa WHERE (pasnen 6.2) mo3BoisieT MOMyYUTh CHECIHATH3HPOBAHHBIA KO
NOJ IaHHBIH 3arpoc, HalpuMep, IPH BBITIOJIHEHWN JaHHOTO 3alpoca ONTHMHU3AINS
Joctyna K arpuOyram (paszmen 6.1.2) mMO3BOJISET NMPOIYCKATh NPH CUUTHIBAHUH
KOpTexa arpuOyThI co 2-ro 1o 199-ii.

TectupoBaHue  NPOU3BOAUTEIBHOCTH  BBINOJHSJIOCH HAa  KOMIBIOTEPE  C
4eThIpEXbaepHbIM TporeccopoM Intel Core 17 860 ¢ TakroBoit yactoroii 2.80 I'T'
¢ 16 rwurabaliTaMu ONIEpPaTUBHOM IaMATH T[OJ YyHpaBieHHeM 64-OUTHOM
oneparonHoi cucrembl Ubuntu Linux Bepcun 14.04. Bpemst BbIoiHeHHs
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U3MEPSIIOCh IMyTEM MHOTOKPATHOTO BBIIONHEHMS 3alpoca M MOACYETa MEAHAaHBI
MOTyYCHHBIX PE3YJIBTATOB.

Pesymbratel TecTupoBaHms oOTpaxeHel B Tabn. 1. Takum oOpa3om, Bpems
BBITIOJIHEHHS 3ampoca CoKpatwiock B 4,32 pa3a ¢ HCIONB30BaHHEM MeETOda
MPEIKOMITIIIAIAN BCTPOCHHBIX (QyHKIuH (pazgen 6.2.2) mw B 4,8 pasza c
HCIIOJIB30BAaHUEM METO/Ia PYYHOM peaTu3aliii BCTPOCHHbBIX GyHKImi (pasmen 6.2.1)
o cpaBHeHUIO ¢ Bepcueit PostgreSQL 9.6 Beta 2 ¢ oTkIII0YEHHBIM NapauieTu3MOM.

Tabn. 1. Cpasnenue spemenu GoinOIHEHUs HA NEPEOM 3anpoce.

Table 1. Comparison of execution times on the first test query.

P
PostgreSQL [Mpeakommusys e
peanm3anus
Bpems (Mc) 2623,542 606,674 546,916
N
CROpEre 1,00 4,32 4,80
(pas)

I[J'I?[ TECTUPOBAHUA MNPOU3BOJUTCIBHOCTH OBLI TaK)Ke HCIIOJIB30BaH CJ'IGI[yIOH.[I/Iﬁ
SQL-3ampoc:
select x, y from rtbl where sqrt((x-256)"2 + (y-128)"2) < 40;

Tabmuma rtbl comepxkut mare ctonbmoB U 10000020 koprexeit. CTonOmpr X u Y
umetot tun double precision. Pasmep tabmiel rtbl coctasisier 1116 MbB.
PesynbraThl TECTUPOBAHUS OTPAXKECHBI B TabJ1. 2. BpeMsi BBITIOIHEHHUS 3TOTO 3arpoca
C MCMOJIb30BaHUEM METO/Ia MPEIKOMITUIISIIIAN COKPATHIIOCh B 4,7 pa3a. Pe3ynbrarsl
METOIa PYYHOU pean3al[ii Ha 3TOM 3aMpoce OTCYTCTBYIOT 0 MPHYKUHE OTCYTCTBUS
MOJICPIKKK BCEX BCTPOCHHBIX (DYHKIIHIA, HCIIOIB3YEMbIX B 3aIIpOCE.

Tabn. 2. Cpagnenue gpemenu 6binOJIHEHUs. HA BMOPOM 3anpoce.

Table 2. Comparison of execution times on the second test query.

P
PostgreSQL [penxoMnumsius yHHas
peanu3arys
Bpems (Mc) 3341,431 711,278 S
Yckopenue 1,00 4,70 L
(pa3)
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8. 3aknroyeHue

B nanHOI paboTe paccMOTpPEH METOX AWHAMHYECKONH KOMITWIIAINHU 3allpOCOB Kak
OHO M3 CPEICTB, MO3BOJIOMINX 3HAYUTENHHO YBEIUYUTH HPOU3BOJUTEIHLHOCTD
CVYB/ Ha 3anpocax, cCKopocTb 00pabOTKH KOTOPHIX B IEPBYIO OYePEab ONpPEAeIIeTCS
3((heKTUBHOCTHIO HCIIOTIB30BAHMUS TPOIIECCOPA.

Meton npumenén k cymectsytomieir CYB/] PostgreSQL. PaccmoTpera KOMIMIIAIIS
orepaTopa IMOCIIEA0BATENIFHOTO CKaHUPOBaHMUS SeqScan W BBIpaXXEHHUH orepaTopa
WHERE. Meton no3BoJiieT COBMECTHTH NPOU3BOAMTEIBHOCTh, CBONCTBEHHYIO
KOMITHJIIPYEMBIM SI3bIKaM, C pa3BUTON HH(PACTPYKTYypOH pacmnpeHuii u 60raTeIMu
BO3MOXKHOCTSIMH, IpeiocTaBiisieMbiMu PostgreSQL.

PesynbpraThl TNPOBENCHHOTO TECTHPOBAaHMS IIOKa3bIBAIOT, YTO JAWHAMHYCCKAS
KOMIWISILMS 3arpocoB ¢ noMoinpto JIT-komnunsatopa LLVM no3BosisieT nony4uThb
YCKOpPEHHE B HECKOJIBKO pa3 Ha CHHTETHUECKUX TecTax.

B Oynymem manupyercst 106aBUThH MOAIEPKKY HECKOJIBKUX OIIEPATOPOB B 3a1Ipoce.
Ora 3agaqa TpeOyeT:

1) paspaborkn LLVM-aHajloroB BceX ONEPaTOpOB, pPEATHU30BAHHBIX B
PostgreSQL;

2) 3amensl abctpakuuu urepatopa (open(), next(), close()) Ha abcrpakiuio,
OoJsiee MOIXOISAIIYIO JUIsSi TEHEpalWMM KOAA I0J] KOHKPETHBIH 3ampoc U
MO3BOJISIFOIILYIO PEATTM30BhIBATH HOBBIC OTIEPATOPBI M COBMEIATH HECKOIBKO
OIIepaToOpOB B paMKax OJHOIO 3arpoca.

N3meHeHne Monenu BBIYHMCIEHUH B COYETaHUMM C MPUMEHEHUEM JIMHAMHUYECKOM
KOMIWJISILIMKA TTO3BOJIMT TOJyduTh Oosiee 3(dekTuBHbIi koa. Hemocrarkamu,
CBOMCTBEHHBIMH (1), ABISAIOTCA:

e  TpyAO€MKOCTh: MO cymectBy, (1) TpebyeT mepenuchiBaHWsS YacTH
nucxoaHoro kozaa PostgreSQL, OTBETCTBEHHOTO 3a BHIYHCICHUE TJIAHOB,

®  CIOXHOCTb HONJEPKKM: QJIBTEPHATUBHBIE PEAIU3ALUU PEISILIMOHHBIX
OTIepaTopoB TPEOYIOT MOCTOSHHOMN MOIIACPKKH M OOHOBJIEHHS O HOBBIX
Bepcuit PostgreSQL.
Emé onHMM BO3MOXHBIM HAIIpaBICHUEM HCCIICJOBAHUM SIBJISETCSI aBTOMATUYECKOE
W3MEHEHNE TOpsIKa CIeOBaHUS aTpuOyTOB B TaOiWIle, TaK YTOOBI aTpHOYTHI,
KOTOpbIe MOTYT npuHUMAaTh 3HaueHne NULL u aTpuOyTsl epeMeHHON UTMHBI LT
CTpOro Tocie aTtpuOyToB (UKCUPOBAHHOHW JUIMHBL. DTO IMO3BOJUT BBIYUCISATH BO
BpeMsl KOMIWIIIMM 3alpoca CMEIICHHS BCEX HCIOJIb3YeMbIX aTpHOyTOB
(pMKCHPOBaHHOMN JUIMHBI M TIOJIyYUTh KOHCTAHTHOE BPEMsI JIOCTyIIa K HUM BO BpeMs
BbINOJNHEHN. HeoctaTkaMy JaHHOTO MOAXO0a SIBJISIOTCS:

L4 OrpaHnv4cHHadgd HOPUMCHUMOCTb: OJHUM U3 CBOICTB OIITUMU3AaIUH,
OIIMCAHHOH B IjaBe 612, SBJIACTCA TO, YTO OHA HC HaKJIaAbIBACT HUKAKHX
OFpaHI/I‘IGHI/Iﬁ Ha MCIIOJb3YyEMbIC B 3aIIpOCE Ta6HHIlbI 6a3bl JaHHBbIX
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®  PECypCcOeMKOCTh NpeoOpa3oBaHHs: W3MEHEHHE MOpsAAKa aTpUOyTOB IS
CYIIECTBYIOMMX TabiuI TpeOyeT monHOM Tepesamdcu heap-daiima u
MIepECO3/1aHNs BCEX NHIICKCOB, ONPEAEIEHHBIX A JAHHOH TaOIHIb;

e HemoctaroyHas d((EeKTHBHOCTh: TOAOOHAs ONTUMH3ANWSA MOpPSIKa
CJICIOBAHUS aTpUOYTOB YK€ BXOAWUT B THIHMYHBIE COOPHUKH COBETOB IS
DBA 1 no3ToMy 3a4acTyro BBIIIOJIHAETCS UM BPYUHYIO.

OnwucaHHBIN B JaHHOW CTaThe AWHAMHYCCKUA KOMMOIUISTOP 3alpOCOB HAXOAWTCS B
CTaIuM TOATOTOBKH HCXOJHOTO KOJAA U OIyOJMKOBAHHS B OTKPHITOM IOCTYTIC
(open-source).

Cnucok nutepaTtypbl

[1].
[2].
[3]
[4].
[5].
[6].
[7].
[8].
[9].

[10].

[11].
[12].

[13].

[14].
[15].

238

Graefe G. Volcano — an extensible and parallel query evaluation system. IEEE Trans.
Knowl. Data Eng.,6(1): 120-135, 1994.

PostgreSQL, an open source object-relational database system.
https://www.postgresql.org

Lattner C. LLVM: An Infrastructure for Multi-Stage Optimization. Master’s thesis,
Computer Science Dept., University of Illinois at Urbana-Champaign, Urbana, IL.
Neumann T. Efficiently compiling efficient query plans for modern hardware. Proc.
VLDB Endow. , vol. 4, no. 9, pp. 539-550, Jun. 2011.

Neumann T., Leis V. Compiling Database Queries into Machine Code. IEEE Data
Engineering Bulletin, March 2014.

Zhang R., Debray S., and Snodgrass R.T. Micro-specialization: dynamic code
specialization of database management systems. In Code Generation and Optimization,
pages 73, 2012.

Tan CK. Vitesse DB: 100% Postgres, 100X Faster For Analytics.
https://docs.google.com/presentation/d/1R0po7_Wa9fym5U9Y5qHXGIUi77nSda2L1ZX
PuAxtd-M/pub

TPC-H, an ad-hoc, decision support benchmark. http://www.tpc.org/tpch/

Kornacker M., Behm A. u apyrue. Impala: A Modern, Open-Source SQL Engine for
Hadoop. CIDR, 2015.

Armbrust M., Xin R. S. u apyrue. Spark SQL: Relational Data Processing in Spark. In
Proceedings of the 2015 ACM SIGMOD International Conference on Management of
Data (SIGMOD '15). ACM, New York, NY, USA, 1383-1394, 2015.

Julia, a high-level, high-performance dynamic programming language for technical
computing. http://julialang.org/

FTL JIT, JavaScriptCore's top-tier optimizing compiler.
https://trac.webkit.org/wiki/FTLIIT

Bapnansn B.I'., UBanummua B.A., Acpsn C.A., Xauatpsun A.A, AxonsH [[x. A.
JluHamuueckass KOMITHJISALMSA —TMporpaMM Ha s3bike JavaScript B craruyeckn
TUNM3UPOBaHHOEe BHyTpeHHee mpeacraBienne LLVM. Tpymnst UCII PAH, tom 27
(BeImyCK 6), 2015 1., cTp. 33-48. DOI: 10.15514/ISPRAS-2015-27(6)-3

Pyston, an open-source Python implementation using JIT techniques. https://pyston.org
MacRuby, an implementation of Ruby 1.9 directly on top of Mac OS X core technologies
such as the Objective-C runtime and garbage collector, the LLVM compiler infrastructure
and the Foundation and ICU frameworks. http://www.macruby.org


https://www.postgresql.org/
https://docs.google.com/presentation/d/1R0po7_Wa9fym5U9Y5qHXGlUi77nSda2LlZXPuAxtd-M/pub
https://docs.google.com/presentation/d/1R0po7_Wa9fym5U9Y5qHXGlUi77nSda2LlZXPuAxtd-M/pub
http://www.tpc.org/tpch/
http://julialang.org/
https://trac.webkit.org/wiki/FTLJIT
https://pyston.org/
http://www.macruby.org/

Mapeirun E.YO., Bydaukuii P.A., Ckopuos JI.B., XKyiikos P.A., MenbHuk JI.M. JluHamudeckas KOMIMIAIUS
Beipaskennii B SQL-3anpocax s CYB]] PostgreSQL. Tpyow UCIT PAH, Tom 28, Bbim. 4, 2016 ., cTp. 217-240.

[16]. MCJIT Design and Implementation.
http://llvm.org/docs/MCJITDesignAndlmplementation.html

[17]. Momjian B. PostgreSQL Internals through Pictures.
http://momjian.us/main/writings/pgsal/internalpics.pdf

Dynamic compilation of expressions in SQL queries for
PostgreSQL

LE.Y. Sharygin <eush@ispras.ru>
1R.A. Buchatskiy <ruben@ispras.ru=>
2L.V. Skvortsov <leonidxo@gmail.com>
IR.A. Zhuykov <zhroma@ispras.ru>
!'D.M. Melnik <dm@ispras.ru=>
Ynstitute for System Programming of the Russian Academy of Sciences,
25, Alexander Solzhenitsyn st., Moscow, 109004, Russia.
ZLomonosov Moscow State University, CMC Department
bldg. 52, GSP-1, Leninskie Gory, Moscow, 119991, Russia.

Abstract. In recent years, as performance and capacity of main and external memory grow,
performance of database management systems (DBMSes) on certain kinds of queries is more
determined by raw CPU speed. Currently, PostgreSQL uses the interpreter to execute SQL
queries. This yields an overhead caused by indirect calls to handler functions and runtime
checks, which could be avoided if the query were compiled into native code "on-the-fly", i.e.
just-in-time (JIT) compiled: at run time the specific table structure is known as well as data
types and built-in functions used in the query as well as the query itself. This is especially
important for complex queries, performance of which is CPU-bound.

We’ve developed a PostgreSQL extension that implements SQL query JIT compilation using
LLVM compiler infrastructure. In this paper we show how to implement JIT compilation to
speed up sequential scan operator (SeqScan) as well as expressions in WHERE clauses. We
describe some important optimizations that are possible only with dynamic compilation, such
as precomputing tuple attributes offsets only for attributes used by the query.

We also discuss the maintainability of our extension, i.e. the automation for translating
PostgreSQL backend functions into LLVM IR, using the same source code both for our JIT
compiler and the existing interpreter.

Currently, with LLVM JIT we achieve up to 5x speedup on synthetic tests as compared to
original PostgreSQL interpreter.
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pOOOTH3MPOBaHHAS XUPYPTHsl, HAaBUrallUs B JUHAMUYECKOM OKDPYKEHMHU, aBTOMAaTHUeCKas
cOOpKa MpOAYKTOB, OpraHU3alys TPAHCIOPTHHIX IOTOKOB B Meramoiucax. [laHHas paborta
MOCBsIIeHa 0030py W CPaBHUTEIBHOMY aHANN3y COBPEMEHHBIX MAaTEeMaTHYECKHX METOJIOB
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1. BeedeHue

ABTOMaTI/I?;aI_H/IH TCXHOJIOTUYECKU CJIOXHBIX IIPOHECCOB B MAIIMHOCTPOCHHUH,
JHEPreTUKe, TPAHCIOPTE, MEIUIIMHE, CTPOMTENLCTBE, a TAKKE CO3/aHHE HOBBIX
MPOJYKTOB M CEPBUCOB HEBO3MOIKHBI 0€3 PEellIeHH s 3a/1a4 TNIAHUPOBAHUSI JIBHKCHUSL.
B nocnenHee BpeMsi HHTEPEC K HUM 3aMETHO BO3POC B CBSI3M C PA3BUTHUEM CPEJICTB

! Pa6ora nognepxana PODU (rpant 16-07-00606)
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KOMITBIOTEPHOTO MOJCIHPOBAaHUA U CTAHOBJIGHHEM TAaKMX JUCLHUIUIMH Kak
KOMIIIEKCHOE INTAHWPOBAHUE HHAYCTPHAIBHBIX IIPOTPAMM, PEATUCTUIHAS aHUMAIIUS
TPEXMEPHBIX CIEH, POOOTH3MPOBAaHHAS XUPYPTHUs, HABUTAIWS B JUHAMHICCKOM
OKpYXXEHHH, aBTOMAaTH4YecKas cOOpKa MPOIYKTOB, OpraHU3alUs TPAHCIOPTHBIX
MOTOKOB B Meramnonucax. JlaHHas paborta mocssimeHa 0030py U CPaBHUTEILHOMY
aHaIM3y COBPEMEHHBIX MaTeMaTHYeCKMX MOJENeH, METOJOB M HpOrpaMMHBIX
CpeNCTB IUIaHUPOBaHUs ABIKeHHs [1].

OOBIYHO TOJ| IUIAHUPOBAHHWEM [BHIKCHUS MOHUMAETCS IOMCK OECKOHQIIMKTHOTO
INYTH Ul TepeMEIleHHs TBEPJOro Tejla WIM KHHEMaTH4eCKOW KOHCTPYKLHUH B
NPOCTPAaHCTBEHHO-TPEXMEPHOH clueHe. LICKOMBI MyTh IpeAcTaBiseT CoOoi
HETIPEPHIBHYIO KPUBYIO B KOH(HUIYpPalMOHHOM IPOCTPAHCTBE OOBEKTa, KOTOpas
COE/IMHSIET ero HavyajJbHOE M KOHEYHOE IOJIOKEHHMS, MCKII0YaeT CTOJIKHOBEHUS C
MIPENSITCTBUAMHE CIEHBI U YAOBIICTBOPSICT BCEM YCTAHOBICHHBIM KHHEMATHUECKAM H
JMHAMHYIECKAM OTPAaHHUYCHUSIM.

[TycTp 3amaHa cleHa Kak HEMYCTOe MHOXeCTBO mpersitctBuii O € W B obiactu
3BKIMI0Ba npocTpancTea W € EN, N € {2,3}. [lycTs Takxke 3a1aHO TBEPAOE TEJO
AcW mubo xunematmyeckas uemnb A(B,J), tne B ={By,B,,..,B,}jcW -
MHOXXECTBO ~ TBEPAOTENbHBIX 3BeHbeB, a J ={Ji,/,, ...,Jx} — MHOXeCTBO
KMHEMaTHIECKUX OTPAaHMYCHUI TAaKMX, YTO MPU KOPPEKTHOW KOH(MUTYypanuy IEHH
npeauKatel orpanudenuit J;(c),J,(c), ..., Ji (C) TpUHEMAaOT UCTHHHOE 3HAYECHHE.
[ox xoHdurypaumeit c € C, 3mech MOHUMaeTcs HA0Op 3HAYCHHWHA IMapaMeTpOB,
OJTHO3HAYHO OTIPEJIENAIONTNH IT0JI0JKEeHIE TOUeK 00bekTa A B MPOCTPAHCTBE CIICHBL.
OOBIYHO HCTIONB3YyeTCd MHHHMMAIBHBIH Ha0Op MapaMeTpoB, COOTBETCTBYIOIIMN
KOJIMYECTBY CTeleHed cBOOOAbl O0BEKTa U  ONPEAENSIONINN  MPOCTPAHCTBO
COCTOSIHUH WJIM KOH(UTYPaLOHHOE POCTPAHCTBO 00beKTa Cy.

init
[
goal

(@) (b)
Puc. 1. Kongpuzypayuonnoe npocmpancmea 08yMepHo2o meepoozo meid

Fig. 1. Configuration space of two dimensional solid body
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Omnpeneenne. [IpocTpaHCTBOM AOIYCTUMBIX COCTOSIHUI HA30BEM MHOKECTBO BCEX
KoHpurypauuii  odpekra € € C4,  yIOBICTBOPSIOMNX  KHHEMATHYECKUM
OTPaHUYEHUAM M MCKIIFOYAIOIIMX CTONKHOBEHMS C MPEMATCTBUAMM CUEHBI Crppe =
{c €GN, s Nik(€) ABi(c)N O =0,..,ABy(c)N0 =0}  Nlna
TIIPOCTOTO  TBEPJOrO TeNa CBOOOJHOE MHOXKECTBO Ompenensaercss Kak Crpep =
{cecClA(c)nO =03

Torna nocraHoBKa 33724y TIOMCKa ITyTH MOXET OBITh CHOPMYITHPOBaHA CIIEAYIOIIUM
oOpasom. [l mapel 3a1aHHBIX OECKOH(IMKTHBIX KOHGUTYPALUH Cinit, Cgoar € Crree
Tpebyetcs HaiiTn HenpepriBHbIA yTh P(7): [0,1] = Cppee Takol, uto p(0) = Cije 1
p(1) = Cgoal-

@) (b)
Puc. 2. Kongueypayuonnoe npocmpancmea 08yx36eHHO20 MAHUNYIAYUOHHO20 poboma

Fig. 2. Configuration space of 2-DOF manipulation robot

ITockodbKy IIaHUPOBAaHWE MapIIPyTa, KakK IPaBHIIO, JOMYCKAaeT OECKOHEYHOE
MHOYECTBO PEIICHUH (XOTS MOXET HE CYIIECTBOBATh HU OJHOTO PEIICHUS ), HHOTIa
JAaHHYIO 3371349y (GOPMYJIHPYIOT B TOCTAHOBKE ONTUMHU3AIMOHHON 3a/1a4H C EJIEBOH
(dbyHKIIMEH, COOTBETCTBYIONIEH MUHIUMAILHOM JUTMHE MapiIpyTa I MaKCUMaIbHOU
yIaIeHHOCTH TIepeMeIaeMoro 00beKTa OT pensTcTBuit [2,3].

