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System Description: Russell - A Logical Framework for

Deductive Systems

Viasov D.Yu. (Sobolev Institute of Mathematics, Novosibirsk State University)

Russell is a logical framework for the specification and implementation of deductive
systems. It is a high-level language with respect to Metamath language [7], so inherently
it uses a Metamath foundations, i.e. it doesn’t rely on any particular formal calculus, but
rather is a pure logical framework. The main difference with Metamath is in the proof
language and approach to syntax: the proofs have a declarative form, i.e. consist of actual
expressions, which are used in proofs, while syntactic grammar rules are separated from
the meaningful rules of inference.

Russell is implemented in ¢++14 and is distributed under GPL v3 license. The reposi-
tory contains translators from Metamath to Russell and back. Original Metamath theorem
base (almost 30 000 theorems) can be translated to Russell, verified, translated back to
Metamath and verified with the original Metamath verifier. Russell can be downloaded
from the repository https://github.com/dmitry-vlasov/russell
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1. Introduction

Recently the ambitious QED project [2| has celebrated its 20 year anniversary, while the
claimed goals of this project are still far from being reached. Several papers [10], [9], [4], [6],
[3] addressing the history of QED clearly state that yet there is no computer language, which
has all the expected features of a QED system. Summarizing these papers, it can be said that
the major barriers of QED are:

e the 'Balcanization’ of QED-like systems, i.e. when there are different languages with
different foundations and there is no simple way to share formalized proofs between them
6]

e the lack of a powerful automation, which could seriously reduce end user efforts to prove
a theorem [4]

e the difference between the standard practical mathematical language, which is used in
papers and textbooks, and the formal language of QED-like systems [9]

Russell is another system, which is intended to reach QED goals. It was developed to address
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all these obstacles, and some of them are to some extent removed in the Russell design.
2. The Russell System

The Russell system is a general purpose framework for definition and usage of different formal
deductive systems. The variety of formal systems, which can be represented in Russell, is quite
wide, although limited. For example, non-monotonic deductive systems cannot be given in
Russell. As a high-level language with respect to Metamath 7], Russell inherits its foundations,
which are close to the notion of Post’s canonical system [8]. The approach of Metamath to
syntax of expressions is more general than that of Russell: syntactic rules in Metamath are
indistinguishable from the meaningful rules of inference and can have meaningful (essential, in
Metamath terms) premises. In Russell, the grammar of expressions must be context free by the

language definition. In all other aspects Metamath and Russell share the same foundations.
2.1. Pure Logical Framework

What distinguishes Metamath and Russell from other logical frameworks is purity: their
deduction engines don’t use any built-in logic (in the form of axioms and inference rules).
The deduction used in Metamath and Russell is concerned with making a proper substitution,
applying it to a certain expression and checking the coincidence of the result with some other
expression. From the very general point of view, such logic-neutrality is a good property,
because we want to avoid the situation when some formal deductive system has an a-priory
better fitness to the language than the other because of the propinquity with the underlying logic
of a logical framework. Similar arguments are mentioned in the paper [6], where the statement
of foundational pluralism is given. In fact, the property of logic-neutrality (or pureness) is
crucial to the desired foundational pluralism, because it gives a uniform core language for a
vast variety of deductive systems. Thus, 'Balkanization’ of formal mathematics could be at
least based on the same language (although the sharing of proofs between different foundations
is still challenging).

What distinguishes Russell from Metamath:

e Expression grammar syntax rules are separated from the general logical inference rules,
so the grammar is guaranteed to be context free.
e The Russell proof language is more human-friendly than the Metamath proof language.

e Russell uses a special syntactic construct for definitions, while in Metamath definitions
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are simply axioms with labels, starting with 'df’” prefix.
2.2. Brief Description and Comparison of Metamath and Russell

At first, let’s get familiar with Metamath (the complete description of Metamath syntax and
semantics may be found in [7]). Metamath is a very simple language, and the complete list of
Metamath keywords is: $c $v $d $f $e $a $p $= $. ${ $}

The syntax of expressions in Metamath is not distinguished from the syntax of axioms and
inference rules. The latter assertions are treated differently inside proofs, but on the syntax
level there is no difference between these two kinds of assertions. This feature makes language
simpler, as the same mechanism is used for syntactic inferences and for the logical inference.