Ha mpaxTuke NMOWCK IMyTH Aa)ke B MPOCTHIX CIIEHAX C OTHOCHTEIBHO HEOONBIINM
KOJIMYECTBOM TPEMSATCTBUA CTAHOBUTCA TPYJIHOpa3peuIuMoil 3agadeit, eciu
MepeMenaeMblii 0OBEKT HMEET CIO0KHYI0 T€OMETPHIO TN BBICOKOE YHCIIO CTETICHEH
cBOOONBI. B COBpeMEHHBIX HMHIYCTPHAIBHBIX TPIJIOKEHHAX YacTo TpedyeTcs
MOJICIIUPOBATh TOBEACHUE CIIOKHBIX KHHEMAaTHYECKHX CHCTEM C IIeCThIO M Ooee
CTCNCHSAMH CBOOOJBI B  CTATHYCCKOM WM JUHAMHYCCKOM  OKDPY)KCHUH,
HACUMTHIBAIOUIUM THICSYH MIPETISITCTBUIMA.

OYHKIIMOHAN CYIIECTBYIOMIMX MPUKIAIHBIX MPOTPAMMHBIX MAKETOB, TaKUX Kak
Kineo CAM (Kineo Computer Aided Motion) [4], ROS (Robot Operating System)
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[5], OMPL (Open Motion Planning Library) [6], OpenRAVE (The Open Robotics
Automation Virtual Environment) [7] u CuikSuite [8] rmaBHBIM 06pazom
obecrieunBaeT pemieHue 3axad MOIACITHUPOBAHUA HETOJOHOMHBIX MEXaHUYCCKUX
CUCTEM B PEXKHME PEAIBHOTO BPEMEHU M JIOKAJIBHOTO IJIAHWPOBAHUSA IBHXCHUS.
MaremaTtuueckuii apccHaJ YIIOMAHYTBIX ITAaKETOB B OCHOBHOM OTPaHUYCH COMIIJIUHT -
METOAaMH, KOTOPBIC S(b(beKTI/IBHLI B MNPHUIOKCHUAX, CBA3AHHBIX, B YaCTHOCTH, C
YIpaBJICHUEM ABUKCHUEM IMPOMBIIIICHHBIX p060TOB npu c6op1<e KOMIIOHCHTOB,
MNporpaMMUpPOBAHHUEM  KOOPAMHATHO-UBMEPUTCIIbHBIX MAIIMH TIPU  KOHTPOJIC
TOYHOCTU TPOU3BOJUMBIX I/I3)ICJ'II/II7[. O[[HaKO JaHHBIC MCTOJAblI ACMOHCTPHUPYIOT
HECOCTOATEIIBHOCTh B TE€X ClIy4dadX, Koraa Tpe6yeTc;{ OIIPEACITICHUE TIPOTAXKECHHBIX
0CCKOH(IINKTHBIX TPAEKTOPHUIl B TPEXMEPHOM OKPY)KCHHH CO CIOKHOH TOITOIOTHEH.
[lomoOHBIE 3amadm BO3HHUKAIOT, HANPUMEp, TPH IPOCTPAHCTBEHHO-BPEMEHHOI
Bepu(UKAIUN  KaJCHOAPHO-CETEBBIX TpaUKOB  apXUTEKTYPHO-CTPOUTEIHHBIX
MPOEKTOB M HYXIAIOTCs B Oosiee pa3BuTOM MaTemaruieckoM ammnapare [9-11]. Tlpu
OTOM  ApXUTCKTypa IPOrpaMMHBIX IIAKCTOB H 0COOEHHOCTH OpraHu3anunu
UHTEP(EHCOB NPEMATCTBYIOT PEAIN3alMY B UX COCTABE HOBBIX INI00AJILHBIX METO/IOB
TUIaHUPOBAHUA JBUXKCHUA )44 HUHTErpanmuun B NHOYCTpUAJIbHBIC CHUCTCMBI,
OPUCHTHUPOBAHHBIC HA PabOTy C MACIITa0HBIMH CIICHAMHU, COCTOSIIAMHU H3 COTCH
ThICAY W MHIIJIMOHOB O6L6KTOB C HHAWBUAYAJbHBIMU TCOMCTPUYCCKUMU U
JMHAMHWYCCKUMHU XapaKTCPUCTUKAMU.

Takum o00pa3om, pa3paboTka J(PQPEKTUBHBIX MaTeMaTHYeCKUX METOIOB H
MPOTPAMMHBIX CPEJCTB IUTAHUPOBAHMS ABMKECHHUS IPEACTABIIECT COO0H aKTyaIbHYIO
Hay4dHYyI0 Tpobnemy. HacTtosias ctaThsl MOCBSIEHA CHCTEMAaTHIecKoMy 0030py U
CPaBHUTECIIbHOMY aHAJIN3y COBPEMEHHBIX MATEMATUYCCKUX METOJAOB IUIAHUPOBAHUA
JABUXKCHMUA. Baknoe BHMMaHHE YACTACTCA KIIFOYCBBIM IOAXOJAaM, OCHOBAHHBIM Ha
HpOCTpaHCTBeHHOP‘I JACKOMIIO3MIIUH, MAapIIPYTHBIX CETAX U (1)H3I/I‘{GCKI/IX aHaJIOIruAXx €
NOTCHIHWAJIbHBIMHU IIOJIIMMU. Hpez[nonaraeTcsl, qTO 0630p IIOMOXET B BBIpa6OTK6
06H.[I/IX peKOMeH,I[aL[I/If/'I 10 HMCIIOJB30BAHHUIO METOIAOB, 4 TAKXKC B HX BBI60p€ npu
PCHICHUHN MPAKTUYCCKUX KJIACCOB 3aa4v. OmnuaeTc;{ TaK¥XKE, 4TO 0630p TOCITYKUT
KOHCTPYKTHBHOﬁ OCHOBOH JJI KOHLCIITyaJlu3alluk  TCOpHUU  IJIAHUPOBAHUA
JBIDKEHUS U CO3JIaHMS €AMHONM MPOTrPaMMHO-HHCTPYMEHTAIIBHOM Cpebl pa3paboTKu
IIPUIIOKEHUH.

2. MemoObI Ha ocHo8e npocmpaHcmMeeHHOoU 0eKoMno3uyuu

Haubosree npocToif 1 B TO e BpeMs PaclpOCTPAHSHHBIN MOIX0 K IJIAHUPOBAHHIO
JBMKCHUA COCTOUT B IPUMEHCHUN METOI0B HpOCTpaHCTBeHHOﬁ JCKOMIIO3UITUH. OH
mpemnoJiaraeT pa3oueHne CBOOOJHBIX 00NacTel CIICHBI Ha MHOECTBO IMPOCTHIX
PETUOHOB C MCIIOJIB30BAHUEM TEX WJIM MHBIX METOAOB ACKOMITIO3UIIUH, OIPEACIICHUC
CMEXHOCTH PETMOHOB U (POpMHUpPOBaHKEe rpada CBI3HOCTH, KOTOPbIi B TalIbHEHILIEM
MOXET HMCIOJIb30BaThCs Ul HABHIalUK B clieHe. DaKTHUECKH, MOAXOJ] peaau3yer
CXEMy PEOYKIUHU BBIYHCIHUTEIFHO CIIOKHOW 3aJa4ydl IUTAHUPOBAHUS JIBHKCHUS B
9BKJIMIOBOM IPOCTPAHCTBE K TUIIOBOM 3ajladue MOKMCKa MyTH B rpade.
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2.1 PerynsipHasi AeKOMMNo3uuma

OnHuM U3 cOocO00B peanu3anuy JAaHHOTO MOAX0/a SBISETCS IPUMEHEHNE METOIOB
PEryNsSpHON NPOCTPAHCTBEHHOW NEKOMMIO3MLMM. laHHBIE METOAbI MPEAIOJararoT
pa3bueHmne Bcero oObeMa CICHBI CETKOW C (UKCHPOBAHHBIM pa3MEpoOM sUeeK,
OpMEHTHPOBAHHBIX IO OCSAM KoopauHaT (puc. 3, a). [y Bcex siaeex ompenensercs
CTaTyC 3aHATOCTH. SIUeHKH MOTYT OBITH IEIMKOM 3aIIOJTHEHHBIMUA O0BEKTaMH CIICHBI,
YaCTHYHO 3allOJHEHHBIMH WJIM CBOOOIHBIMH. MapIIpyT CTPOWTCS IyTE€M aHAIH3a
CMEXHBIX CBOOOJHBIX SUEeK, BBHIOOpA HANpaBICHUH JMJIS paclpoOCTpaHEHUS U
MPOBEPKH MPHHAUIEKHOCTH TepeMenaeMoro 00beKkTa CBOOOIHBIM sSUEiiKaM CETKH.
Takum o00pa3oM, BMECTO HCXOAHOW TOYHOM TE€OMETPHYECKOW MOJENIN CIEHBI
UCIIONB3YeTCS €€ YIPOLIEHHOE IUCKPETHOE IPEACTaBICHUE, YTO CYIIECTBEHHO
YOpOLIaeT MpoLecC MaplIpyTH3aluu. Bompockl HCIONB30BaHHA METOHOB
perynﬂpHoﬁ JACKOMITO3UITUN MPUMCHUTECJIIBHO K IUIAHUPOBAHUIO JABUKCHUA IHNPOKO
ocBelleHsl B uteparype [12,13].

MeTox OTHOCHUTENIBHO MpPOCT B pealu3allid, OIHAKO TpeOyeT 3HAaYUTENbHBIX
BBIYUCIUTECIIBHBIX PECYPCOB U3-3a HCO6XOI[I/IMOCTI/I L[eTaJ'II;HOfI JUCKPETU3AlUU BCETO
MPOCTPAHCTBA CIICHBI M 00ecTIeueHHs] IPHEMIIEMOI TOYHOCTH MapLIpyTa.

— | l——

==
Py
1

c -
1111 I I goal a

@) (b)

Puc. 3. Ipumep nocmpoenus dekomnosuyuu 08yMepHotl cyerst ¢ nomoussio (a)
pasnomepnoi cemxu u (D) depesa keadpanmos

Fig. 3. An example of decomposition of 2D scene using (a) regular grid and (b) quad tree

YKa3aHHOT'O HEJOCTATKA JIAIICHBI METOJIBI PETYIISIPHON aIallTHBHOMN JTEKOMITO3UIIIH
IIPOCTPaHCTBA, OJHUM W3 U3BECTHBIX HpellCTaBHTeHeﬁ KOTOPBIX ABJIACTCSA MCTOJ Ha
ocHoBe oktonepeBseB 3anstoctr [10,14,15]. Brarogapss pekypcHBHOM Tmporeaype
JCKOMIIO3UIINY TAKKE CTPYKTYPBI OKa3bIBAIOTCS Oolice SKOHOMHYHBIMHE (pHc. 3, b).
Ecnu mpuHMMaTh BO BHHMaHHE BO3MOXKHYIO HEPABHOMEPHOCTH pacipeieieHHs
00BEKTOB 110 00BEMY CIICHBI U CYIICCTBCHHYIO BapHALMIO UX Pa3MEPOB, OKTAPHBIC
CTPYKTYpPBI OKa3bIBalOTCS 0OO0Jice palMOHATBHBIMH TPU JTUCKPETU3AIMH CIICHBI U
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WCITIOJIHEHNH THIIOBBIX 3aIPOCOB, CBS3aHHBIX C MPOCTPAHCTBEHHOH JIOKAJM3aIlHeH
00BEKTOB, TIOMCKOM COCEIEH, OIpeleNicHHeM CTONKHOBeHHHA. OmHaKo Imporenypa
MapIIpyTHU3aIH CTAHOBUTCSA 00Jiee CIIOKHOMU, a ¢ yIeTOM HecOalmaHCHPOBAHHOCTH
OKTOZAEPEBHEB MOKET MPHUBOJINUTH M K HEECTECTBCHHBIM TPAEKTOPHAM, COACPKAIINM
0ONBIIOE YHCIO HM3JIOMOB. J[s MpeomosieHus 3ToW mpoOJIeMbl ObLT MPEIIOKEH
THOPUIHBIN METOI, HCIIOJIB3YIOIINI OKaliMIeHHe Ha rpaHuiax sdyeek [16]. OmxHako
OH BpSAJ JIU MOXET PacCMaTPUBAThCS B KAUCCTBE YHUBEPCAIBHOTO, MOCKOJBKY
HEM30€XKHO TOpPOXKIAeT W30BITOYHOC IMPEACTABICHHUE CICHBI U TpeOyer
CYIICCTBEHHBIX JOMOJHUTEIBHBIX PACXO/OB.

2.2 O6beKTHO-3aBUCMMas AeKOMMNOo3nLus

ANbTEpHATHBY METOJaM IPOCTPAHCTBEHHON JIEKOMIIO3UIIMU COCTABIISIOT METOJBI
00BEKTHO-3aBUCHMON  JIEKOMIIO3ULIMK TPOCTPAHCTBA. 3a CYET BBIACICHUA
CBOOOAHBIX oOOJlacTeil HENMOCPENCTBEHHO IO TIpaHulaM OOBEKTOB  CLEHBI
YCTPaHSAIOTCS IPOOIIEMBL, 00YCIIOBIICHHBIC TOIPELIHOCTHIO AUCKPETU3aLHHU ClieHbl. K
COXKAJICHUIO, METOJBl DTOr0 CEMEWCTBAa OO0JagaroT BBICOKON BBIYMCIHTEIBHON
CIIO)KHOCTBIO M B OONBIIMHCTBE CIIy4aeB HE MOTYT KOHKYPHUPOBATh C METOIAMHU
NPOCTPAHCTBEHHOH Jekommo3uiny. Haubosiee H3BECTHBIMU METOAAMH OOBEKTHO-
3aBHCUMOW JCKOMIIO3HMLMH SBISIOTCS METOJ BEPTHKAJIBHOTO pa3OHeHHS WM
TparenenIaIbHO’ JIEKOMITO3HIINHA (Trapezoidal Decomposition) [17],
TpUaHryupoBaHHoe paszduenue [18], mumanpuueckas mexommosurms (Cylindrical
decomposition) [19], a Takxe mexommosurims Mopca [1,20].

3. MemoObI Ha ocHO8e MapwpPymHbIX cemedl

BaxxHoe ceMelCTBO METOJI0B III00AbHOTO TJIAHUPOBAHUSI JBHIKEHHS COCTABIISIOT
METOABI Ha OCHOBE MApIIPYTHBIX CETEeH, KOTOpBhleé OOBIYHO CTPOSTCA B
KOH(UTypallMOHHOM IIPOCTPAHCTBE MEPEMENIaeMOro 0ObEKTa UM B MPOCTPAHCTBE
criensl. [lonoOHBIe ceTH 00BEIUHSIOT B cebe OECKOH(MIMKTHBIE MEPEeXOIbl HIN
YYacTKH IMyTeH W pacIIUpSAIOTCS 10 MEPE COBEPIICHUS HOBBIX YCIIEIIHBIX MTOTBITOK
nepemenieHns. MHora ceTn HakalIMBarOT Takke MH(OPMAIHIO O HMPEATPHHATHIX
HEy/IauHBIX TONBITKAX W CBA3aHHBIX C HHMMH BBIYMCIIMTENBHBIX 3aTPaTax, 4YTO
MO3BOJISIET B JlAJIbHEHIIEM BBIOMpaTh OoJiee MEpCHEeKTHBHBIC HANpPABICHUS H
YCKOPHUTH MPOLECC MAapHIPYTU3alMM IPU PELIEHUH KaK OJUHOYHBIX, TaK U
MHO>KECTBEHHBIX 33Ja4 IUIAHUPOBAHMS IBH)KECHHS.

dopmanbHO MapHIpyTHas CETh MpezcTaBisieT coboi Tornonorndeckuii rpad G(V, E),
BEpHIMHBI V' KOTOpPOTO COOTBETCTBYIOT OECKOH(JIUKTHBIM KOHQHUryparusM
IEPEMEMAEMOT0 00BEKTa S C Crree, @ peOpa E — GECKOHIMKTHBIM IEPEXOIaM
mexay Humu P(7):[0,1] = Cppee, P(0) © S, P(1) © S. O6bIYHO MapIIpyTHAs CETh
CTPOUTCS B MIPEATIONO0KEHHH BBIIOIHEHHS YCIOBUH TOCTHXHUMOCTH U CBS3HOCTH.
Onpenenenne. MapmpyTHas ceThb JOCTIDKHMA JJIT  KOHPUTYPAIIHOHHOTO
IPOCTPAHCTBA 00BEKTA, €CIIU JUIS IF000H €ro ToUkH ¢ € Cgpee CYIIECTBYET BEPIIMHA
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MapuipyTHod cetn S € S u OGeckoHQMUKTHBIA myTh K Hed p(7):[0,1] = Crree,
p(0)=cup(l) =s.

Omnpenesenne. MapmpyTHast ceTh O0OBEKTa CBSI3HA UII KOH(HUTYPALHOHHOTO
TPOCTPAHCTBA 0OBEKTA, €CIH 1A JIH000H €ro Naphl TOUEK Cinjt,) Cgoal € Crree, MEKIY
KOTOPBIMH CYIIECTBYET O€CKOH(MIMKTHBIIN MyTh U HAHJEHBI CONPSHKEHHBIEC BEPILIHBI
MapIIPYTHOH CETH Sinjt, Sgoqr € S, TakkKe cymecTByeT Mapmpyt p'(7):[0,1] - S,
rme p'(O) = Cinit ¥ p,(l) = Cgoal'

JlaHHBIEe ycIOBUs 00€CTIeUnBaIOT FApaHTHPOBAHHOE HAX0XKICHUE OECKOH(INKTHOTO
MapupyTra MeXIy JIOOBIMH ABYMS TOJIOKCHUSIMH OOBEKTa NPH YCIOBUH, YTO OH
cymectByer. [lepBoe ycioBue Mo3BONISIET COSAMHUTD JII00YI0 Napy 3aaHHbIX TOYEK
CBOOOIHOTO TPOCTPAHCTBA C MapIIPyTHOH ceThio. Bropoe ycrmoBue obecrneunBaet
HaBHTALMIO 110 MapmpyTHOH cetn. K coXaneHWio, JaHHBIC YCIOBHS HOCST
JEKJIapaTUBHBIN XapakTep W HE MOTYT OBITh KOHCTPYKTHBHO HPHUMEHEHBI NpPH
pa3paboTke ¥ pearn3aniy METOIOB IUIAHUPOBAHNUS JBIKCHNUS.

OnmHako cama wuzaes MapIIpyTHOH CETH JOCTaTOYHO IUIOJOTBOPHA M HAIIA
BOILUIOMICHHE B Psiic METOJOB, Ipexae Bcero B Merogax PRM u RRT, moapo6HO
o0Cy)XIaeMbIX B CIEOYIOIIMX pasfenax. MapmpyTHble CETH, pPa3BEpPHYTHIC
HETIOCPEJICTBEHHO B TIPOCTPAHCTBE CLEHBI, IPEIOCTABISIIOT JIOMOJHHUTEIbHBIE
BO3MOXKHOCTH JIJISl pELICHHS 3a/1a4 UIAHUPOBAHMUS IBIKCHUS C Pa3HBIMH OO BEKTaMH.
OpHaKo B 3TOM Clly4yae Mepexoibl, 0eCKOHGINKTHBIE ATl OAHOTO MEPEeMEeIaeMoro
00beKTa, MOTYT OKa3aTbCsi KOH(IMKTHBIMH Il Jpyrux oObekroB. I[loaTomy
MOCTPOEHHBIE MapIIPYThI HYKAAIOTCS B JONOJIHUTENEHON BepUPHKAINH, a cama CeTh
— B JIOCTOBEPHBIX METOJax aHaJlu3a IIEPEeXOJ]OB JUIi MapUIPYTH3allMd HOBBIX
00BEKTOB.

3.1 Npadcbbl BUAUMOCTH

OnuH 13 W3BECTHBIX METOJIOB OpraHM3alMd MapIIpYTHBIX CceTeil OCHOBaH Ha
npumMenernu rpados Bumumoctr (Visibility Graphs) [18]. B mpocreiimmx cimydasx
rpad BUJIMMOCTH CTPOUTCS HAa MHOXXECTBE BEPIUWH ITOJUTOHOB WM IOJIM3POB,
SBJISIFOLIMXCS T€OMETPUUECKHMHU MOJEJISIMH TIPEISITCTBUN CLIEHBI, U JIOTOTHSIETCS
HayalbHBIMH M KOHEYHBIMM TOYKaMH MapHIpyToB. Bce BepHIMHBI MONapHO
COG/IMHSIIOTCS JIMHEHHBIMH OTPE3KaMH, KOTOpble NMPUHUMAIOTCS B KadecTBe pedep
rpaga MpHM YCIOBMM NONApHOH “BUAMMOCTH’ WHIWAEHTHBIX WM BEpIIMH H
OTCYTCTBHUSI TEPECCUCHHUs] C MpemsaTcTBHAMH cueHsl (puc. 4, a). CloXHOCTh
MOCTpOeHHUs rpada BUANMOCTH IS CLEHBI, IPEACTABICHHON MOJIUTOHAMH C OOIIUM
yucsioM BepiuuH N, coctasisier 0(n?log n) [1], 4To ABNsAETCSA TOBOJIBHO 3aTPATHBIM
JUISl IPUMEHEHUSI B MHYCTPHAIBHBIX TIPUIIOKESHUSX.

Kpome toro, npeobpa3oBanne TOMOJIOTHYECKOTO rpada B MapIIPYTHYIO CETh TaK¥Ke
Npe/CTaBIsieT coOOM CJIOXKHYIO 3ajgady, IOCKOJBKY pebpa rpada BHAMMOCTH
MPOXOAAT TOYHO YEPE3 BEPUIMHBI NPEIATCTBUH, M A YCHEIIHOM HaBHTALUH
TpeOyeTcsl KOppeKIus IyTeid WIM MpPeABApPUTEIBbHOEC pACIIMPEHUE TI'PAHUI
npensaTcTBUA. 30BITOYHOE KOJMYECTBO TOPOXKAAEMBIX MAapIIPyTOB, KpaiHe
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HeXeNaTeNbHOe IIPH MOJESIHPOBAHUH CIIOKHBIX CLICH, TAKXKe ABISACTCS HEAOCTATKOM
JaHHOro MeTona. TeM He MeHee, B JBYMEPHOM OKpPYKCHHH C OTHOCHTEIBHO
HEeOOJIBIIMM YUCIIOM MPEIATCTBHI JaHHBIA METOJ MOXET YCIICIIHO NMPUMEHSThCS,
HalpuMep, Ul PelleHus 3aJad IOUCKa KpaTdaiiiero myTH B creHe. boiee Toro,
CYIIECTBYIOT IIONBITKA HCIIOJIb30BaHUs TpadoB BUAMMOCTH JUIsl IUIAHUPOBAHMS
JBHKCHHUS B IUHAMHYECKOM OKpYyxeHuu [21,22].

init
-]

(b)

Puc. 4. Ilpumep nocmpoenus (a) epagha suoumocmu u (b) duazpammor Boporozo
08YMEPHOU NOIUSOHANLHOUL CleHe

Fig. 4. An example of (a) visibility graph and (b) Voronoi diagram in two dimensional
polygon scene

3.2 Owarpammbl BopoHoro

ANBTEepHATHUBHBIA METOJ OIpEEICHUs] MapIIpyTOB OCHOBAH HA HCIOJIb30BAHUU
00001eHHbIX auarpamm Boponoro (Generalized VVoronoi Diagrams) [1]. Hau6onee
NPUBJICKATEIEHOE CBOWCTBO JMarpaMMbl BopoHOro 3akiroyaercst B TOM, YTO OHa
SIBIIIETCSL Ae(OPMAITMOHHBIM PETPAKTOM CBOOOJHOTO MPOCTpAHCTBA. TeM cambIM,
700011 6€CKOH(IUKTHBIN MyTh MOXKET OBITh HEIPEPHIBHO OTOOpaKeH B JHarpaMmy
Boponoro. bonee Toro, meron obecneunBaeT HamOoOIbIIEE yAATICHHE OT TPAHHIL
NPEenSTCTBUHA TPH YCJIOBHH, YTO JIBHXKCHHE OCYIIECTBISIETCS BJIOJbL pedep
JuarpaMMmsel. JlaHHOE CBOMCTBO IO3BONISET ONpEAeATh Hamboiee ‘‘Ge3omacHbie”
MapLIpyThl epeMeLIeHH s B cueHe (puc. 4, b).

HauBHas peanmuzanus JaHHOTO MeToAa oOO0JamaeT BBICOKOW BBIYHCIUTEILHOM
cnokHocThio 0(n)*, rme N — oflee KONMMYECTBO BEPIIMH M TPAHEH MPEMSTCTBUN
[23]. UsBectHBl 3 (EKTHBHBIC AITOPUTMBI C JYYIIHMH ACHMITOTHYCCKHMH
OLICHKAMH CJIO)KHOCTH, OJHAKO OHHM HEYCTOMYMBBI K BBIPOXKICHHBIM CIIydasM H
TPYIHBI JUIsl HAZIEKHOM peasiu3ainy.
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Huarpamma BopoHOro ompemensieTcst s [POU3BOJIBHOIO  METPHYECKOTO
npocrpaHcTBa. HecMOTps Ha 9TO, ee MPUMCHEHHE Tl HABUTAlMH B 3BKIHIOBBIX
IPOCTPAHCTBAX Pa3MEPHOCTH BBIIIC JBYX SIBISICTCS 3aTPYIHUTEIBHBIM BBUAY TOTO,
YTO MapIIpyTHas CETh YK€ HE I[PEACTaBISCT TOMOJIOTHISCKH OJHOMEPHYIO
CTPYKTYpY. B 3THX ciydasx 0ObIYHO MPUMEHSIFOTCS METO/IbI Ha OCHOBE 0000IIICHHBIX
nuarpamm Bopororo [24].

4. fluckpemHbil nouck

MeTtonbl Ha OCHOBE MNPOCTPAHCTBEHHOW AEKOMIIO3UIMM U MAapUIPYTHBIX CeTeH
MO3BOJISIIOT PeyLPOBATh BEHIYUCIUTENIBHO TPYAHBIE 3a7jaul HABUTALIUU B CJIOXKHOM
MHOTOMEPHOM OKpPY>KEHUH K 00Jiee MPOCThIM 3aja4aM TeopHrHy rpadoB, s perIeHHs
KOTOpBIX MMEETCS DPa3BUThIM MaremMaTHueckui amnmnapar. Tem He MeHee, 3a1auu
TUIAHUPOBAHUS ABMKEHUSI IIPUBHOCAT CBOM OCOOCHHOCTH B IIOCTAHOBKY M PELICHUE
no00HBIX 3amay [25-27].

Hanpumep, MapuipyTHele CeTH HE TOJIBKO NMPEICTABISIOT TOIOJIOTHIO CBOOOIHBIX
obnacteil CIEHBI, HO ¥ YacTO HAKAaIUIMBAIOT AOIOJHHUTENLHYI0 MHPOPMAIHUIO VIS
BbIOOpa OoJiee JOCTOBEPHBIX M ONTUMAJBHBIX MapUIPYTOB HaBHUTalUH. TakuMu
JaHHBIMH MOTYT OBITh, HAIIPIMEP, MPOTSHKEHHOCTH IEPEX0I0B B MapIIPYTHOI CeTH,
paccTosiHHE 10 ONMMKaWIIMX NPEmATCTBUI CIEHBI, HH(pOpManus O MPeIIPUHATHIX
YAa4HBIX M HEYIAYHBIX MOMNBITKAX PACIIHUPEHMs CETH U 3aTPAuyeHHBIX ISl 3TOTO
BBIYMCIINTENBHBIX pecypcax. [logoOHBle [aHHBIE MO3BOJIIIOT — HCIIOJIB30BAaTh
SBPUCTUYECKUE OLEHKU PHUCKOB U MEPCHEKTHBHOCTH MapLIPyTOB U, TEM CaMbIM,
YCKOPHTD PELICHNEe OAMHOYHBIX U MHOKECTBEHHBIX 3324 MapIIPyTH3aLHH.

4.1 HenHcpopMUpPOBaHHBLIN MOUCK

Kiraccuueckue anroputMbl TeOpud rpad)oB peaju3yloT MOUCK B LIMPUHY, HOUCK B
IIyOUHY, TIOMCK IT0 KPUTEPHUIO CTOMMOCTH [25]. JlaHHBIE alropuTMBI IIPEINONIararT
NOJHBIA 00X07 BepmHH rpada 0e3 kakoi-1mbo MHPOPMAIMU O TOM, HACKOJIBKO
Ka)K}IBIﬁ mar HpI/I6J'II/I)KaeT IpoHecc IMonucCKa K PEHICHUIO. HpI/IMeHeHI/Ie JaHHBIX
AJITOPUTMOB  COIIPSKEHO CO 3HAYUTCIIBHBIMU BBIYHUCIUTCIBHBIMA 3aTpaTaMu, H
IMO2TOMY OHH PEAKO IMMPUMEHAIOTCA IMPU PCIICHUM 3a/ia4 IIJIAHUPOBAHUA IBUKCHUA.

4.2 3BPUCTUYECKUNA NOUCK

DBPUCTUYECKHE AJITOPUTMBI [IOMCKA [IYTH IIPEIHAZHAYEHBI JIIs OBICTPOTO OTHICKAHUS
MaplipyTa B rpade 1myTeM pacnpoCTpaHEHHUs B HANPABJIEHUH GOJIee EPCIEKTUBHBIX
BepuuH. J[Jis 9TOro OOBIYHO OPTaHU3yeTCs OYepPelb M3 HENOCEIIEHHBIX BEPIIUH,
HOPSJOK B KOTOPOM ONpENENAeTcs Ha OCHOBE JBPUCTHYECKUX  IIPABHII
[PHOPUTHU3ALIHHL.

OnuuM u3 Hambosee TOMYJSPHBIX AITOPHTMOB TOMCKA MYTH IAHHOTO CeMEHCTBa
seisiercst A* [28]. TlpuopureT BepuIMHBI B JaHHOM AlrOPHTME OIPEACIACTCA
cymmoii: f(v) = g(v) + h(v), tae g(v) — CTOUMOCTD IIyTH U3 HAYAJIbHOM BEPILMHEI
B JJaHHYI0, a h(V) — 9BpUCTUYECKAS OILIEHKA CTOUMOCTHU ITYTH [0 LEIEBOM BEPIINHBL.

249



Kazakov K.A., Semenov V.A. An overview of modern methods for motion planning. Trudy ISP RAN/Proc. ISP RAS,
vol. 28, issue 4, 2016, pp. 241-294.

IIpu stom 3Hayenue h(v) HOMKHO OBbITh HEOTPHULATEIBHBIM U YJOBJIETBOPSTH
HEpaBEHCTBY TpeyroibHHUKa. TakuM oOpa3zom, A* sBiseTcss 0000IICHHEM aITOpUTMa
Hetikctpsl npu f(v) = g(v) u anroput™a xaaHoro noucka npu f(v) = h(v).
Vcnonp3oBaHHe IBPUCTHKH, KaK IPAaBUIIO, MO3BOJSET 3HAYUTEIBHO YMEHBIIUTH
KOJIMYECTBO  NOCEIIAeMBIX  BEpIIMH M, KaK  CJICICTBHE,  ITOBBICHTH
NPOU3BOAUTEIIBHOCTh MOWCKA. Kpome TOro, ajroput™M HaxXOAWT ONTHMAJbHBIC
PpELICHHS TIPH YCIOBUH, YTO IBPHUCTUICCKAS OLICHKA SIBISICTCS ONTUMUCTHYECKON, T.€.
3HaueHne GpyHKuuU h(v) Bcerna MeHbLIe JIMOO PaBHO TOYHOH CTOMMOCTH MYTH 10
LIEJIEBOM BEPLLUUHBL.

B HauxyamieMm ciiydae BBIMOJHCHHE anroputMa A* MOXeT ObITh COMPSIKEHO ¢
OKCIIOHCHIHAJIBHBIM POCTOM 4YHCJIa HETIOCCHICHHBIX BCPUIMH B OYCPE€AU, UYTO NPpHU
OosbiioM Ko (uUIMEHTE BETBICHUS JiepeBa IOHMCKAa MOPOXKAAET MpodiIeMy
Ype3MEepHOTo MOTpedsieHusT maMsiITu. B Takux ciydasx 0oljiee MPEANOYTUTEIHHBIM
SBJIICTCSI MCIIOJIb30BaHUE anroputMa A* ¢ urepatuBHEIM yriryOnenuem ( Iterative
Deeping A* ) [29] wiu anroputma A* ¢ orpannuenuem namsta (Memory Bounded
A*) [30].

4.3 MNowuck B perynsipHon ceTke

MeToBI TPOCTPAaHCTBEHHON JIEKOMITO3UIIMK Ha OCHOBE PETYISIPHBIX PAaBHOMEPHBIX
CETOK NPHUBOJAT K JUCKPETHOMY IPEJICTABICHUIO CIIEHBI B BU/IE TPa)oB ¢ OONIBIINM
KOJIMYECTBOM BEPIINH M HEONPEIEICHHOCTHIO B MX IPHOPUTH3AINN U3-3a PaBHOM
CTOMMOCTH Tiepexo10B. OJTHIM 13 CHOCOO0B MOBBICUTH 3()(HEKTHBHOCTH aJITOPUTMOB
B TaKHX CJIy4asx sIBJISICTCS IIPUBJICUEHIE HAEH HepapXUIecKOro NOMCKA. AJITOPUTMBI
Hierarchical A* [31] u HPA* [32,33] peamus3yioT naHHbIE HICH B PE3yJbTaTe
MOCTPOCHHUS MHOTOYPOBHEBOTO HEPApPXHUECKOTO MPEJCTABICHUS CIEHBl U
TPYNITUPOBKU CMEXHBIX slU€eK CeTKU. [laHHOe mpencTaBieHHEe 3aTeM INPUMEHSETCS
JUTA TIOCTPOCHHMS ITyTell ¢ He0OXOAMMON CTETIEHBIO IeTAN3AINH HA KaXKJIOM YPOBHE
HepapxXuH.

AnbTepHaTHBHBIN aaroputM Jump Point Search, He TpeOyromumii TOMOTHUTEIBHBIX
pacxoioB mamsITH, TpeaokeH B pabore [34]. O wucmonmb3yer HAGOP MPOCTHIX
SBPHUCTHUYECKUX MPaBWI JUIA BbIOOpA MEPCIEKTUBHBIX HAINPABICHHH, B KOTOPBIX
MOTYT OBITh NPEINPUHSTHI AJHHHBIE MPSIMOJUHEHHbIC U JHaroHaJbHbIE IEPEXO0/IbI
(“mpepkku”). B pesynbraTe N3 aHann3a HCKITIOYAETCS 3HAUUTEINBHOE YUCIIO BEPILUH,
HE BIUSIOIUX HA CTOMMOCTb IEPEXOJ0B M KAaueCTBO KOHEUHOIO pEIICHUs, a
3¢ PEKTUBHOCTH TTIOMCKA ITyTH CYIIECTBEHHO HOBBIIIACTCSI.

4.4 AnropuTm Lifelong Planning A*

MapIprTHbIC CCTH, IIOCTPOCHHBIC B IPOCTPAHCTBC CLCHBI AJIs1 HCKOTOPBIX TUIIOBBIX
06L€KTOB, MOT'yT COACpKAThH IEPEXOJbl, HCIIPCOAOJIUMBIC I 00BEKTOB HOBOT'O
thna. B HO,Z[O6HI)IX Cllydasix CJICAYCT IMONbITATHCA IIPOJIOKUTH HOBBII Mapuipyr,
I/ICKJ'I}O‘Ia}OIHI/Iﬁ KOH(l)J'II/IKTHI)Ie Nepexoabl. Hausnbrit AJIrOpUTM MOT" OBI COCTOSITE B
IMOBTOPCHUU NPOUCAYPHI TOMCKA B UBMCHCHHOM rpaq)e C caMOro HaydaJia. O,HHaKO C
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BBIYMCIIMTEIBHONH TOYKM 3PEHHS TaKOH cHoco® He SBISETCS palOHAIBHBIM,
HOCKOJIBKY HE YYHTHIBACT MPEIIICCTBYIONINE PE3YIbTATHL

Ausroputm LPA*  [35] sBistercst pasButeM A* Ui MHKPEMEHTAIBHOTO TTOUCKA
KpaT4alIlero IyTH B YCJIOBHSX INHHAMHYECKOrO HM3MEHEHHs BecoB pedep. [l
KOKIOW BEpIIMHBI QJITOPHTM IPEAyCMaTPUBAacT XpaHEHHEe ee¢ (PaKTHIeCKOH
crouMoctd g(v) M NpeABapUTEIBHOW OLEHKH CTOMMOCTH B COOTBETCTBHH CO
cieayronel hopmyoit:

» UV = Vpnitial

rhs(v) = . , , ,
( ) mlnv'Epred(v)( g(U ) + C(U 'U)): V # Vinitial

rae pred(v) — MHOXECTBO paHee MOCEIICHHBIX CMEXHBIX BepiuH, a c(v',v) —
CTOMMOCTE MEPEX0/ia U3 BEPIIMHBI V' B BepIIUHY V. JIJIsl HEMTOCENIEHHBIX BEPIIHH
rhs(v) = g(v) = .

[puopuretnas odepens LPA* comepKUT MHOXECTBO JIOKaJbHO HEYCTOWIHMBEIX
BEPIIHMH, B KOTOPHIX OIIEHKa DPACXOMUTCS ¢ (aKTHUeCKOW cromMocThio g(v) #
rhs(v). [Ipuopurer ompeenseTcst COCTaBHbIM KiodoM k(v) = [ky(v), k,(v)], roe
ki(v) = min(g(v),rhs(v)) +h(), ky(v)= min(g(v),rhs(v)), a h(wv) -
IBPUCTHIECKAS OIIEHKA CTOMMOCTH ITYTH JIO IIEJIEBOM BEPIIHHEL.

Ha xaxmom 1mare MOCTPOCHHsS IyTH W3 OUYEpEId BHLIOMpAcTCs BepIIMHA C
MUHHMAIBHEIM KiTF0UoM. Eciti BepiinHa siBisieTcst HefoorenenHoit g(v) < rhs(v)
W 3HAYNT W3MEHEHHWsS. MOTIIM MOBJHATH HAa €€ CTOMMOCTh, TO OHA IMOMeYaeTcsi Kak
Hemoceriennas g(v) = co. B TpOTHBHOM ciydae, €CIHM BEPIIMHA SBJISETCSA
nepeorieenHoil g(v) > rhs(v), TO OHa TEPEBOAUTCS B JOKAIBHO YCTOWIHBOE
cocrostane g(v) = rhs(v). Jlasee MpOU3BOIUTCS TEPEOICHKA CMEKHBIX BEPIIUH.
IIpn mo6oM u3MEHEHWH Beca OJHOTO u3 pedep Trpada MNEepPeoleHUBAIOTCS
MHIOWJACHTHBIC €EMY BEPIIHNHBI, a JIOKAJIbHO HeyCTOﬁ‘IHBLIe BCPUINHBL }:[O6aBJ'I$[IOTCﬂ K
OPHOPHUTETHOH ouepenu. [IOMCK OCTAHABIMBAETCS, €CIH BBHIMONHIETCS YCIOBUE
JIOKaJBHOM YCTONYMBOCTH IIEJIEBOM BEPIIMHEI HIIH YCIOBHE, IPH KOTOPOM 3HAYEHHE
KJII0Ya [EJIEBOM BEPIIUHBI OKA3aJloCh MEHbIIE MHUHHMAILHOTO 3HAYEHHS B
NPHOPHUTETHOI oYepenn.

4.5 Anroputm D*

YacTo B IPUIOKEHHSX IJIAHUPOBAHHS JBIDKSHHUS BOSHUKAET HEOOXO0IMMOCTh MOUCKA
MyTH B CIIEHaX C HETIOJHOM, IEPMaHEHTHO 00HOBIsIeMoi nHpopmManuei. [Ipumepom
MOXXET CIY)KHTh 3aJlada HaBHTAIlMM MOOWJIBHOTO po0O0Ta, IMOJYYaOIIEro
nHdopmanuio 00 OKPYKEHHH C JAaTYMKOB B PEKHME peajbHOro BpemeHH. [Ipu
YCTaHOBJICHHBIX N3MEHEHHAX B OKPY)KEHHH POOOTa CIelyeT NEepenIaHupOBaTh €T0
MapupyT. 1i1s 9TuX ueneit 6onee NoaAXOIT TaKue anropuTMsl, kak Focussed D* [36]
u D*-light [37]. [Tocneauuii cnonp3yeT NPUHIMIIBL, JexKanme B ocHoBe LPA* u,
KaK MPaBUIIO, NEMOHCTPUPYET JY4IIYK MPOH3BOIUTENbHOCTE. B paborte [38]
OTMEYaeTCsl IPOCTOTA €ro pean3aliy.
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5. Memod nomeHyuanbHbIXx rnosaeu

BaxxHoe ceMeicTBO METONOB IUIAHMPOBAaHHS JBIDKCHUS COCTABILIFOT METOJBI
NOTCHIMANbHBIX  IOJIeH, IepBOHAYAIbHO pa3pabOTaHHbIE U  HABHIAL[MH
MOOWIBHBIX pOOOTOB M 00XOJa JIOKAJTBHBIX IPEISTCTBHA B pPEXHME pearbHOTro
Bpemenn [39]. Metomsl ocHOBaHBI Ha (H3MUYECKON AHAIOTHH C JIBHKCHHEM
3apsHKCHHOM YacTHLBI B JJICKTPOCTATHYECKOM mouie. [IpensrcTBus — CHEeHBI
TeHEPHUPYIOT OTTAJKHBAIOIIME CUJIBI, a LieJieBasi TOYKa MapLIpyTa — 3HAYUTEIBHYIO
NPUTATHBAIOIIYI0 cuily. HampaBieHne u cKOpOCTb JIBMXKEHHS Tella ONpeeIITioTCs
rpaJueHTOM MOTEHIMATBHOTO MoJIs (puc. 5).

Puc. 5. ,ZZSMDKJEHM@ 3ap}lJ¥C€HHOﬁ uacmuybsvl 6 djleKkmpocmamuiecKkom noJe

Fig. 5. The movement of charged particle in electrostatic field

HaBuranmonnass (yHKIUs, Kak NPaBWIO, 3a/aeTCs CYMMOH NPUTATUBAIOLIMX H
orrankuBatomux notennuanos: U(c) = Uyy(c) + Urep(c). Tlpu  mponsuskennn
po6OTa K ENeBOH TOUKE Cgoq; QYHKIMSA NPHUTATHBAIONIETO TIOTEHIMANA U e JOIIKHA
MOHOTOHHO BO3pacTaTh, OJHAKO €€ KOHKPETHBIH BHI MOKET CYIIECTBEHHO
BapsupoBathes. Hanpumep, B pabote [1] mpemaraercs cnenyromas Gpopmyia:

1 *
U ( ) E(dz(ci Cgoal)' d(C, Cgoal) <D
att\C) = ) | 1 . «
D*¢d(c, cgoar) = 5602, d(c, cgoat) > D
rme d — GyHKOWS, ONpeAeNsionias pacCTOSHHE MEXIy TOuKamu, { —

Macmradbupyronmii  kodddumment. D*  ABIseTCS KOHCTAHTHBIM —IIapaMeTpoM,
KOTOPBIH OINpenenseT MOPOoroBOe 3HaAUEHUE PACCTOSHUS O LEeTH, IPU AOCTHXEHUU
KOTOPOTO CKOPOCTH JIBIDKCHHS! OOBEKTa HAaUWHAET CHMXKAThCA. TakuM crocobom
ynaercsi n30exarh IpoOJIeMBbl, CBI3aHHOM ¢ “IpokaHneM” 00beKTa BOJIM3H 1eJIeBOM
TOYKH ITyTH MPU HEAOCTATOYHO MAJIOM BPEMEHHOM IIIare.

@OyHKIMS ~ OTTAJKMBAIOUIETO  MOTEHHMANa,  (OPMHUPYEMOro  MHOXKECTBOM
npensitctBuid O = {04, 0, ... Oy }, 331a€TCs CIEAYIOIINM 00pa3oM:
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Urep (C) = ?]:1 UTepi(C; Oi):

1 1 1 2 ,

oy o) dmn(c0) S D
Urep,(€,0,) =12 “dmin(ci00 D’) min(C, 0;) |
L 0 Amin(c,0;) > D'

rje MHHMMAJbHOE PACCTOSHHE OT 3aJaHHOM TOYKM IO MpPENATCTBHUS 3a1acTCs
dynximet dyipn(c,0) = minge,llc — pl|, a koncranTrbIi Mapamerp D’ onpenenser
HpEENbHOE PACCTOSHUE OT 3aJaHHOM TOUKHM 10 YIAJEHHBIX NPEMATCTBUM CLEHBI,
BKJIaJ] OT KOTOPBIX YYUTHIBAETCSA [IPH II0JCYETE MOTEHIHAA.

5.1 MeToa paHAOMU3UPOBaAHHbIX NOTEHUMUANbHbLIX NONen

OCHOBHBIM HEJOCTaTKOM METOJOB NOTCHIHATHHBIX IMOJEH, HCHOIb3YIOMIIX
TPaIWeHTHBIN CITyCK, SBIIETCS MpoOJeMa JOKAIbHBIX MHHUMYMOB. OnuH u3
Croco0OB ee TIPEOIOICHHUS 3aKITI0YASTCs B TIOTBITKE “BHITOJKHYTH TIEpEeMEIIaeMbIi
00BEKT B CITy4aiiHOM HAIPaBJICHUH IIPH MONATAHNHU B MOTCHIIMAIBHYIO sMy. JlaHHYIO
HICI0 pealn3yeT M3BECTHBIA METOJ] PaHIOMU3MPOBAHHBIX MOTCHIIMATBHBIX MOJICH
(Randomized Potential Fields) [40,41]. Ona sxe monyduia pa3BUTHE B CEMEUCTBE
COMIUIMHT-METO/IOB, TIOIPOOHO 00CYKAAaEMbIX B CICAYIOIINX pa3esax.

6. CaMnuHe Memoohbi

[IprmMeHeHne METOJOB IUIAHWPOBAHWS JIBM)KEHHS, OCHOBAaHHBIX Ha TOYHOH WIIH
NpUOIMKEHHONH PEKOHCTPYKIMM TPOCTPAHCTBA JOMYCTHMBIX KOH(HIyparuy,
3a4acTyl0 HEBO3MOXKHO M3-32 BBICOKOW BBIYHMCINTEIBHOW CIIOXKHOCTH, KOTOpas
CTaHOBUTCS KPUTHYHOW Ui CHEH ¢ OOJBIIMM KOJIMYECTBOM IIPENSATCTBUH H
MepeMeIlaeMbIX OOBEKTOB CO 3HAYMTENBHBIM KOJIMYECTBOM CTETIEHEH CBOOOJIBI.
W36exaTh AaHHOW MPOOJIEMBI MO3BOJIIOT IMOMYJISPHBIC HA CETOMHSAIIHUN JICHB
COMITIMHI-METO/Ibl TIAHUPOBAHMS JBWKEHHUS, YaCTO aCCOLMUPYEMbIE C METOAAMHU
kBa3u-MonTte Kapio.

OHE  mpenycMaTpuBAlOT — HCCIEIOBaHHME  oOnacTe  KOH(UTypaIrioHHOTO
MPOCTPAHCTBA ITyT€M MHOTOKPATHBIX MCIIBITAHUH, PE3yIbTaTOM KOTOPHIX SBISETCS
BEPIUKT O JOIYCTHMOCTH OT/CIHFHO BBIOPAHHBIX KOHOUTyparuid. ITO OOBIYHO
OCYILECTBIISIETCS IIyTEM T'€HEPALNH CITyJIaliHBIX KOH(GHUTypannii ¥ IPOBEPKHU JUIS HIX
KHHEMATHYEeCKUX OTPAaHMYEHUH M CTONKHOBEHHHA C TMPEMSITCTBUSAMH cueHsl. Ha
MHOXKECTBE IMOJYYEHHBIX B pE3yJbTaTe COMIUIMPOBAHMS OECKOH(IMKTHBIX
KOH(UTypanuii CTpOUTCS MapHIpyTHast ceTb. BaKHBIM JOCTOMHCTBOM METOJIOB
JTAHHOTO CEMENCTBA SBJIAETCS HE3aBUCHUMOCTb OT T€OMETPUUECKOTO MPEICTABICHUS
U pa3MEPHOCTU MOAETHPYEMOTO OKPYKEHHS.

HenerepMuHMpOBaHHBIH ~ XapakTep IOCTPOEHHS MaplIpyTa HPUBHOCHT Ppsif
0CcOOCHHOCTEH, CBS3aHHBIX C HEBO3MOXKHOCTBIO 00ECIICUCHHUS! TIOJIHOTHI aJITOPUTMOB
U ONTUMAJIbHOCTH HalIeHHbIX pemeHuid. Bmecte ¢ TeM, 3BpUCTUYECKHE CTPATETuu
COMIUTMPOBaHK O0OECIEUNBAIOT IIEPMAHEHTHBIA POCT BEPOSTHOCTH HAXOXKACHHS
0ECKOH(IMKTHOTO IYTH C YBEJIMYCHHEM 4YHCJIa HWTEPaluil, €CTECTBEHHO, €CIH
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pellIeHHe CyHIecTBYyeT (B NPOTUBHOM ClIydae alrOPUTM MOXET BBIIOIHATHCS
OECKOHEYHO 10Jro). B ¢BsA3M ¢ 9THM BBOIUTCS MOHATHE BEPOATHOCTHON YCIIEITHOCTH
AIITOPHTMA.

Omnpenenenue. ATTOPUTM Ha3bIBACTCS BEPOSTHOCTHO YCHEITHBIM, €CIIH IS IF000H
3afaun noucka MyTH {Crree, Cinit,Cgoar)> MMEIONIEH pellleHHE, HMEET MECTO
limy_0Psyccess = 1, THe Pyyccess — BEPOSITHOCT HAUTH OCCKOH(IMKTHBIA IYTh
p(T): [0'1] - Cfree ) p(O) = Cinit» p(l) = Cgoal 3@ N wrepanuit.

CoBpeMeHHbIE alrOpUTMBbl, OCHOBaHHbIE Ha COMIUIMPOBAHMU IPOCTPAHCTBA, Kak
NPaBWJIO, CHPABJISIOTCS C PELICHHEM TUIIOBBIX 3a/1a4 MOMCKA ITyTH 3a MPUEMIIEMOe
BpeMsi. Kpome TOro, ux TNpUMEHEHHE TIO3BOJIIET BO MHOTHX CIy4Yasx
KOMIICHCUPOBATh HEXenaTelbHble AS(QQEKThl, CBSI3aHHBIE C HEH30E)KHBIMU
HOTPELIHOCTSIMH IPEJICTABICHUS TEOMETPHUUECKUX MOJIETICH.

MeTo/bl COMIUIMPOBAHUS PEICTABICHBI IByMsl OCHOBHBIMHU IPYINaMH, & UMEHHO!
METOZIaMH BEPOSTHOCTHBIX MAapLIPYTHBIX ceTed [42] W MeTomamMu Ha OCHOBE
nepeBbeB moucka [43-45]. Meroabl yCIEIIHO TPUMEHSIOTCS HA TMPaKTHKE IS
IUIAHUPOBAHUS JIBIKCHHS B NMPOCTPAHCTBAX BBICOKOI pa3MepHOcTH. B wactHOCTH,
OHM [IMPOKO HCHONB3YIOTCS JUIAI MOJCIUPOBAHUS IBIDKCHHS TBEPIObIX U
nedopmupyembix ten [46,47], a Takke ANl aHANKM3a HETOJOHOMHBIX CHCTEM CO
CIIO)KHBIMM KMHEMATHYECKUMH  CBSA3SIMU [48,49] u auddepeHuuambHBIMU
orpannueHusiMu [50].

6.1 Bbibopka koHurypaumm

Boo0iie roBopsi, MHOXKECTBO JIONMYCTHMBIX COCTOSIHUH OOBEKTa B HENPEPHIBHOM
KOH(UTypalMOHHOM IIPOCTPAHCTBE, KaK MPABUIIO, SIBIIsIETCS OeckOHedYHbIM. OHAKO
MapIIpyTHast CETh IOJDKHA CTPOUTCS 32 pa3yMHOE YHCIIO UCTIBITAaHUH, OTPaHUYEHHOE
KaK pa3MepoM CETH, TaK M YCIEIIHOCThIO BBIOOpA TOUEK ITPHU ee TOCTpoeHNH. B cBsi3n
C OTHM, CTpaTerus COMIUIMPOBAHMS MOJXKET SIBISATHCSA KIOUEBBIM (DAaKTOPOM
3¢ (eKTHBHOCTH 00CYXKTaeMBIX METOIOB.

B uneansHOM cityyae HE0OXOIMMO, YTOOBI MHOXECTBO BBHIOPAHHBIX KOH(QUTYpaLUii
OBUIO IUIOTHBIM, YTOOBI OTPaXkaTh BCE OCOOEHHOCTH AOIYCTUMBIX U HEJOMYCTUMBIX
obyacteii B KOH(HI'ypallMOHHOM IIpOCTpaHCTBe. Ha WMHTYMTHBHOM YpOBHE 3TO
O3Ha4aeT, 4TO HaWOOJbIIAsi HECOMIUIMPOBAHHAS 00JAaCTh INPOCTPAHCTBA JOJDKHA
OBITh KaK MOXHO MeHblle. Cleayroiie onpeesaeHus napamMeTpoB JUCIHEPCUU H
pacxXokIeHUs OOBIYHO  HCIOJB3YIOTCS JJIsI  OIIEHKM KadyecTBa  BBHIOOPKH
KoHpuryparuii [19].

Omnpenenenne. Jlucriepcueid BHIOOPKH TO4YEK P B METPHUUECKOM HPOCTPAHCTBE
(X,dist) wHaspiBaeTcs  BenwumHA,  ompenensemas  opmymoit  §(P) =

Supcr minerldist e, p)).

Puc. 6 maer ee reoMeTpHUYECKYI0 MHTEPIIPETALUIO B JBYMEPHOM IPOCTPAHCTBE C
MeTpukamu L, u Lo,.
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Puc. 6. l'eomempuueckas unmepnpemayus OUCRepcuy 6b100pKU 6 MEMPUIECKOM
npocmparncmee Ly (a) u Lo, (D)

Fig. 6. Geometric interpretation of the dispersion of the set of samples in metric space
L,(a) and L, (b)

ITapameTp pacxoxAeHUs OMpeeNsieT Mepy TOTO, HACKOJIBKO BBIOpAaHHBIE TOUYKH
PaBHOMEPHO paclpe/elieHbI B 3aJJaHHOM 00BeMe.

Omnpenenenne. Ilycte 3amaHbl KOMMakTHasgs obOmacte D € X B N-MepHOM
MeTpudeckoM mpocTpancTBe (X, dist) W Habop NPAMOYTOJLHUKOB B Hell R =
{ri,75, ..,7y} © D. Pacxoxuenue s BbIOOPKM Touek P = {py, D, .., PN}
[Py p(r)

m o) TAe u(r) — pyHkumsa odbema

onpenensercs kak 6(P,R) = sup;cg

obnactu r.

Touku MOTyT BBIOMpATHCS CIydaifHO C paBHOMEPHBIM pacrmpenesneHneM. OmHako
BBHJY HEIOCTaTKOB T'€HEPATOPOB IICEBAOCITyYailHBIX YHCEN JAHHBIA MOIXOJ, Kak
MIPaBUJIO, HE MO3BOJIIET JOCTHYD JOCTATOYHO PABHOMEPHOTO M TNIOTHOTO MOKPBITHS
3a HEOOJIPIIOE YHCIIO WTEepalil. YIy4YIINTh KadyecTBO BBIOOPKH, BEIpaKaeMoe
BBEJICHHBIMH IapaMeTpaMH, MOXHO 3a CYeT HCIOJB30BAHMSA KBAa3HCITyJalHBIX
nocnezoBarenpHocTed [51].

M3BecTHO, uTO anropurMsl kBazu-Monte Kapio, ucnonb3yromue KBa3uciydaiHble
MOCJIEIOBATEIFHOCTH TOYEK BMECTO TMICEBAOCTYYaMHBIX UHCEN, CXOIATCS K
HMCKOMOMY pe3yibTaTy IO KpalHeidl Mepe He MeIIeHHee, a 0ObIYHO OBICTpee, YeM
cootBercTByromue anroputMbl  Monte Kapno [52]. Ilpumepom  Takux
MOCJIE0BATENILHOCTEN TOYEK MOTYT CIIY>KHUTh Iocie1oBaTenbHocT XoatoHa u JIII ;-
nocnenaoBarenbHocTH [53,54].

Ha puc. 7 npesacTaBieH eqUHUYHBIN KBaapaT, KOTOPBIN pa3ouT Ha 64 noakeagpaTa u
Ha Hero HaHeceHbl 64 mceBnociy4aiHelx Toukn () wu  Toukm JIII, -
nocnenoBatenpHocT (D). BuaHO, 9TO B KaXIblid KBagpar Ha MPaBOM PUCYHKE
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IIo11aJiIo pOBHO 110 OIHOU TOYKE, B TO BPEMs, KaK UL JIEBOTO PHUCYHKA 3TO JAJIEKO HE
TaK.
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Puc. 7. I[lpumepwr 6b100pOK ¢ UCNONL30BAHUEM NCEBOOCTYUAUHDBIX (A) U K8AZUCTYUATIHBIX
mouex (b)

Fig. 7. An example of pseudorandom (a) and quasirandom sampling (b)

Bomnpocsl npumeHeHMs KBa3HMCIy4yallHBIX I10CJIEIOBATEIBHOCTEH B aITOPUTMax
IUTAaHUPOBAHUS BIDKEHHUS MOAPOOHO paccmarpuBaroTes B paborax [55,56].

6.2 MeTpuka KOH(hUrypaLMoHHOro NpocTpaHcTBa

Bo Bcex MeTosax MapHIPYTHBIX CETe W COMIUIMPOBAHMS KOH(UIypanmoHHOTO
NpOCTpaHCTBa TpeOyeTcs ONpPEAeNATh PACCTOSIHUE MEXAy TOYKaMHu BbIOOpKH. B
YaCTHOCTH, 3TO TPeOYeTCsl PU OLIEHKE AMCIIEPCHUU BBIOOPKH B JIOKAJIbHOM 00JacTH
KOH(HI'YPalMOHHOTO IIPOCTpaHCTBa. Bompoc o BeIOOpe (YHKIMH METPHKU
OKa3bIBa€TCS HETPUBHAIBHBIM, MOCKOJBKY BJIMSAET HE TOJIBKO Ha 4YacTHbIC
XapaKTEePUCTUKHU BEIOOPOK, HO M HA KAYE€CTBO PE3YJIbTHPYIOIIEH MapIIpyTHOH CETH B
IETIOM.

@OyHKINS METPUKH MOXKET OBbITh peaji30BaHa IyTEM BBIYHCICHHS EBKIJIMIOBA
paccTosHUS MEXIy 3aJaHHBIMH KOH(QUTypaunusM 1o 0OOOIIECHHBIM KOOPIHHATAM.
OnHako, MCHOJNB30BaHWE TAKOM METPHKH ONpPABIAaHO JIMIIb B IPOCTBIX CIyYasXx,
KOr/a TepeMenieHne 00beKTa OrpaHHYeHO MOCTYyNaTeIbHBIM JABIKeHHeM. B Ooree
obmmem cimydae, JOMyCKaloeM TpyIbl BpameHui, Hanpumep, SE(3), mpaBuibHO
OLIEHHUTh NepeMelleHne o0bekTa 0e3 ydera ero reoMeTpudYecKOod MOJIENH yKe
HEBO3MOYKHO.

HanbGonee ypmauHbplii croco0 OLEHKHM pacCTOSHHA MEXIy TOYKaMH B
KOH(HI'YPalMOHHOM IPOCTPAHCTBE 3aKIIOYAeTCsl B ONpENeTeHHMH HanOOJbLIEro
MyTH, TIPOXOJUMOTO TOYKaMH Tella B mpocTpaHcTBe cuenbl (Robot Displacement)
[57]. Metpuka 3amaerca cremyromumM obpasom: p(cy, ;) = maxyeqfllp(cy) —
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p(c)|}, rae p(c;) — nonoxxkenue Touku Tena A B KOHQUrypauuu ¢;. JlanHas METpuKa
[O3BOJSIET OLEHUTh HAMOOJIbIIEE PACCTOSHHE, NPOXOAUMOE KAXKIOW TOUKOM
TBEPAOTO TeJa WK JII000r0 KOMIOHEHTa KHHEMATHYECKOM CUCTEMBI B TIPOCTPAHCTBE
CILIEHBI TIPH TIEPEXOJIE U3 MOJIOKEHUS ¢, B TOJIOKEHUE ¢, (pHC. 8).

Puc. 8. Onpeoenenue paccmosnus mexcoy moykamu 8 KOHQUYpayuoHHOM
npocmpancmee SO(2)

Fig. 8. Distance calculation between points in SO(2) configuration space

O‘IEBI/IJIHO, YTO BBIYHCIUTECIIBHBIC 3aTpaThl NPHU HUCIIOJIB30BAHHUU Takoi METPUKHU
CYHIECTBEHHO 3aBUCAT OT CJIIOXKHOCTU I'€COMETPUICCKOI0 MPEACTABICHUA o0beKTa U
€ro KUHEMaTHYECKHX CBS3CH. I[J'Iﬂ BBIITYKJIOT'O TBEPAOro TEJId, 3aJAaHHOTO
IMOJIUTOHAILHOU IOBECPXHOCTBIO, METPHUKA O ONIPEACIIACTCA PACCTOAHUEM, KOTOPOE
MNpOXOAAT TOJIBKO €ro BEPUIWHBI. HOSTOMy OJIMH U3 CII0COOOB €€ BBIYUCIICHHS
3aKJIIOYaeTCsd B  HUCHOJIB30BAHUU IMPCABAPUTCIIBHO THOCTPOCHHBLIX  BBIITYKIIBIX
000JI0YeK HITH OrpaHUYMUBAIOINUX MAPAJUICICTIUIIEI0B.

6.3 OnpeneneHne CTONIKHOBEHUN

B xome coMmmummpoBaHUs, NPEIyCMATPHBACMOTO METOJaMU MAapUIPYTHBIX CETeH,
HEOOXOIUMO OMNPEACTUTh CTATYC MOMYCTUMOCTH MM OCCKOH(MIMKTHOCTH KaKIOH
BBIOpaHHOW KOH(UTYpaluu 0OBEKTa, B TOM YHUCIE, C YIETOM MPEMATCTBHN CIICHBI.
JlaHHas 3a/1a4a OTHOCHTCS K M3BECTHOW MpoOjeMe OnpeaesieHus] CTOJKHOBEHUN B
crene [58,59].

Kaxk npaBuiio, onpezneneHne CTOIKHOBEHUH TIPEICTABISIET COOOM MmpoIiiecc, YCIOBHO
COCTOSIIIIMIA W3 JBYX OCHOBHBIX (ha3: IMPOKOW M y3KOW. 3amadeil mepBoi ¢asbl
SBIISICTCS OBICTpast JOKAJIM3aIHs OTCHIIMATBHBIX CTOIKHOBCHUH C NCTIONB30BaHUEM
OTHOCHUTEIILHO JICHIEBBIX HEraTWBHBIX TecToB. OHa 3ddexTuBHO pemraercs ¢
TIOMOIIBI0 METOIOB OTPaHUIHBAONNX 066eMOB [60] 1 METOIOB IPOCTPAHCTBEHHOM
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nexommnosunuu [61-63]. B y3koii (aze BHIIOIHIETCS TOYHAS IMPOBEPKA BHIOPAHHBIX
nap OOBEKTOB Ha IIEPECEUCHHE C Y4YETOM HX JETaJbHOTO T'€OMETPHUYECKOTO
npezcraBiaeHus. CylecTBYeT MOBOJILHO pa3BUTHI MaTeMaTHYECKHH armmapar,
MO3BOJISIOIIHH 3()(EKTUBHO BBIMOIHSITH JAHHYIO OTMEPAIHIO /IS Pa3INYHbIX BHIOB
TEOMETPUICCKUAX MO/IENIEHt, B TOM YHCIIe TS TTOMMIAPaNbHBIX Mozenei [59], cinaiin-
noBepxHocTel [64], TBepabIX Ten B rpaHHYHOM npeacTasieHuu [65], CSG-moneneit
[66] u 061akoB Touek [67].

DopManbHO MPOLEAYPY OMPENeICHHUs CTOJKHOBEHHH MOXHO PaccMaTpHBaTh Kak
false, c € Crree,
true, otherwise
00beKTa € € Cppree. Onmako it OOBEAMHEHMS HAUIECHHBIX  JIOIMYCTUMBIX
KOoH(pUTypanuii B MapIIpyTHYIO CeTh TpeOyeTcs paspelieHHe Ooyiee CII0KHBIX
3alpPOCOB, CBSI3AHHBIX C CYIIECTBOBAHHEM OCCKOH(MIMKTHBIX IMEPEXOM0B MEXKIY
HUMHA P(7): [0,1] = Cpree.

ucunciiecHre mpeaukara ¢@(c) = { JUTSL 33IaHHON KOHQHTYpAIiH

Ha npakTrke nanHas npoGiieMa MOXeT OBbITh pellieHa MyTeM COCMHEHNUS Map TOUYEK
KOH(UTypauuii HenpepbIBHBIMU NEPEX0AaMH M aHAIN3a UX 0eCKOHMIMKTHOCTH. J{71st
9TOTO MEepPexXoJbl MOTYT OBbITh Pa3OMTHI Ha MHOXKECTBO OTPE3KOB C HEKOTOPHIM
(DUKCUPOBAHHBIM IIIArOM, a KaXIbpld U3 KOHIOB p(7;), 1 <i < N npoBepeH Ha
NPUHAJICKHOCTh MPOCTPAHCTBY JONYCTUMBIX KOH(Urypauuid. BpiObop miara
pa3OHeHusl TpencTaBisieT OTAeNbHYH mnpobiemy. Henocraroynoe KoM4YecTBO
BBIODAaHHBIX TOYEK MpPUBENET K TOMY, YTO IepeMelaeMblii OOBEKT Oyner
“mponeTats” CKBO3b MpemATCTBHA. UTOOBI M30ekaTh JAHHOH MpoOJIeMbI, 0OBIYHO
HakiaapiBaercst  yenosue ||p(t), p(Tiz )l <&, mimm Becex 0 <i < N, koropoe
ompeelsieT TOYHOCTh JUCKPETHOTO MPEICTaBICHHUS IIepexoa.

[oBbicHTh 3((PEKTHBHOCTh aHAU3a MEPEXOAO0B yIAETCs C HOMOLIBI0 MOCTPOCHUS
HPOTSHKEK OTPaHMYMBAIOLNIMX OOBEMOB, a TaK)Ke NPH UCIOJIb30BAHHU PE3YJIbTATOB
TPOBEPOK MPEABIAYIIMX TOUCK mepexonos [68].

6.4 NMouck Gnumxanwmnx cocegen

[ITance! HA TO, YTO C NOMOMIBIO MPOCTOTO AJIrOpUTMaA IMOUCKA YAACTCA NPOJIOKHUTH
0eCKOH(IIMKTHBIN ITyTh MEXAY yJaJICHHBIMH APYT OT ApYyra KOHQUTYpPAIMsIMH, KaK
NpaBuIlo, KpaiiHe Majbl. [109TOMy MOCTPOEHHE MapIIPYTHON CETH Ha MHOXECTBE
JOIYCTUMBIX KOH(QUIYPALUi IPOU3BOAUTCS IyTEM COETUHEHUS PEUMYIIIECTBEHHO
Onuziexammx Touek. CYIIECTBEHHO TIIOBBLICHTH MPOW3BOAUTENHHOCTE TOMCKA
OmmKaluX KOHQUIYpaldii BO3MOXHO C IOMOINBI0 HX MPEIBAPUTEILHOTO
WHIEKCUPOBaHus. B yacTHOCTH, yaaeTcs 3G (HeKTUBHO pasperiaTh THIIOBEIE 3aIIPOCH,
CBSI3aHHBIE C TIOUCKOM K OIIMKaNIIMX TOUEK M MOUCK OJIMKAMIINX TOYEK B 33aHHOM
paamyce, 3a cyOIMHEHHOE BpeMsl.

HawnGonee mIMPOKO MCIOIB3YEMBIMH JUIA 3THX IEJIeH MHICKCHBIMU CTPYKTYPaMHU
sBystioTcs OuHapHsie Kd-nepesbst [69—71], KoTopble CTPOATCS MyTEM PEKYPCHUBHOTO
pa3OHeHns] TMPOCTPAHCTBA THIEPINIOCKOCTAMH, OPHEHTHPOBAHHBIMH TIO OCSIM
KOOP/IMHAT.
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AJIbTEpHATHBY UM COCTaBJIIIOT METPUYECKHUE JEPEBbS, Takue Kak, M-nepesbs [72],
GNAT (Geometric Near-neighbor Access Tree) [73,74], iDistance-ctpyxrypsi [75] u
nepesbst mokpeithii (Cover Tree) [76], B oCHOBe TOCTPOEHHSI KOTOPBIX JIEKAT
ANTOPUTMBI HEpapXUYecKol KiacTepuzaiuu. Hampumep, B XOJe MOCTPOCHHS
ctpykTypbl GNAT ¢dopmupoBaHue y3JI0B Ha KaXKIOM YPOBHE JIEPEBa BBIOIHICTCS
nyTeM BbIOOpa (PUKCHPOBAHHOTO YHCIa OMOPHBIX TOYEK C MOMOIIBIO JKaJHOTO
panmoMu3upoBaHHOro aisroputMa K-cpeanux. IIpu 3TOM NPHHAIICKHOCTH TOYEK
BETBSAM JlepeBa OIMpEHACNSIETCS HAa OCHOBE MATPHUIIBI PACCTOSHHN 10 IEHTPOB
KJTacTepOB.

Ilpu peuieHun 3aga4y IUTaHUPOBaHHs ABWOKeHUS Kd-IepeBbst NEMOHCTPUPYIOT
Jy4lIyr0 MpOU3BOAUTCIIBHOCTL IO CPABHCHUIO C APYIMMHU YIIOMSHYTBIMH BBIIIC
crpykrypamu [69]. OnmHako WX MpaKkTHUECKas peanu3alus CTAJIKUBAeTCs ¢
npobiieMoil  aganTanuMy  MPOUEAYPbl MPOCTPAHCTBEHHON JIEKOMIO3UIMU K
KOHKPETHOMY cnoco0y MPE/ICTABICHUS TpaHchopmanuii 00OBEKTOB.
ComnyTtcTBylolasl 3aja4a [OCTPOCHHS OrPAaHUYMBAIOIINX HaPaLICICIUIICIOB
CTaHOBUTCS HETPUBHUAJIBHOW B CIOXKHBIX KOH(UTIYpPAIMOHHBIX MPOCTPAHCTBAX,
BKJIIOYAMOIIMX MOANpPOCTpaHcTBa Bpaiuenus [7/7]. Haubonee mnpocTeiMu c
peanu3alOHHON TOYKHU 3PCHUS SBISIFOTCS METPHUYECKUE JEPEBbs, VIS peaan3aliun
KOTOPBIX TpeOyeTcsi omnpeneuTh (GYHKIHIO PACCTOSHUS MEXIy KOH(DUIYpalMsIMH.
ITIpu sToM obecrneunBaeTcsi Xopomas cOaTaHCUPOBAHHOCTh PE3YJIbTHPYIOIIEH
cTpykrypel. K  HemocTaTkaM  METPHYECKHX JCPEBBEB  CIICMyeT OTHECTH
HeO6XOI[I/IMOCTI) BI)I60pa OIOPHBIX TOYCK, OT PACIIOJIOKEHUA U KOJINICCTBA KOTOPBIX
MOJKET CYIIECTBEHHO 3aBUCETh A((PEKTUBHOCTH MOUCKA OIIDKANIINX coceeH.

7 OdgpnaiiH nnaHupoeaHue. MemoOblI 8epPOSIMHOCMHbIX
MapuwpymHbIx cemeu

MeTox BepOSITHOCTHBIX MapiipyTHbIx cereit (Probabilistic Roadmap Method) [42]
IUPOKO NPUMECHACTCA JId PCHICHUA 3a/iad IMMOUCKa HyTef/'I KaK B HOKaHBHOﬁ, TaK U
riao0anbHOM  mocrtaHoBKe. Kak W B ciydae  paHee — PacCMOTPEHHBIX
JIETEPMUHUPOBAHHBIX METOJOB MAapLIPYTHBIX CETEH, IPOLECC IUIAHUPOBAHMS
JBIDKEHHSI BKIItoyaeT (asy aHanmm3a CIHeHbl ©u a3y TOCTPOCHHUS IyTH.
OTIMYnTENPHON 0COOEHHOCTBIO B JAHHOM CIIy4ae SIBJISETCS Criocod GpopMUpOBaHUSI
CeTH W3 JIOKAIBHBIX MapIIPYTOB, IIOJYYEHHBIX B pE3yJbTaTe COMIUIUPOBAHHSL
KOH(UTYpaIOHHOTO [IPOCTPAHCTRA.
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@) (b)
Puc. 9. IIpumep nocmpoernus eepossmuocmuou mapuwpymuou cemu (k=35)

((a) 2000 umepayuu, (b)10000 umepayuii)

Fig. 9. An example of probabilistic roadmap (k=5)
((a) 2000 iterations, (b)10000 iterations)

B mucturre 1 npuBoauTcss 0000IMIEHHBIN alTOPUTM ITOCTPOSHHSI MapIIPYTHOH CETH
coMmuHr MeToioM. Ha xawaom m3 N, IIare anropuTMa reHEpUpYETCs TOUKA
Cranda B KOH(QHTYPAIMOHHOM TIIPOCTPaHCTBE OOBEKTa IUIaHupoBaHus. Crocod
TeHepallMd HOBOW TOYKH OIpeneNseTcs NpefoNpefeNICHHON CTpaTerHe
COMIUIMPOBAHUS, HAlpHMep, C MOMOIIBI0 BEIOOpAa TOYKH CIyYalHBIM 00pa3oMm ¢
PAaBHOMEPHBIM paclpelieIcHHeM KOOpAWHAT B TPaHUIAX KOH(PHUTYPAIIHOHHOTO
mpoctpadctBa  D.bounds. 3areM  BHIIONHSETCS  NPOBepKa  HAWICHHOM
KOH(l)I/IpraHI/II/I Ha CTOJIKHOBCHHA C TMPCHATCTBUAMU CIHECHBI. Ecan Ttouka
OKa3bIBaeTcsl KOHQJIMKTHOW, TO OHAa OTOpachiBaeTcs. B ycmemHoM ciydae OHa
BKIIIOYAeTCsl B C(OPMHPOBAHHOE HAa TEKYIIMH MOMEHT MpEACTaBICHHWE BEPIINH
MapmpytHoi cetn G.V. Ha cnemyromeli ¢a3ze IpOBOIWTCS MOIBITKA PACIIMPHUTH
MHOXKECTBO pebep MapmpyTHOW ceTH G.E myTeMm OTBICKassHH OeCKOHQIMKTHBIX
Mepexoj0B MeXJy ee BeplMHaMu. B mpocreiimem ciygae ompeznensercs k
OMKalIINX BEPIIMH OTHOCHTEIBHO TOYKH Cpqngq. B KauecTBE albTEPHATUBHOIO
croco6a MOTYT OBITh OTIpe/IeNICHbI BCE BEPILHHBI, JIE)Kallle BHYTPH N-MEPHOT'0 1I1apa
paanyca r ¢ HEHTPOM B Cpqynq. SHAUYCHHS TaHHBIX ITAPAMETPOB MOTYT (PUKCHPOBATHCS
WJIN aJallTUBHO MCHATHCA B XOAC ACTAIU3allUN MapHprTHOﬁ cetd. Bo3aMoxHOCTB
co3manus pebpa ¢ OJHON M3 ONMKANIINX BEPIIUH OMPEACNSeTCS JIOKaIbHBIM
IUTAHUPOBIIMKOM, B Ka4decTBE KOTOPOTO OOBIYHO WCIIONB3YIOT OTHOCHUTEIBHO
MPOCTO ™ OBICTPBIA 3BPUCTUYECKUM aNTOPUTM TOWCKA MPSMOJIMHEHHOTO
OCCKOH(IIMKTHOTO TYTH. AJNTOPUTMHUYECKHE OCOOCHHOCTH €ro pealu3alliu
oOCcyXnaiauch B mpeablayiieM paszzene. OpHako B psijie CIydaeB BO3MOXKHO
NIpUMEHEHHE M 0oJiee CIIOKHBIX METOHOB. AHaIM3 A(PQPEKTUBHOCTH METOIOB
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JIOKQJIBHOTO IUIAHUPOBAHHS TIPU MOCTPOCHUH BEPOATHOCTHBIX MAPIIPYTHBIX CETEH
npHBOIHTCS B pabote [78].

Puc. 10. Bxrtouenue o801l KOHU2ypayuu MapupymHyro cemo aizopummom PRM

Fig. 10. Construction of new roadmap vertex by PRM algorithm

BuildPRM (Ns¢eps)
1G(V,E) «©
2.step < 0
3.while (step < Ngteps)
4. Crgng < SamplingStrategy. GenerateState(D.bounds)
5. ’f(crand € Cfree)
6. G.V «G.VVUcrana
U « NearestNeighbours(cyqng, G)
Jor each creignpour € U
if (LocalPlanner. VerifyPath(Cyanq, Cneignbour))
10. G.E<GEU (Crand'cneighbour)
11. step = step « 1

© o~

Jlucmune 1. Aneopumm nocmpoenus 6eposimuocmHoOl MapuipymHou cemu

Algorithm. 1. An algorithm of probabilistic roadmap construction

W3BecTHBII HEAOCTATOK PACCMOTPEHHOTO METO/IA CBSI3aH C HEAOCTATOYHO IIOTHBIM
HOKPBITUEM, YTO MOXET MPUBOJUTH K HAPYIIEHUIO CBA3HOCTU MapIIPYTHOH CETH B
Y3KUX 00J1aCTSIX JOIMYCTUMBIX KOHQHUTYypaiuid. Pemenne npooiemsl myTeM IpocToro
YBEJIMUEHUS  KOJIUYECTBA MCIBITAHMM KpaliHe HEXeNnaTelabHO, IOCKOJIbKY
OINpENeNeHUE CTOJIKHOBEHHH SBIIAETCS BBIUUCIUTENBHO 3aTPaTHOM omepanuei.
Kpowme Toro, ycnenrsnsle UCIIBITAHUS IPUBOAAT K Pa3pacTaHUIO MapUIPYTHOH CETH U
YBEIMYCHUIO Pa3MEPHOCTH pEIIACMbIX 3a7ad IOUCKA COCEAHUX BEpPIIMH |
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BepuduKanun nepexonos. conp30BaHie HHICKCHBIX CTPYKTYD, B dactHOcTH Kd-
JEPEBHEB, OTYACTH PEIIACT MPOOIEMy IeTpaalii IPOU3BOIUTEIEHOCTH.

JlpyruM HEZOCTATKOM METO/A SIBIISIETCS CIIOKHOCTH BBIOOpA MapaMeTPOB, TAKUX KaK
paauyc MONCKAa COCEHNX BEPIIMH U MPEACTHHOE KOJMIECTBO HHIMACHTHBIX pedep.
JlaHHBIE TapaMeTpPhI CYyNIECTBEHHO BIMSIOT HA KAYE€CTBO MApLIPYTHOH CETH M 4acTo
TpeOyIOT TOHKOW HACTPOHKHU C YIETOM CIICHU(DHUKH PUKIATHON 3a1a9H.

7.1 Visibility PRM
OmHrM W3 CrOcOOOB YMEHBIICHHS YHCIA BEPUIMH B Tpade SBISACTCS METOX
HOCTPOCHHS PAaHIOMH3HMPOBAHHBIX MAapIIPYTHBIX CeTed Ha OCHOBe obnacTeit
BUOMMOCTH [79]. [laHHBII MeTOX MO3BOJIET UCKIIOYHMTH U3 aHANU3a M30BITOYHBIC
TOYKH, MPHUHAUIEKAIINE OOIIUPHBIM 00JIACTSAM JOIYCTUMBIX KOH(UTYypauui, npu
3TOM BbIJICIINB KIIFOYCBBIC TOYKH, CYIIECTBCHHBLIC AJIsL HaBUTranuu B
TPYAHOIIPEOJOIMMBIX 30HAX.

Hdns osroro B xome (OpPMUpOBaHHMS MapUIPYTHOW CETH BEpIIMHBI CETH
kinaccudumpyrores kak guard (ctpax) u connector (38eHo). CiyuaiiHO BEIOpaHHAs
TOYKa OTHOCHUTCA K IICPBOMY KJIACCY, €CJINM HE CYHICCTBYCT BEPUINHEI, MMOMEYEeHHOM
kak guard u yexarieit B ee obnactu BUAMMOCTH. Touka KiaccuUUUpPYETCs Kak
connector, eciiM OHa IONaJaeT B 00JacTh BHIMMOCTH, IO MEHbLIEH Mepe, ABYX
BepimH guard. M HakoHel, eciiM TOYKy HE yJIalloCh OTHECTH HH K OJJHOMY U3 JBYX
KJIaCCOB, OHA BOBCE HE BKIIIOYACTCSI B MAPIIPYTHYIO CeTh. TeM caMbIM JOCTHIaeTCs
CYILECTBEHHOE COKpaIeHHEe pa3Mepa MapIIpyTHON CETH.

K HemocTaTkaM MeToza ClieyeT OTHECTH TOT (haKT, YTO MMOJOKEHHUE OIIOPHBIX TOUYEK
Kiacca guard GopMupyeTcs Ha OCHOBE Cily4ailHOro BeiOopa. [losTomy oGmactu
JOIMYCTUMBIX ~ KOHQHIypamuii MOryT OBITH TOCTPOSGHBI W  paclpeleleHbl
HEONTHMAaJbHBIM 00pa3oM, YTO MOXKET HEraTHBHO CKa3aTbCsl Ha 3((EKTHBHOCTH
HOKMCKa MapIIPYTOB B ONPEICIICHHbIX 30HAX.

7.2 Vertex Enhancement

it uneHTHdUKaMu  ¢1ab0  CBSA3HBIX 30H MPOCTPAHCTBA  JOMYCTUMBIX
KOH(HUTypanuii ¥ AeTaTu3aliy MapIIPyTHOH CETH B HUX B OCHOBHYIO CXEMY METO/1a
4acTo A00ABISIOT HPOLEAYPY MTOCT-00PAOOTKH NPUCOCIMHIEMBIX K CETH BEPIIHH H
pebep. B pabote [42] asst 9THX 1eJIeil npeiaraeTcs UCIob30BaTh HHPOPMAIIHIO O
HEYJAaYHBIX TOMBITKAX MPUCOCIMHCHUS BEPIIIH, HAKAIUTMBAEMYO HEIIOCPEACTBEHHO
B IPOIIECCE MOCTPOCHUS CETH.

Bec BepmmHBI v MapmIpyTHOW CETH PACCUUTHIBACTCS HAa OCHOBE CTATUCTHKH

o n
HCIIBITAHUM S(V) = ﬁ, rae ng; — 06mee YHCJIO IOIBITOK MPUCOCINHCHUA TOYEK K
t

V, a Ny — KOJIMYECTBO HEYNABUIMXCS MOMBITOK. Takum oOpasom, 3Hauenue s(v)
OTpaxkaeT yCIOBHYIO CJIIOXHOCTb CLIEHBI B OKPECTHOCTH V. PacrpocTpansis JaHHYIO
OIICHKY Ha MHOXXECTBO BCEX BEPIIMH CETH I/, MOXHO ONpEeAeIHNTh (YHKIHIO
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v s(v
pacupe€aciacHusa BEPOATHOCTEU HCYCHECIOHBIX IIOIBITOK KakK P(U) = Z(—s)(v) n ec
vEV

HCIOJIB30BaTh I r€HEpalu JONMOJHUTCIIBHBIX TOYCK B HpO6J'IeMHI)IX 30Hax.

7.3 Obstacle-based PRM

B psine ciydaes, HanpuMep, MPU HAJTHYUKM Y3KHX MEPEXOH0B MEKIY OOUIMPHBIMH
00IacTAMHU JOMYCTUMBIX KOHQUIYpaluii, MPeCTaBIseTCs PasyMHBIM BHIOHPAThH
TOYKH MPEMMYILECTBEHHO BJIOJb TPAHUIl MPEIATCTBHHA W, TEM CaMbIM, CHUKATh
o0lIee KOJNIMYECTBO MCIBITAHWE W pasMep ceTd. CymiecTByeT psi MoAupHUKaIrui
METO/Ia MOCTPOEHHST BEPOSATHOCTHBIX MApIIPYTHBIX CETEH, PEaTM3yIOMNX TaHHBINA
TIPHHIIHIL.

B mertone Obstacle-based PRM, ommcanHom B pa6orax [80,81], mis stux neneit
npeaiaraeTess MOAUPUIMPOBATL GA30BBIA AITOPUTM COMILIUPOBAHUS CIEAYIOLIMM
obpazom. Ha kaxmom miare BBIOMpacTCS TOYKA Cpgng C PABHOMEPHBIM
pacrpezieliecHHeM B TPpaHHIAX KOH(PUTYPAIMOHHOTO TPOCTpaHcTBa. Eciu Halimena
HEOMYCTUMAsl  KOHQUIYpauus Crgng & Crree, TO  HPOBOMMTCSA — HEKOTOPOE
KOJIMYECTBO TOMBITOK OOHAPYKUTH B €€ OKPECTHOCTHU JOMYCTUMYIO KOHPHUIYPALIUIO
" € Cfree. Ha wnTepBane mpsamoii (Crqng, C') MINETCA HOBAS TOYKA Cpey € Crpee,
KOTOpast JIEXHUT KaK MOKHO OJIMKE K IPaHUIE NPEnsTCTBUs. UTOOHI HAMTH TaKyro
TOYKY, MOYKHO UCIIOJIL30BaTh aJrOPUTMBI pa30MEHHst HHTEPBAIA TIOMOJIaM, 30J0TOTO
CeUYeHUs WK KBaJPaTHYHOW HHTEPTIOJAIIAH.

ITo3xe Obuta mnpemnoxkena wmomuduranus meroqa UOBPRM, ocHoBanHas Ha
UCTIONIB30BAHWN  OTPAHMYMBAIOIIMX — [APAJUIEIENUIEI0OB O0BEKTOB CLEHBI U
MIO3BOJIAIOIIAS TTOyYaTh OECKOH(IMKTHBIE TOYKH C PABHOMEPHBIM pacIipeielieHHeM
BII0JIb TPAHMIL IpernsTcTBUil [82].

7.4 Bridge-test sampling

AHAJIOTUYHBIH TPUHIKI IIPUMEHSETCSI B 9BPUCTHIECKON CTPATETHH COMIUIUPOBAHHS
y3kux mpoxonoB (Bridge-test Sampling) [83]. [dannas cTparterus ocHOBaHa Ha
HPEATONOKEHAH O TOM, YTO €CIH Ul CIy4allHO BBIOpaHHOM TOYKU C € Cgpy
CYIECTBYET OTPE30K MPOXojsiieil yepe3 Hee mpsamoit s(t) € C Takol, uro ¢ =
s(to), ¢ =5(t1) € Cpree 1 " =5(t;) € Cppee Tpu to <ty <tp, To Touka C'
[PEIIONOKUTEIBHO HAXOAUTCS BHYTPH Y3KOIO MPOX0/a U JA0DKHA ObITh BKIIIOUEHA
B MAapLIPYyTHYIO CETh.

CTOUT OTMETHUTH, YTO JIAHHAS CTPATErus, KaK IPAaBHJIO, OTCEKAET OOJIBIIYIO 4acTh
CIIy4aiiHO CreHEePUPOBAHHBIX KOH(UTypanuii. OHAKO BHIYMCIMTENLHbIE 3aTPATHI Ha
Olpe/IeNIeHUE AOIYCTHMOCTH OTAEIbHBIX U30BITOUHBIX KOHPUIYPAIUii CYILECTBEHHO
HIDKE, YeM Ha TIOCTPOCHHE U aHATH3 GECKOHMIMKTHBIX IIEPEX0I0B MEXKIY HIMH.

7.5 Gaussian PRM

Jpyrue moandukanuu 6a30BOro aropuTMa UCIolb3yloT ['ayccoBo pacnpeaencHue
U1t QOpMHUPOBAHUS BEIOOPOK € OOMBIIEH TUIOTHOCTEIO BOJIM3W TPAHUIL MPETSTCTBHI
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[84]. ITo aHanoruu ¢ GopMyJI0if pa3MbITHSI, IPUMEHSIEMON B AIrOpUTMaxX 00pabOTKU
n300pakeHni, HOpMalbHOE pacmpezeieHne [aycca B KOHPHUTYpalHOHHOM

1 _
npocrpadctBe C onpenensercs kak @(c,0) = ——e 202, tne c€C, n —

V2ma?

Pa3MepHOCTb IPOCTPAHCTBA, & 0 — CPEAHEKBAAPATHYECKOE OTKIIOHCHHE.
DYHKIHUSE Pa3MbITHS OIPEEIISETCS CIEAYIOIINM 00pa3oM:
F(¢,0) = [ 0bS() p(c ~ y,0)dy. 1ae Obs(a) = fo ¢ & 77

’ ‘free
st TOro, 4to6bl HMCKIIOYUTH HEIOIyCTUMbIE KOH(QUIYPAIUH, pAacIlpeeieHne
samaercs kak g(c,0) = max(0, f(c,0) — Obs(c)). Tem cambim, Gynkius g(c, o)
npuHUMaeT 3HayeHue O JUIsS BCEX HENOIYCTHMBIX KOHMDHUIYpalMil U TOKIECTBEHHA
Obyukuuu f(c) wis gomyctumbix. [Tapametp ¢ onpesenser GIu30CTh TeHEPUPYEMBIX
KOH(UTYpALHil K PAHULIAM [PENSTCTBHHA.
AITOpUTM MOCTPOEH TAKUM 00pa3oM, YTO IEpBas TOYKA BHIOMUPAECTCS CIy4aiiHbIM
00pa3soM ¢ paBHOMEPHBIM pacmpelelieHHeM, a Kaxaas cleayiommas — ¢
pachnpejieJIeHUEM, COOTBETCTBYIOLINM MPHBEIECHHOMU BhIle GopmyIe.

7.6 Medial axis PRMs

ANbTepHATHBHBIM MPUHIUI (OPMUPOBAHUS BHIOOPOK 3aKIHOYAETCS B TOM, YTO
HPeNOYTEHHE OTAAETCS KOH(DUTYpaIUsaM PaBHOYIAICHHBIM OT MPEMSITCTBUI CICHBI
[85-87]. Oauu w©3 BO3MOXHBIX CIHOCOOOB €ro peaju3aliy 3aKII0YaeTcs B
Npe/IBapUTEIbHOM TIOCTPOCHUU CPEMHHON OCH B MPOCTPAHCTBE CILIEHBI, KOTOpas
UCIIONb3YETCS JIJIs TEHEPAIMU HOBBIX TOUECK.

7.7 Lazy-PRM

XapakTepHbIM HEJOCTATKOM BEPOSTHOCTHBIX MAapIIPYTHBIX CeTed sBIseTCS
M30BITOYHOCTD MX MPEICTABICHHUS, MOCKOIBKY Ha MPAKTHKE U1 NOCTPOCHHS MyTei
00BIYHO TpeOyeTcst Topa3zio MEHbIIee KOJMYECTBO BEPIIMH. JTO NMPHUBOJIHUT K TOMY,
YTO 3HAYMTEJbHAs YacTh BPEMEHH BBINOJIHEHUS aJIrOPUTMa pPAcXOlyeTcs Ha
BBIYHMCIIUTEJBHO  3aTPAaTHYIO OMNEpAlHUI0O  ONpPEICNCHUS  CTOJIKHOBEHHH  JUIs
KOH(UTypanunii, HECYIIECTBEHHBIX ISl MOCTPOeHUs1 MapuipyTa. s ycTpaHeHus
JAHHOTO HEIOCTaTKa ObLIM Mpemioxkensl Metonnl Fuzzy-PRM [88] u Lazy-PRM
[89,90] ¢ otmoxkeHHON TpOBepKOM Ha OECKOMIMKTHOCTH IMEPEXOIOB MEKITY
KOH(pHUTypanusIMu.

AJNTOPUTM MOUCKA TIYTH MOXET OBITh IIPEACTABICH CICAYIOIUM 00pa3oM (JIMCTHHT
2). BHayane cTpOMTCsI MapIIpyTHas CETh alTOPUTMOM, aHanorudHbiM PRM, ¢ tem
UCKIIIOYEHHEM, 4YTO pebpa He BepU(HUUUPYIOTCS JIOKAJbHBIM IJIAHUPOBIIMKOM
(crpoka 1). lanee npeAnpruHUMAETCS MOMBITKA HOCTPOUTD IYTh B ceTH (CTpoka 5). B
npoliecce MOCTPOCHUS pedpa MpPOBepsIOTCs HAa OeCKOH(IUKTHOCTD (cTpoku 7-11), a
KOH(IMKTHBIC peOpa yIaIsIoTCs U3 MPEACTABICHUS MapIupyTHOi cetr (cTpoka 10).
B cnydae, ecnm He yaanoch IOCTPOHMTH JOCTOBEPHBIH MapIIPYT, COCAMHSIOLIMHA
HayallbHYI0 ¥ KOHEYHYI0 KOH(HUIypanuu, paspelieHue MapIIpyTHOH CceTH
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YBEJINYUBACTCS IIyTEM IOIOJHUTENBHOH TI'eHepaluu TOYeK B cnado CBS3HBIX
00IacTsX JOMYCTUMBIX KOH(GHUTyparmii (ctpoka 13).

LaZyPRM (Cinitvcgoavistepsstamples)

1-G(V' E) < PRM(Nsamples)

2.success « false

3.step « 0

4.while ( (step < Kspeps) & (success = false) )
5. p(V',E") « FindShortestPath(G, Cinit, Cgoar)

6.if(p# @)

7. success « true

8. foreache € p.E’

9. ’f(e ¢ Cfree)
10. G.E = G.E\e
11. success « false
12. else
13. VertexEnhancement( G, Nsampies )

14. step = step < 1

Jlucmune 2. Aneopumm noucka nymu Ha 0CHO8e 8epOSMHOCIHOU MAPWIPYMHOU Cemu ¢
OMILOJICEHHOU NPOBEPKOU HA OECKOHPIUKMHOCTb

Algorithm 2. Probabilistic roadmap algorithm with lazy collision checking

7.8 Dynamic PRM

BepOfITHOCTHLIe MapmpyTHBIC CeTHu IIO3BOJIAIOT 3HAYUTCIBHO IIOBBICUTH
3 dHeKTHBHOCTh MOWCKAa MyTH B CIy4ae MOBTOPHBIX 3ampoCOB, ITOCKOJBKY
BBIYKCIIUTEIbHbBIE 3aTPaThl HA MMPEIBAPUTEIbHBIN aHAIN3 CLUCHBI U (OPMHUPOBAHHE
HCXOIHOM MapuIpyTHO# ceTH yke ocyiecTsieHbl. OIHAKO JAHHOE yTBEPIKICHHE
CIIPaBEJIMBO HUCKJIIOYUTENBHO UL CTATHYECKHX CLHEH. B ciydae OUHAMHKH
UCIIONIB30BAHHE METOJA 3aTPYyIHUTENBHO, IIOCKOJBKY pa3sBOpauyMBaHHE HOBOIL
MapLIpyTHOH CEeTH NPH KaXIOM H3MCHEHHH B CIIEHE MNpPEACTABIACTCS KpaiiHe
HeapdekTuBHbM. CymiecTByeT psaia  MoaM(HKALMI MeTona, MO3BOJSFOLINX
MepecTpanBaTh MapIIpyTHYIO CETh Gojiee parroHaITbHEIM 06paszom [91-93].

8. OHnaliH nnaHupoeaHue. [Jepeebsi Noucka

8.1 Hutb ApnagHbl

OjfHUM W3 H3BECTHBIX COMIUIMHI-METO/OB IUIAHMPOBAHUS JIBHXKEHHS Ha OCHOBE
JIEpEBBEB MOUCKA sBIsieTcs anroput™ “Hurte Apuanusr” [94,95]. Anroput™ cTpouT
MapIIPYTHYIO CETh TAKUM 00pa3oM, 4TOObI HA K&XKJOM IIare MOKPHITh KaK MOXHO
0OJBIIYI0 HOBYIO O0JIACTh KOH(HUTYPAIMOHHOTO IPOCTPAHCTBA, HE IOMJICIKAIIYIO
aHaM3y Ha MPEIbIAYIINX [IaraX. B 3aBHCUMOCTH OT YCHEIIHOCTH PACIIPOCTPAHCHUS
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AITOPUTM MEPEKIIOYAETCd B OJUH M3 JBYX BO3MOMKHBIX PEKHMOB: PEXHM ITOHCKA
WM PEXXHUM aHaIU3a.

B pexxume aHamm3a oCyIecTBISIETCS] paHIOMHU3HPOBAHHBIA BEIOOP OMOPHBIX TOUEK,
WIIH “OpUEHTHPOB”, MAKCIMAaIBHO yIAIIEHHBIX OT BEPIINH pa3BOpadrBaeMoii ceTu. B
peKMME  TOMCKa  NPEANPUHHMAETCA  MOMNBITKA  IPUCOCOWHUTH  LENEBYIO
KOH(UTypanuio K OHOMY M3 OPHEHTHPOB, HAHICHHBIX B P&)KUME aHAIN3a.
KiroueBbim MPHUHIUIIOM anropuTMa ABIISAETCS nepepacIpeaeseHle
BBIUUCIIUTENBHBIX ~ PECYPCOB HA  aHAIM3 IPOCTPAHCTBA  CLHEHBI  BMECTO
HCKITIOYNTEIBHOTO MPOJBIDKCHUS K II€I€BOM KOH(QUTypanmuu. OTO MO3BOJSET
MOBBICUTB 3((PEKTUBHOCTh MAapUIPYTH3aLMH B CIOKHBIX CLEHAX 3a CUET CHU)KEHHMS
ponu “¥KagHOI” 3BPUCTHKH B MOMCKE MyTH U ero riobanusanuu. [IpumedarensbHo,
YTO JAHHBIA NMPHHLUI MOJIYYHI CBOE Pa3BUTHE U B JIPYTHX AITOpPUTMaX JaHHOTO
CEMENCTBA.

B xadecTBe HemoCTaTKa aNropuTMa CleAyeT yKa3aTh BBICOKYIO BBIYHCIUTEIBHYIO
CJIOYKHOCTh COIYTCTBYIOLIEH ONTHMHU3AIIMOHHON 33/1a4i BHIOOpA HOBOM BEPIIMHBI B
pexuMe aHanusa. [ npeogoneHus 3Tol MPoOIeMbl IpeIarajloch UCIOIb30BaTh
reHeTHYecKue anroputmbl [95], HO 1eTeco00pa3sHOCTh WX MPUMEHEHHS B TaHHOM
ciydae BpSAJ JIM MOKHO CUMTATh OINpPABJAaHHOM BBHJY HEOOXOAMMOCTH HACTPOHKU
MHOXXECTBA MapaMeTpoB, CIEHU(GUYHBIX JUIS KaXIOW NPUKIAZHOW 3aJadd
IaHupoBaHus aBrkenus [19].

8.2 Random-Walk Planner

IMpocroii B peanus3alui U B TO XK€ BPEeMsl AOCTATOYHO 3()(HEKTHBHBINA airopuT™M
noucka mytd Random-Walk Planner omucan B pa6ore [96]. IlpencraBieHHbIit
QITOPUTM MOCTPOSH HCKIIOYUTEIRHO HA PAHIOMHU3HPOBAHHBIX IEPEMCLICHUSX B
KOH(UTypaOHHOM MMPOCTPAHCTBE, HE UCHIOJIb3YsI HUKAKOH MapUIPyTHON CETH.
Hanpasrnenne IBWXCHHsS W JUIMHA Iara ONPENENSIOTCS HAa KaXIOW HTepalud
CIIy4ailHbIM 06pa30M Ha OCHOBE HOPMAIIBHOTO rayccoBa pacrpenenctus. [Ipu stom
MaTpuLa KoBapHauuu GOPMHUPYETCsl Ha OCHOBE (PUKCHPOBAHHOTO YHCIIa TTOCIEAHUX
ucnbiTaHuil.  Takum ~ oOpasoMm, — mapaMeTpbl,  ONPEACNAIONIME  CIOco0
pacnpocTpaHeHus, alanTHBHO HACTPauBAKOTCA B X0/1€ padoThl anroputma. [Ipu sTom
Jo0aBICHHE B IyTh KaX/I0{ HOBOM BEPINHHBI BBIMOIHICTCS 38 KOHCTAHTHOE BPEMS B
OTJIMYHE OT METOIOB Ha OCHOBE MApIIPYTHBIX CETE.

OCHOBHYIO TIPO0JIEeMy JUisl ONMHCAHHOTO aJrOPUTMA COCTABIISIIOT CLEHBI C Y3KUMH
OpOXOJaMi W JUTHHHBIMH Kopuaopamu. JImsi ee MPEopONeHHs MpPEeTOKeH
rHOPHIHBIA BapuaHT, 00beauusromuii 6a308siil anmroputm Random-walk Planner u
PaHIOMH3HPOBAaHHBIN METO/] TOTEHIMAIBHBIX TToJei [97].

8.3 Expansive-Spaces Tree Planner

[InanmpoBmmk Ha ocHoBe EST-mepeBbeB (Expansive-Spaces Tree planner),
omucaHHbI B paborax [43,98,99], peanu3yeT HEKOTOpbIC MPUHLMIIBI METOJOB
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BEPOSITHOCTHBIX MAapIIPYTHBIX CETEH NMPUMEHHUTEIBHO K Pa3pEeIICHUI0 OANHOYHBIX
3aIpOCOB MTONCKA ITyTH.

Crparerusi cOMIUTHPOBaHHUSA B JAHHOM METOJE IOCTPOEHA TAKMM O0pa3oM, YTOOBI
NpPEANOYTEHHE OTAABaJOCh OOJACTSIM KOH(UTYpalMOHHOTO IIPOCTPAHCTBA C
HaUMEHbIIEH IUIOTHOCTBIO MOKPBITHS MapLIPYTHOW ceTblo. [lyig 3TOro BBOAMTCS
MOHATHE Beca KOH(UIYpalllH, KOTOPBIA ONpENesieTCs] KOJMYECTBOM BEPIIUH
MapIIpyTHOM CETH, JIekKAIUX B HEKOTOPOM OKPECTHOCTH paauyca R OT JaHHOM
toukn: w(c,R) = |{v € V|Dist(c,v) < R}|. Ha kaxmoil wurepanuu ajiropurma
BBIOMpAETCs BEPIIMHA JIepeBa C BEPOSTHOCTHIO 00PAaTHO IIPONOPLMOHAIILHOM ee Becy.
Janee B 3amaHHOM panuyce reHepupyercss K ciaydailHBIX OeCKOH(IUKTHBIX
KOH(UTypanuii ¥ NpeANPUHIMAETCS MONBITKA X BKIIOUCHUS B MApUIPYTHYIO CETh
(mucrusr 3).

B pa6ote [98] uznoxeH crmocod MOBBIMICHHS MPOU3BOIUTEIBHOCTH ANTOPHTMA 32
CYET IBYHAIpaBJIEHHOr0 orcka Ha ocHOBe EST nepeBbeB ¢ OTI0KEHHOM NPOBEPKOH
Ha OeckoH(IUKTHOCTH KoHpurypamun (Single Query, Bidirectional Lazy Collision
Checking).

K HemocraTkam paccMOTPEHHOTO alNropUTMa MOXKHO OTHECTH TO, YTO yCIIEX IOMCKa
CHJIPHO 3aBHCHT OT 3HaYCHMI KOHCTAHTHBIX mapamerpoB R u K, KOTOphIe cieayer
BBIOMPATH C YIETOM OCOOEHHOCTEH perraeMoi MpUKIaJHON 3a1atuH.

EST (Cinit, NstepsxKa R)

1LT(WV,E) « ({Cinit} @)

2.step < 0

3.while (step < Ngteps)

4. v « PickNodeWithProbability (T, ;)
w(v,R)

5. U « GenerateStates(K,{c € Cgyee|Dist(c,v) < R}}
6. for eachu € U

7. if ( RetainWithProbability (W (;R)))
8. if(e(u’ U) € Cfree)
9. T.V<TVUu
10. T.E«<T.EUe(v,u)

11. step « step+1

Jlucmune 3. Aneopumm nocmpoenus EST depesa

Algorithm 3. EST tree construction algorithm

8.4 Rapidly Exploring Random Trees

AJTOpUTM Ha OCHOBE OBICTPO pacTyInuXx ciaydailHbix aepeBbeB (Rapidly Exploring
Random Tree) Obur u3HayaubHO pa3paboTaH Ui IUIAHMPOBAHUS IBMIXKEHUS
HETOJIOHOMHBIX MEXAaHHYECKUX CHCTEM B PeXHUME peansHoro Bpemenu [44,50]. Ilo
CPaBHEHHUIO C IPYTUMH U3BECTHBIMU COMILTHHT-METOIaMH, YPPEKTUBHOCTH KOTOPBIX
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3aBHCHUT OT OOJIBILIOTO KOJINYECTBA HACTPAHBAEMBIX BXOIHBIX IIAPaMETPOB, aJITOPUTM
RRT sBnsercs nambonee yHHBEPCATHHBIM CPEICTBOM DPEIICHHUS IMTUPOKOTO KPyra
337124 IUTAHUPOBAHUS JIBIDKCHHUS.

JlaHHBI ~QJITOPUTM HCHONB3YyeT B KAueCTBE IHUCKPETHOTO IPEACTABICHHS
KOH(QUI'YPallMOHHOTO TIPOCTPAHCTBA JEPEBO, KOPEHb KOTOPOTO COOTBETCTBYET
HCXO/THOMY TOJIOXEHUIO0 00BeKkTa. JlepeBo mocTpamBaeTcsl TaKuM 00pa3oM, YTOOBI
paspelIeHre oy4aeMOi MapIIpyTHON CETH YBEIMYHBAIOCH Ha BCEM IIPOCTPAHCTBE
JOMyCcTUMbIX KoH(urypauuii (puc. 11). Takum obpaszom, RRT nmepeBbst 06mamaroT
CBOMCTBAMH, BO MHOTOM CXOXHMH C KPHUBBIMH, 3alOJHSIOIIUMH IPOCTPAHCTBO
(Space-Filling Curves) [100].

@) (b)

Puc. 11. [Ipumep nocmpoenus depesa noucka areopummom RRT
( (a) 1000 umepayuii, (b)20000 umepayuii )
Fig. 11. An example of search tree construction by RRT algorithm

( (a) 1000 iterations, (b)20000 iterations )

Paccmotpum anroputm pacnpoctpanenus RRT mepeBa (rucmune 4). Ha xaxmoit
HTEPAIIH BRIOMPAETCS CITydaiiHast TOUKa Cpapng € C. Janee uimercst Orokaiimas K Heit
BEpILKHA JEPEBA Cpegr € T. OTpe3ok OpsiMOit P’ = [Chears Crana] TPOBEPsCTCS Ha
KoH(IMKTHOCTE. B  mpomecce TpoBepkH — ompenessieTcss TOYKa  Cpgy =
{Crand' p, € Cfree

Cstopr P’ ¢ Cfree
TaKasd, 9T0 [Cpeqrs Cstop] € P’ N Crree U ||cstop, Cops NP'|| < &, a € — norpemmocts
onpeneneHust KOHPIUKTOB (puc. 12). Touka Cppyy ¥ PEOPO [Cpears Crew | BRITIOYAIOTCS
B MapUIPyTHYIO CETh MPH YCIOBHUU Cpew F Crand-

, TIE Cstop — OECKOH(IMKTHAS KOH(PUTYPAIHS HA JAHHOM OTPE3KE
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Pucynox 12. Bxuouenue nosotl kongpueypayuu 8 depe6o noucka aneopummom RRT

Fig. 12. Construction of new tree vertex by RRT algorithm

BaxxHO OTMETHTB, UTO aNTOPUTM PACIPOCTPAHEHUs MOCTPOEH TaKUM 00pa3zoM, UTO
BEPOSATHOCTH BBIOOpa KaXKI0I BEPIIUHEI [IepeBa MPOIOPIOHATFHA 00BeMY pernoHa
BOPOHOTO, KOTOPOMY OHa MpPHUHAMICKUT. JlaHHAS OCOOCHHOCTh alropuTMa
00ycIaBIUBaeT BEICOKYIO CKOPOCTP “pa3pacTaHus’ JepeBa B IPOCTPAHCTBE.

RRT (Cinitr Cgoal: Nstepstextendr P)

1T(V' E) < ({Cinit}: Q))

2.step < 0

3.success « false

4.while ( (step < Ngteps) & (success=false) )

5. if (step mod Neyteng # 0)

6. Crana < GenerateState()
7. else
8. Crand < Cgoal

9. cpear < NearestNeighbour(c,gna, T)
10. cpew < FindStoppingState(cpear Crand, P)

11. lf(cnew # Cnear )

12. T.V=T.V U Cpew
13. T.E =T.E U (Chearr Crew)
14. success « (Distance(cnew, Cgoal) < p)

15. step < step + 1
16.return success

Jlucmune 4. Aneopumm noucka nymu ¢ ucnoavsosanuem RRT Oepesa

Algorithm 4. Path planning using RRT algorithm

IMonck myTH ocCymiecTBIAETCS B PE3ynbTaTe MEPHOANYECKH IPEIIPHHUMAEMBIX
NOMNBITOK BKJIIOYUTH LIENEBYI0 KOH(UIypauuio B MapupyTHylo cerb. Crenyer
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OTMCTHUTh, YTO YaCTOC BBIIIOJHCHUC JTaHHOM ornepanuu IOBJICUECT 3a coboi
HEOTIpaBAaHHOEC 3aBBIIIEHUEC BBIYHUCIUTEIBHBIX 3aTpar, CBOMCTBEHHOE METOJIaM
JIOKQJIBHOT'O TNTAHUPOBAHUSA M, B YaCTHOCTH, METOAaM IMOTCHIIUAIBHBIX MTOJICH.

8.5 RRT-Connect

B kagectBe omHOrOo M3 CIMOCOOOB MOBBIMICHHS I(PPEKTHBHOCTH KIIACCHYECKOTO
Meroga RRT-nmepeBbeB OBLIO MPEUIOKEHO HCIIOIH30BATh IBYHANIPABICHHBIA ITOMICK
[50,101].

v v
@) (b)
Puc. 13. Ilpumep nocmpoenus depesves noucka ancopummom RRT-connect
((a) 250 umepayuii, (b)964 umepayuu)
Fig. 13. An example of search trees construction by RRT-connect algorithm
((a) 250 iterations, (b)964 iterations)

Jns popmupoBanus mapuipyTtHol cetd B anroputme RRT-connect (nmctunr 5.)
UCTIONb3YeTCs napa jepeBbeB Ty U T, KOPHIM KOTOPBIX COOTBETCTBYIOT HadasbHast
KOHQHUTYPALHs Cin;y U KOHEUHAS KOHPUIYPALHSA Cgoq; HCKOMOTO TyTH. Ha Kaxmom
mare  OJHO W3  JePEeBbEB  JIONOJHAETCS  HOBBIMH  OECKOH(IMKTHBIMH
koHpurypauusmu B cooTBercTBUM ¢ airoputMoM RRT. Opnako BMecTo
TNIEPUOIMYECKUX TIOTIBITOK BKJIIOYEHHUS Cgoq; BBITIONIHSETCS ONEPAIMs CPallMBaHUsA
nepeBbeB. IIpy KakJoM BKIIIOYCHWHM HOBOW BepIMHBI B T; NpeANpPUHHMAETCS
aHaJIOTMYHAs MOMBITKA BKIIOYUTh €€ U B T,.

[Ipu BBINOIHEHNH HEKOTOPOTO KOJIMYECTBA IIAroB JEPEBbS MEHSIOTCS POJISIMH, YTO
obecrieunBaeT uX OoJjiee COANAHCUPOBAHHBIM POCT. AJTOPUTM IOCTPOEH TaKUM
00pa3oM, 4TO MpPEANOYTEHHE OTAACTCS TOMY IIEpPEBY, PACIPOCTPAHEHHE KOTOPOTO
3aTPYAHEHO (HaIpuUMep, B CBSI3M C HAIMYUEM OOJIBIIOrO KOJIMYECTBA PSS TCTBUH B
ero obmacty). KommuecTBeHHBIM KpUTEpHUEM B JaHHOM CIIyd4ae MOXKET CIIyXKHTb
oO11Iee YnCITo BEPIIUH AepeBa WM CyMMapHas JTHHA pedep.
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RRTConnect (Cinitv Cgoal: Nstepsvp )

LTV, E) < ({Cinie}, D)

2-TZ (V' E) < ({Cgoal}' Q))

3.step <« 0

4.success « false

S.while ( (step < Ngteps) & (success=false) )

6. Crana < GenerateState()

7. Cpear < NearestNeighbour(c,qna,T1)

8. Cpew < FindStoppingState(Ccpear, Crand, P)
9' l:f‘(CnEW ¢ Cnear)

10. Tl' V= Tl' Vu Cnew

11. T1.E =T1.E U (Cnear Cnew)

12. Cnear < NearestNeighbour(cpew, T2)

13. Chew < FindStoppingState(cyear) Crew, P)

14. if ( Chew # Cnear )

15. Tz.V :TZ'VUC;‘;BW

16. T1.E =T1.E U (Chear) Chew)

17. success « (Distance(Chew, Crew) < p)
18.if (1T, > |Thl)

19. Swap(Ty, Ty )

20. step « step + 1
21.return success

Jlucmune 5. Aneopumm 08yHanpaeienHozo noucka nymu ¢ ucnonvzoganuem RRT doepesves
(RRT-connect)

Algorithm 5. Bidirectional version of RRT algorithm (RRT-connect)

CymiecTByeT psij padOT, NOCBSIIEHHBIX MPUMEHEHUI0 MHOTHX OBICTPO PacTyIIMX
JIepeBbEeB sl JoKanpHOro rianupoBanus [102—-104], ogHako BOmpoc 0 pa3yMHOM
KOMITPOMHUCCE MEX/Ty KOJIMYECTBOM pa3BOPaYMBAEMBbIX JICPEBbEB U 3aTpaTaMH Ha UX
pacrmpocTpaHeHHe ocTaeTcst OTKpbIThIM [19].

8.6 Execution Extended RRT

B pabGore [105] mpemmaraercst crnoco0 MOBBICHTE 3(P(PEKTUBHOCTH HCIIOJHEHUS
MHOXECTBCHHBIX 3allpOCOB IUIAHWUPOBAHUA JBWIKCHHUA 3a CUCT KIOIIHMPOBAHUA
6eckoHIIMKHBIX KOHpuTyparuid. Takum 00pa3om, KaXKAbIA MOCIETYIONINH 3a1Ipoc
IUVIAHUPOBAHUSI HCMONB3YeT OCCKOH(MIMKTHBIE IepexXOoAbl, OOHApYXKCHHBIC B
pesynbrarte paborsl RRT anroputma panee.

JlaHHas uzess XOpouIo COYETaeTCs C JIBYHANPABICHHBIM MOUCKOM. [IpeioxeHHbIit
anroput™ Multi-Bridge ERRT [106] 3aumcTByeT ocHOBHO# npunuun RRT-connect,
OJJHAKO MpOLEAypa pPAaCIpOCTPAaHCHHUS] JACPEBbEB MNPOJOIDKACTCS M IOCIE
cpaumBanus. BBuIy TOro, 4ro CTPYKTypa, MOJNydYeHHas B pe3yjbTate paboThl
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AJITOPUTMA YXK€ HeE SIBJSETCS JIEPEBOM, PE3YIbTHPYIOIIUMA MyTh MIIETCS B rpade ¢
MOMOIIIBIO anroputma A*.

8.7 Dynamic Domain RRT

Kak 6p110 0T™MedeHO, Ha kKaxmoil ureparmuu RRT anropurma BeposSTHOCTH BEIOOpa
BEPIIMHBI AePeBa NPsMO MPOIOPINOHAIbHA 00beMy perroHa BopoHoro, koTopomy
OHa MpUHAIICKUT. JlaHHBIA (QakT 00yCIaBINBAET BEICOKYIO CKOPOCTh Pa3pacTaHHs
JepeBa B KOH(QUIYpallMOHHOM mpocTpaHcTBe. OJHAKO PaclpOCTPaHEHHE MOKET
OBITH 3aTPYTHEHO B TEX CIIy4asX, KOT/Ja BHEIIHUE BEPIIHHBI JIepeBa pPacipeeeHbl
NPEUMYLIECTBEHHO BJIOJb I'PAHUI] NPEISITCTBUMN, a MTOKphIBaeMasi IepeBOM 0011acThb
KOH(UTypallMOHHOTO MPOCTPAaHCTBA OTHOCUTEIBEHO HEBEJIMKA.
B xauecTBe mpuMepa MOXHO MPHUBECTH CHTYallMIO, KOTJla HadajbHas TOYKa IYTH
HaxXOAMTCSI BHYTPU HEOOJIBLIONH KOMHATHI C €AMHCTBEHHBIM Y3KHUM IIPOXOJOM (pHC.
14 a, b). Ecmu HOBble KOHOUTYpalMd TEHEPUPYIOTCS C PaBHOMEPHBIM
pacrpe/ie/IeHIEeM BO BCEM IOCTYITHOM 00beMe, TO BEPOSITHOCTD ITONAJJaHUs CITydaifHO
BBIOPAHHOW TOYKH B 00JIACTh MPOX0a MOKET OBITh HUYTOKHO MaJa.
Jnst pemienus onucanHo# mpobiemsl B pabote [107] GbLT mpemmokeH alropuTm
Dynamic Domain RRT, quHaMH4YecKH OrpaHHIMBAIONINI 00IaCTh COMILTHPOBAHHUS
B xone (opmupoBanus aepesa. [ns RRT nepeBa, mocTpoeHHOro Ha MHOMECTBE
BepmiH V, BBOAWTCS MOHATHE MTUHaMU4Yeckoil obmactu O = U,ey Domain(v, R).
Kaxaprit (parmenT obJactu onpezensercs KakK Domain(v,R) =
{D(v) N Br(v), min(||v, Copsll) < €
D(v), min(||v, Copsll) > &
NPUHAJICKUT BepinHa v, a By (V) — map pamuyca R ¢ uentpom B v (puc. 14, c).

rne D(v) — peruon Boponoro, koTopomy

(b)

Puc. 14. Pecuonwi Boponoeo, nocmpoennsie na muodicecmeae sepuiur RRT Oepesa (a, b) u
OuHamuyeckas 0baacmey COMIAUPOBAHUSL (C).

Fig. 14. Voronoi regions associated with the nodes of tree constructed by RRT planner (a,
b) and dynamic sampling domain (c).

AJITOPUTM TOCTPOEH TAaKUM 00Opa3oM, YTO PACHPOCTPAHEHHE MapIUIPYTHOW CETH
OCYILIECTBIISIETCS 32 CYET KOH(DUTYpaLUii, NPUHALISKAIMX AMHAMUYECKOI 001acTH
O (muctuHr 6). B X01€ MOCTPOCHHMS IepeBa BEPIINHBI TOMEYAIOTCS KAK BHEITHUE HITH
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BHyTpeHHUE. BXiroueHWe CIlydaifHO BBIOPAHHOW TOYKH Cpgpng € C B J€epeBO
BBITIOJTHSACTCA UMb TPHU YCIOBHH, YTO ONMDKalImas K HeW BepIIMHA SBISIETCS
BHYTPCHHEH WM JIS)KUT OT Hee Ha PACcCTOSHUM, MeHbIIeM R. 3HaueHme paamyca R
PCKOMEHYETCs BBIOMPATh, MCXOJS W3 MaKCHMAJIBHO IOMYCTUMOHN MOTPEIIHOCTH
ompeneNeHus] KOH(IJIMKTOB, OMpPEeaeMOi, HApUMep, JTHHEHHON (yHKImMeH R =
A€, TIe A — MOJOXUTENBHBIN [[EIOYUCIICHHBIN KO PUIIUCHT.
DynamicDomainRRT (cini¢,Nsteps:R)
1T(V, E) < ({Cinit}r (Z))
2.step < 0
3.while (step < Ngteps)
. repeat
Crana < GenerateState(T.bounds)
Cnear < NearestNeighbour(cyqana, T)
. until ( Distance(Cpear) Crand) < Cnear-radius )
. Cnew < FindStoppingState(cphear Crand)
. lf(cnew i Cnear)
1 Cnew-radius « o
11. T.V=T.VUcpew
12, T.E =T.E VU (Chear Cnew)
13. else
14. Cnew-radius < R
15. UpdateBounds( T.bounds, cye, )
16. step = step « 1

OV~ U A

Jlucmune 6. [Tocmpoenue depesa ¢ arcopumme Dynamic-Domain-RRT

Algorithm 6. Construction of tree using Dynamic-Domain-RRT algorithm

8.8 lterative Diffuse Path Planner

IIpumenerne metoga RRT nepeBbeB BMecTe C Jiexarieil B ero OCHOBE ‘“KamgHOi”
IBPUCTUKONH MOXKET OBITh KpallHe HEeKeNlaTeIbHBIM Ul psla 3a7ad IIaHupOBaHMs
JBIKeHuUs. [[pUMepoM MOXKET CITy)KHUTh 3ajja4a aBTOMaTHYECKOH pa30opKu U3/IeIHi,
COCTOSIIIMX W3 MHOXECTBAa JeTajeil. JIBrokeHwe Jjeranu BOJIHM3UM HUCXOJHOMH
KOH(QUTypalny, Kak NpaBUIO, CHIHHO OIPAaHUYEHO, U BO3MOXKHO JIMIIb 33 CUET
MaJibIX oBopoToB. M Hao6opoT, B o0sacTy 1ie1eBoi KoHpUTrypayu, Haxoasmeics
Ha 3HAYUTEILHOM YAaJIEeHHH, NPENSTCTBUS BOBCE OTCYTCTBYIOT.
[IpuHIMO OTIIOKEHHOM MpPOBEpKH Ha OECKOH(IMKTHOCTE KOH(QUTYypaunuid B
COYETaHWH C JAWHAMUYECKH M3MEHSIEMOW IOTPEIIHOCTBIO JIEKHUT B OCHOBE
b y3MoHHOTO alropuTMa IUlaHupoBaHus apwkenus (lterative Diffuse Path
Planner) (siuctuHr 7). ATTOpUTM MO3BOJISET 3HAYMTEIILHO MOBBICUT 3 PEKTUBHOCTh
MOKCKA B TIOCTAHOBKAX, MOAOOHBIX MPHBEACHHON [45].
B naHHOM anroputMme HCIOJIB3yeTCs JIEC PacTyLIMX JepeBbeB. PacrpocrpaHeHue
OCYILIECTBIISICTCS. M3 IPOW3BOJILHOM BEPUIMHBI B HANpaBICHUH, ONpPEAEISIEMOM
CJly4alHBIM BEKTOPOM, C LIaroM, PaBHOMY TEKYILEMY 3HAYEHHUIO IOTPEIIHOCTH
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ompezeneHuss KOHPIUKTOB 0. [locie BKITFOUeHUS KaXKI0l HOBOW BEPIIUHEI B IEPEBO
TpEINPUHIMAETCA TIONBITKA €ro CIsHuA. Bepudukanus pebep Ha KOHQIUKTH B
IpoIiecce pacIpOCTPaHSHHS HE BHIIOTHIETCS.

3HaueHHE © WHUIUAIM3UPYETCS TOCTATOYHO OOJBIINM 3HAYCHHEM, HAIpUMEp,
PABHBIM PACCTOSHHIO MEKIY Cinjt H Cgoal, 1 MTEPALHOHHO YMEHBIIAETCS BIUIOTE [0
33/IaHHOTO MHUHHMMAJIBHO JOMYCTUMOro 3HaueHus. Ha kaxmoil wurepanuu
BBITIOJTHSACTCA TOWCK IYTH ONFCAaHHBIM BBIMIE CIOCOOOM C ITOCIEAYIOIIEH ero
Bepudukanueir. B ciydae, ecnu myTh Oka3zancs KOHQIUKTHBIM, U3 TPEACTaBICHUS
JIEpeBBEB HCKIIIOYAIOTCA Bce pedpa, He MpOIIEAIINe IPOBEPKY, a IMPOIEXypHI
pactpocTpaHEeHUs U TIONCKA ITyTH TIOBTOPSIOTCS.

DiffuseRRT (T(V,E), o)

1.Vqng < ChooseRandomNode(T.V)
2.Crana < ShootNearNode(Vyqnq)

3.Vpear & NearestNeighbour(cranq, T)
4.Chew < FindStoppingState (Vpear) Crand)

5.f (Cnew #* Vnear)

6. T.V «T.VUcCpew

1. T.E<TEU (Unearﬁ Cnew)
8. for each T* € G\T

9. LinkTrees(cpew, T")

IterativeDiffusionPathPlanner (cini¢,Coar € )

1.G(V,E) < 0

2.0 « Distance(Cinit) Cgoa1)

3.while (0 > ¢)

4. p(V',E") « Dif fuseRRT (Cinits Cgoair G, 0)

5.0<0/y

6. for each e € p.E’

7. lf(e ¢ Cfree)

8. G.E < G.E\e

9.p « Dif fuseRRT (Cinit, Cgoarr G)
10.return p

Jlucmune 7. Umepamuenulii Ou@y3uoHHbII Al20pumm nOUCKa nymu

Algorithm 7. Iterative diffuse path planning algorithm

9. Mouck onmumMarnbHbIx nymel c3MMIUH2-Memodamu

YnoBneTBopsisi TpeOOBaHHUAM BEPOSATHOCTHOHN YCIIEIIHOCTH, PACCMOTPEHHBIC BBIIIC
COMIUIMHI-METOJBl C YCIIEXOM IpPHUMEHSITCS K MPAaKTUYECKHM  3ajadyam
IUTAHUPOBAHUS ABIKEHUS, MIPEXKJIe Hepa3peluMbIM 3a ipuemneMoe BpeMst. OnHako
paHIOMM3UPOBaHHBIN xapakTep noucka, npucymuil PRM u RRT meronam, kpaiiHe
HEraTHUBHO BIHMSET HAa KauecTBO MoyyuaeMbIX pemeHuil. IlogpazymeBaeTcs, uTo B
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Ka4eCTBE KOJIMUECTBEHHBIX KPUTEPHEB Ka4eCTBA PELICHUH MOTYT BBICTYNATh UINHA
M TJAAKOCTh TPACKTOPHH, PACCTOSHHE MEXKIY MABWXKYIIUMCS OOBEKTOM H
MPEMATCTBUAMHE CIIEHBI, CTONMOCTb IIPEOI0TICHHS MPEISITCTBHMN, 3aTPaThl S3HEPTUHU H
T.IL

9.1 OchnaitH onTMMM3aums

OmvH #W3 TOIXOMOB K PEIICHUIO TAHHOW MpPOOIEeMBI COCTOMT B IIOCT-00paboTke
HalIeHHBIX OeCKOH(IIMKTHHIX ITyTel, OCHOBAHHOHW Ha MX UTEPAI[MOHHOHN JIOKAIFHON
ONTHMU3ALINH.

JIOBOIBHO TPOCTBIM W HOMYJSAPHBIM  SIBISETCA WUTCPALMOHHBI  alITOPHTM
yKkopaunBaHus ImyTd [2]. Ha kaxmoM Imare anroputma BeIOMpaeTcs Hapa TOYEK,
Jexamux Ha mytu. [lepBas Touka BbIOMpaeTcs Cly4ailHO, a BTOpasi — B HEKOTOPOM
panuyce ot Hee. [IpuyeM TOukH He 00sI3aHBI COBNAAATh C BEpIIMHAMHU MyTH. [lanee
TOYKH COEIMHSIOTCS OTPE3KOM MpsSMOH B KOH(UIYpaliOHHOM IPOCTPAHCTBE, a
OTPE30K TMpoBepsieTcsi Ha OCECKOH(JIMKTHOCTb WIIHM, JAPYTMMH CIIOBaMH, Ha
MPUHAJIEKHOCTD IIPOCTPAHCTBY JOIYCTUMBIX KOHpUrypanuii. B ciyyae ycnexa Bce
TOYKH, JICKAIIUC MCKIY BI)I6paHHI>IMI/I Ha HCXOJHOM IIYTH, BLIGpaCI)IBaIOTC}I, a
OTPE30K BKITFOUAETCS B MIPEACTABICHUE ITyTH.

B pesynbrare nocT-o0paboTKH, Kak MPaBHiIO, NOIYyYaeTCsl CEMEHCTBO TOMOTOITHBIX
HyTEﬁ ", CJICIO0BATCIBbHO, ONTHUMAJIbHOC PEHICHUE MOXKCT OBITh HCOOCTHXKHUMO.
ANBTEepHATHUBHBIA CHOCOO ONTHMH3AaLMM IIYyTH COCTOMT B THOPHIM3ALUM WIH

06LG,HI/IHCHI/II/I Y4aCTKOB U3 HECKOJIbKUX PAHCC HaﬁﬂeHHbIX 6€CKOH(1)J'II/IKTHLIX HyTeﬁ
[108].

9.2 OHnanH onTUMn3auumsa

Hecmotpst Ha TO, uro RRT 1 PRM MeToasl He yUUTHIBAIOT XapakTep MepexoioB
MEXAYy KOH(DUIYypalMsSMH, YIYy4YIIUTh HOJy4aeMble PEIICHHS BO3MOXHO IyTeM
Mo upUKary 6a30BbIX aNrOpUTMOB. ONTUMH3ALMS MOXKET OCYIIECTBIIATHCS KaK 3a
CUeT M3MEHEHHs CIocoO0B pacmpoctpanenus B mpoctpanctse [109,110], Tak u 3a
CYeT W3MEHEHHS TPaBWJ BKIIOUYEHUS OeCKOH(IMKTHBIX KOH(HUTypanuid B
MapupyTHYy0 ceTb [3].

9.3 Heuristic RRT

Heckoipko HHO# crocob MOBBICHTh KaYeCTBO MyTeil mpemioxkeH B padore [109]. B
amroputve hRRT  (Heuristic  RRT) BBoauTcs [OTIOMHUTENBHAS 9SBPHUCTHKA,
KOppeKTHpyrommas (yHKIUIO pacrpeieseHuss BEPOSITHOCTEH NpH BbIOOpE HOBBIX
KOHQUTYpanuii TakuM 00pa3oMm, dYTOOBI OTAAaBaTh TPEATNIOYTCHHE IIYTAM
HauMeHblIell cronmocTH. BeposTHOCTh BBIOOpa KOHGHIYpanUH OIPEREIIeTCS
nByms (pakTopamu. Bo-mepBhIX, kak ¥ B 6a3oBoM anroputMme RRT, oHa 3aBUCHT OT
o0beMa pernoHa BopoHOro, KOTOpOMy OHa HPHHAIUICKUT. A BO-BTOPBIX, OHa
orpeziessieTcsl MPEeAIoIaraeMoll CTOMMOCTBIO MYTH, IPOXOJSIIEro 4yepe3 JaHHYIO
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KoH(purypamuto. JIag 5TOro BBOAMTCA CIEIyIOMas OLEHKA: Mgyqity = 1 —
7@;:;3:2:;:’ TJIE Cpertex — CYMMapHasi CTOMMOCTb IyTH U3 HAYaIbHON KOHQHUTypamn
B JIAHHYIO BEPIIMHY M M3 JaHHOW BEPUIMHBI O LEJIEBOH KOHQUIYPALHUH, Copy —
npenroaaraeMas CTOMMOCTh ONTHMAJIBbHOTO ITyTH M3 HayajbHOH KOH(Urypanuu B
LEJIEBYIO, A Cppq, — MAKCUMAJIBHASL CTOMMOCTD ITYTH 10 JIF000I BEpLIMHEI JepeBa Ha
TekymeM Imare. TakuM oOpa3oM, YHCIUTENb MPEACTABIACT COOOH OLEHKY
OTKJIOHGHHUs. OT HPEIIoIaraeMoro ONTHMAajJbHOTO IYTH, a 3HAMEHATENb CIIYXKHUT
MacmTabupyromuM Ko3(hGUIEeHTOM i1 HOPMHPOBAaHUS pe3ynbTara. JlaHHAs
OLICHKA HUCIIONB3YETCS MPY COMILTMPOBAHUY KOH(DUTYPALIMOHHOTO MPOCTpancTBa. Ha
kaxaoM mare RRT anropurma ciydyailHBIM 00pa3oM BBIOMpPAETCS HECKOJBKO
KOH(HUTrypanuid, OAHAKO B JCPEBO BKIIOYACTCS KOHQGUTYpaIlUs C HauMEHbIICH
CTOMMOCTBIO IIYTH.

9.4 Transition-based RRT

OBpucTHKa, npuMeHseMas B anmroputme hRRT, 3actaBiser mpopacTaTh AepeBO K
1eJIeBON KOH(HTYpaluH, 4acTO MTHOPHUPYS NPU 3TOM Ooliee ONTHMAlbHBIC MYTH.
Meron T-RRT (Transition-base RRT) Gomblile moaxoaut sl IUIAHUPOBAHUS
JBIDKCHUSI B CJIOKHBIX CTOMMOCTHBIX mpoctpanctBax [110]. Jlias BwiOOpa
KOH(UTYpaIHii HANMEHBIICH CTONMOCTH B JAHHOM METO/IE UCTIOIB3YETCS aJrOPUTM
umutarmd  omkura (Simulated Annealing). PemreHne 0 BKIIOYEHHH HOBOM
KOH(QUTYpAIiK B JEPEBO MPUHUMACTCS C YYETOM €€ CTOUMOCTH OTHOCHTENBHO
CTOMMOCTH OMM>Kaifiei BepIInHbL. BepoATHOCTh BKIIOUEHHSI KOHQUTYPAIHH C MIPH
3aanHoN QyHKIUK cToMMOoCcTH f(C) ompenensieTcs cieayromuM obpasom: P(c) =

_4F
{exp( KT)'Af > 0 , rae Af — OTHOIIICHHUC anpameHI/m CTOUMOCTHU MC)K,Z[y
1 ,Af<0

KOHQUTYypanusIMM K PpacCTOSHHIO MEXAy HUMH Af =

f(cini)+f(Cgoal)
2
3HAa4YeHHE CTOMMOCTH HAa4YaJbHOW W IeNeBOoil KoHurypamuid, a T — 4HCIOBOH

napaMeTp, Ha3bIBAEMbIH TEMIIEPATYPOH.

Taxum o6pa3om, yeM Oosblile NpHUpalieHHe CTOMMOCTH, TEM MEHbIIE BEPOSITHOCTD
BKJIFOUEHUS! KOH(QUrypanuu B JiepeBo. [Ipu 3TOM I0mmycKaloTcs BCe MEPEXoibl B
KOH(UTypanuu ¢ MeHblIed ctouMocthio. [lapamerp T 1mo3BOJISET KOHTPOJIMPOBATH
xapaktep noucka. [Ipy O4eHb BBICOKMX 3HAUEHUSX TEMIEpPATypbl MPUHUMAIOTCA
MIOYTH BCE HOBBIE TOUKH. [IpM HU3KHMX 3HAUEHUSIX — PACHPOCTPAHEHUE MPOUCXOIHUT
MPEUMYIIIECTBEHHO 32 CYET MCKIIOYUTEIBHBIX TOUYEK, YBEIMIMBAIOIINX CTONMOCTh
IMyTH He3Ha4yuTenbHO. IIponecc moucka HauMHAETCA NMPU HU3KOW TEMIIEpaTrype, a
3aTeM TIPOJOJDKAETCA IIPH BO3PACTAIOIIMX 3HAYCHUSAX TEMIEpaTyphbl, KOTOpas
MOBBIIIAETCA BCAKMH pa3 KOT1a KOJIMYECTBO TOUEK, HE YIOBIETBOPSIOIINX KPUTEPUIO
BKJIIOYEHUS B JIEPEBO, JOCTUrAET 33JAHHOTO MPEAEIbHOI0 3HAUCHHUS.

f(cnew)—f(Cnear) K =

. 1
dist(cnearCnew)

— HOPMHPYIOUIHMHA KO3(QQHUINEHT, PacCUUTHIBAEMBIH KaK CpexHee
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9.5 PRM*, RRT*

B pabore [3] mnpemroxens wMomumdukammu amroputMoB PRM  u  RRT,
npeqHa3HaYeHHbIE IS OTYYSHHUS aCUMITOTUYECKN ONITHMAJIBbHBIX PEILICHHH.
Onpenenenne. AnroputM ALG  acUMIOTOTHYECKHM ONTHMAaleH, €CIM OH
BEPOATHOCTHO YCIIENIEH, a TakKe s Mo0oi 3a1aun noucka myTH Cryee, Cinit,Cgoar)
CO CTOMMOCTHOM (yHKIHeH f,(p) U ONTUMAIBHBIM pPEHICHHEM P HMEET MECTO
P{lim,esupY, ¢ = f.(pH) =1, rme Y¢ - wmunumanbHoe 3HAdYeHHE
CTOMMOCTH JJIsL BCEX PEILCHUMH, MOTyYSHHBIX 32 N ILIaroB alropuTMa.

RRT* noBTopsiet 6a3oBbiii anroputm RRT 3a nckitoueHneM npoueaypsl BKIIOUSHUS
HOBBIX KOH(UTYpamuii B 1epeBo moucka (TucTur 8). JlaHHas mporemrypa mocTpoeHa
TakuM 00pa3oM, 4TOOBI CTOMMOCTb IMyTei, BXOAAIINX B JEPEBO, YMEHBIIANACH C
KQXK/IBIM [IarOM aJrOpUTMa.

B xone mocTpoeHUsl AepeBO MOWCKA IOMOJHIETCS 3HAUYCHUSMH CTOMMOCTH ITYTH,
BEIYIEro B KAKAYIO U3 ero BepuinH. Kak 1 B 6a30BOM anropuT™e, Ha Ka)KIOM Iare
IUIsL CITydalHBIM 00pa3oM BBIOPAHHOW TOYKH Cpqnq HMIIETCS OJNMDKAMINas BepLIMHA
rpada  Cpegr, @ TAKKE TOYKA Cpey € Crree, TONYYEHHas B pe3ylbTarTe
PactpOCTPAHEHUST M3 Cpeqr B Crgna  (cTpokm  4-7). Jlamee ompenensiercs
MOAMHOXECTBO BepIIUH faepeBa C*, exarnx BHYTPH I1apa paauyca 1 ¢ IEHTPOM B
Crew- CpeIy HUX HAXOMST BEPIUINHY Cppip TAKYIO, YTO CTOMMOCTh IIyTH M3 HAYaJIbHOW
KOH(UTYPALIUH Cipjr B Cpey ObLTA MUHUMAIBHOM (cTpoKH 8-10).

I[Tocie TOTO KaK Cpyy, BKIFOYACTCS B IEPEBO B KAUESCTBE JOUCPHETO Y31a Cppi, (CTPOKH
11-12), npoBoanTCS JOKaJdbHAS ONTUMH3AIMS IMyTeld BHYTpH Imapa. s Kakmou
koHQurypamun B Hem C' € C* NpeANpPHHUMACTCS IIOMBITKA MOCTPOCHHS ITyTH,
BEIYIIETO B Cpepy, M B CIy4ae, €CIM OH HMMEET MEHBIIYK CTOHMMOCTB, TO
KOH(UTYpanust C' CTAHOBUTCS JOYCPHEH BEPIIHHOM Cpey,, (cTpOKa 13).

Pamuyc norcka B JaHHOM aJropuTMe NpeaCTaBisieT co00l QyHKIMIO OT KOJIMYEeCTBa
BEpILH JepeBa W aJanTHBHO YMEHbBIIAaeTCs ¢ ero meramusaiueii. B pabore [3]
JOKa3bIBaeTcs, 9ro anroputm RRT* acummrotnuecku omrumaied mpu 7(|V]) =

1 1
log(IV])\a 1 d (K(Crree) .
G (_IVI ) ,TI€E YRrG = 2 (1 + d) (—# @) ), |V| — komuuecTBO BepIinuH AepeBa

Ha JIAHHOM IIare airoputMa, d — pa3MepHOCTh KOH(PUTYPAIUOHHOTO MPOCTPAHCTRA,
U(Crree) — 0OBEM MPOCTPAHCTBA TOMYCTUMBIX KOH(UTYparmid, u(B;(+)) — o6bem d-
MEPHOT0 €AMHHUYHOTO MIapa.

RRTStar (CinitrNsteps)

LT(V,E) « ({Cinic}, ©)

2.step <« 0

3.while (step < Ngteps)

4. Crang < GenerateState()

5. Chear < NearestNeighbour(crana, T)

6. Cpew < FindStoppingState(Cpear, Crand)
7.9f ( Cnew # Cnear )

8. r « SearchRadius(step)
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9. C* « NearestNeighbours(cpew, T, T)
10. Cmin < MinCostParent(C™)
11. T.V=T.VU cpew
12. T.E =T.E VU (Cnin Cnew)
13. Rewire(T, C*, Crmin» Cnew)

14. step = step « 1

Jlucmune 8. Ilocmpoenus depesa noucka ancopummom RRT*

Algorithm 8. Construction of tree using RRT* algorithm

B mocnemnue roaer Metonast PRM* u RRT* monmyuwnu panbHeliiiee pa3BHUTHE.
Pa3zpabotrano 0o0bIIOE KOJMYECTBO ANTOPUTMOB, JEMOHCTPUPYIOIIUX OoJjee
BBICOKHME TIOKazaTelnu S(GQGEKTUBHOCTH TMOUCKa H  OO0JajalomMX JIydiien
CXOANMOCTBIO K OITUMAIIbHBIM PELICHHSM.

B paborax [111,112] mnpeanoxenst amroputmbel Lazy-PRM* u Lazy-RRG*,
peai3yIonye MPUHLUII OTJI0XESHHON NMPOBEpKH Ha KOHQUIMKTHL. Oba anropurma
ACHMIITOTHYECKH ONTHMAIIBHEL M B PSIJIE CIIY4acB MO3BOJISIIOT YCKOPUTB IIOUCK ITYTH.
st yerpaHeHus mpo0ieMbl H30BITOYHOTO KOJIMYECTBA pedep B MapIIPYTHBIX CETSIX,
MOJMYYCHHBIX B pe3ynsTare paborel anmroputma PRM*, Opmmm  mpemmoskeHsI
MOAU(HUKALNK JUTS TOUCKa MyTel, ONM3KKX K ONTHMaJIbHBIM. B ocHOBe anroputMa
IRS [113-115] nexuT MHKpEMEHTAIBHBIN CMOCOO MOCTPOEHHUU (-CIIaHHepa rpada.
Ilpn konmuvecTBe HTEpalyid, CTpeMsIIeMCsl K OECKOHEYHOCTH, W 3aJaHHOM
K03 PULHEHTE o ANTOPUTM CXOTUTCS K ONTHMAIIBHOMY PEIICHHIO C TOYHOCThIO 1 +
Q ¥ BEPOSITHOCTBI0, paBHOM equHuUIe. CXOXKUN MIPUHIIKI UCTIONIB3YETCS B allrOPUTME
SPARS, KOTOpBIi 3aMMCTBYET HJIeM MHKPEMEHTAJILHOIO MOCTPOCHHS CIIaHHEpa U
OTCEYEHHUs TOYEK Ha OCHOBe obnacteii Buaumoctu [116,117].

Jnisi TOBBILIEHUSI CKOPOCTH CXOJAMMOCTH K ONTHMAIBHOMY PEIICHUIO ObLIO
MPEVIOKEHO JTOMOJIHUTE anroput™M RRT* mpouemypoil mepernmaHupoBaHHS, HE
OTPaHUYMBAIONICHCS JIOKAIBHON onTuMu3aiiei pedep. B anropurmax RRT*-smart
[118] v RRT# [119] yuacTku, MOTEHIHATIBHO SBISIONIMECS YaCTHIO OMTUMAIBHOTO
MYTH HAUMEHBIILIE CTOMMOCTH, ONTUMHU3HUPYIOTCS 110 BCEH JUIMHE, HAUMHASI OT KOPHSI
JiepeBa.

B pa6ote [120] onmcbiBaeTcsi aCHMITOTHYECKH ONTUMANBHBIN anroputv FMT* (Fast
Marching Tree), KOTOpBIii CTPOUT MapLIPYTHYIO CETh Ha MHOXKECTBE CIIy4ailHBIX
0ecKOH(IMKTHBIX KOH(UTrypalMii W OJHOBPEMEHHO NOAJEP)KMBAET €€ OCTOBHOE
JIepeBO C KOpPHEM B HayaJlbHOW TOYKE MYTH M MHUHHMAJIBHBIMH 3HAYCHUSMHU
CTOMMOCTH ITyTeH JI0 €ro BEpIIHH.

Anroputm LBT-RRT (Lower Bound Tree RRT) [121], Takxke SBISIOLIHHCS
passutueM RRT*, nmo3BossieT NOBBICUTE 3()(hEKTHBHOCTH ITOKCKA 33 CUET CMATYCHHUS
TpeOOBaHUS aCUMNTOTHYECKOW ONTUMAaJIbHOCTH. JIJIsl IUIAaHMPOBAHUS JBIIKCHUS B
CJIOKHBIX CTOMMOCTHBIX IPOCTPAHCTBAaX OBbUI pa3pabdoTaH THOPUAHBIA alrOpPUTM
TRRT*, ucnone3yoiuii aaroput™ uMuTanuu omkura [122]. B padorax [123,124]
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Obtn  mpemoxeHsl  Momudpukammun  RRT*  w FMT?*,  ucnoms3yroniue
JIBYHAIPABJICHHbIH MOUCK.

10 3aknro4yeHue

Takum oOpa3oMm, B paboTe mpencTaBieH 0030p 3aJad W METOIOB COBPEMEHHOM
TCOPHH  IUIAHUPOBAHMSA  JBIDKCHHSA. PacCMOTpeHBI  OCHOBHBIE  (hAKTOPHI,
OTIPEZICTIAIONINE OCOOCHHOCTH TPHKIAJHBIX 3ahad M BIMAOIIAE HAa BBIOOD
MPHUMEHSIEMBIX MaTEMaTHYECKUX MeTOA0B. K HUM OTHECEeHBI XapakTep MOCTaHOBKH
IUIAHWPOBAHUSl JABWXKEHUS (JIOKIBHBIA MM TJIOOANBHBIN), TE€OMETPHYECKOE
OpeCTaBlICHHE MepeMenaeMoro o0bekTa (TBepaoe TeIo WM KHHeMaTH4ecKas
KOHCTPYKLIUS), CBOMCTBA OKpYXEHHUA (CTaTUUECKOE WIM JHHAMUYECKOe), CBOHCTBA
KOH(UTypallMOHHOTO TPOCTPAHCTBA (PaBHOMEPHOE paclpeleeHUue IO0MYyCTUMBIX
COCTOSIHUI WM HajJu4ue Y3KHX oOjacTeil), xapakTep 3amlpocoB IUTAHHUPOBAHUS
(onHOKpaTHBIA MM MHOTOKpaTHBIHN). Taxke mpeacTaBiIeHbl OCHOBHBIE NMOAXOIBI K
IUIAHUPOBAHUIO JBHXKEHHS, CBS3aHHbIE C IPOCTPAHCTBEHHOH JE€KOMIIO3UIMEN
CIIEHBI, (PM3MUYECKUMH AHAIOTHSAMU C MOTCHIMAIBHBIMU IOJISIMH, MApIIPyTHBIMH
CeTAMH M OBICTPO PACTYIIUMH JEPEBBbAMH. [leTallbHO PAacCMOTPEHBI KIFOUYEBBHIC
METOABl M alNrOPUTMBI, pEaANU3yIOIUE [IaHHBIE MOAXOAbI, M AaCHEeKThl HX
MPaKTUYECKOTO MPHUMEHEHHS.

[Ipeanonaraercst, 4To 0030p ITOMOXKET B BBIOOPE METOJIOB C yYETOM OCOOEHHOCTEH
penraemMbIX HMPHUKIAIHBIX 33124 U B UX 3((HeKTHBHONH MpOrpaMMHON pean3aiyun 1
HacTpoiike. OXHIaeTcs TaKKe, YTO 0030p MOCTYKHUT OCHOBOH JUIsl CHCTEMATH3AIHH
1 00BEKTHOHN KOHIENTyaIN3alluy TEOPUH TUIAHUPOBAHMS JBHKECHUS, HEOOXO0AUMON
JUIA  CO3JAaHMSA E€IWHOM MPOTrpaMMHO-MHCTPYMEHTAIBHON Cpedbl pa3paboTKu
IIPUIOKEHUH.
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