For example, the definition of well-formed-formula with — and — logical connectives in
Metamath looks like:
$c () > -. $.
$v ph ps $.
${

wph $f wff ph $.

wn $a wff -. ph $.
$
${

wph $f wff ph $.

wps $f wff ps $.

wi $a wff ( ph -> ps ) $.
$
Here we define constants with $c <c_1> .. <c_n> $. construction. Here -> stands for —
(implication) and -. stands for — (negation), and this is how implication and negation are rep-
resented in the original Metamath theorem base. All constants are used as a terminal grammar
symbols. Note, that brackets are also treated as definable symbols, not pre-defined ones. Vari-
ables, symbols which may be substituted with, are also defined with $v <v_1> .. <v_n> §$.
construction. Two constructions with labels wi and wn are essentially grammar rules with a
single non-terminal wff, in BNF notation:
wif ::= -, wff | ( wff -> wff )

The definition of axioms of the Hilbert-style propositional calculus looks like:
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${

wph $f wff ph $.

wps $f wff ps $.

ax-1 $a |- ( ph -> ( ps -> ph ) ) $.
$}
${

wph $f wff ph $.

wps $f wff ps $.

ax-mp.1 $e |- ph $.

ax-mp.1 $e |- ( ph -> ps ) §.

ax-mp $a |- ps $.
$}
${

ali.1 $e |- ph $.

ali $p |- ( ps -> ph ) $=

wph wps wph wi ali.l wph wps ax-1 ax-mp $.

$}

The first two are classical axiom (¢ — (» — ¢)) and a rule of inference (modus ponens):

¢ (¢—=7)

(G
Now let’s describe the Metamath syntactic construction in details. Technically the con-
struction <id> $f <type> <var> $. is called a 'floating’ hypothesis, and means that <var>
has a type <type>. Since Metamath semantics is based on a stack machine, when id la-
bel is executed, the expression (pair of symbols) <type> <var> is pushed on a stack. The
<id> $e <s_1> ... <s_n> $. construction is called an ’essential’ hypothesis, and has a clas-
sical meaning of a premise of a proposition. When met in a proof (which essentially is an
reverse polish notation (RPN) program for the stack machine), its expression (i.e. sequence of

symbols <s_1>...<s_n>) is pushed on a stack.
The propositions may be axiomatic or provable, and axiomatic ones are designated as
<id> $a <s_1>...<s_n> $. Provable propositions are written as a syntactic construction
<id> $p <s_1>...<s_n> $= <1_1>...<1_n> $. and the sequence of labels <1_1>...<1_n>

here is a proof of the proposition, i.e. the program for a stack machine, written in RPN form.
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The braces ${ and $} are used to define a scope of an assertion as a whole, with hypotheses
(both, floating and essential) and proposition. When met in a proof, the label of an assertion
acts as an operation on the stack: it fetches the appropriate number of expressions from stack,
accordingly to its arity (here arity is a sum of the number of floating and essential hypotheses),
then it matches floating hypothesis with the corresponding expressions from stack, checks their
type and forms a substitution. Then this substitution is applied to the essential hypotheses of
the assertion, and proof checker verifies, that the corresponding expressions on the stack are
symbol-wise the same. After all these checks, the substitution is applied to the statement of

an assertion and the result is pushed on a stack.

What is left to finish the verification of a Metamath proof, when a proof of some provable
assertion (i.e. theorem) is executed on a stack, is to ensure, that exactly one expressoin is left

on the stack and it coincides with the proposition of the theorem symbol-wise.

As a note on Metamath language, we can imagine, that hypothetically one could add sub-
stantial (i.e. essential, in the Metamath terminology) hypotheses to the syntactic grammar
rules, but of course, it would make little sense, since the common practice is to use context-free

grammars for a language.
Now let’s look, how the same rules and axioms look like in Russell syntax:

constant { symbol ( ;; }
constant { symbol ) ;; }
constant { symbol -> ;; ascii -> ;; latex \rightarrow ;; 7}
constant { symbol -. ;; ascii -. ;; latex \lnot ;; }
type wif ;;
rule wn (ph : wff) {
term : wiff = # -. ph ;;
}
rule wi (ph : wff, ps : wff) {
term : wff = # ( ph -> ps ) ;;
}
axiom ax-1 (ph : wff, ps : wff) {
prop 1 : wff = |- ( ph -> ( ps -> ph ) ) ;;
}
axiom ax-mp (ph : wff, ps : wff) <
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hyp 1 : wff = |- ph;;
hyp 2 : wff = |- ( ph -> ps );;
prop 1 : wff = |- ps;;

}

theorem ali (x : wff, y : wff) {
hyp 1 : wff = |- x ;;
prop 1 : wff = |- (y ->x );;

proof of ali {

step 1 : wff = ax-1 ) |- (x> (y->x));;

step 2 : wff = ax-mp (hyp 1, step 1) |- (y -> x );;

ged prop 1 = step 2 ;;
}
At first, the constant symbols are defined, just as in Metamath. Note, that in Russell a
symbol may have a unicode representation (in UTF-8 encoding), ascii representation and latex
representation. The ascii representation is used for correct translation of Russell sources to
Metamath. Latex representation may be used for the latex sources generation, and unicode

representation is used in Russell sources in order to represent mathematical symbols as close

to the real mathematical practice as possible.

Then we define a type wff - a non-terminal symbol of grammar of expressions of propositional
logic (in Metamath wff is just a constant and is not treated specifically). The next two syntactic
constructions are the rules (productions) of a corresponding context-free grammar and are read
as: if ph and ps are of type wff (i.e. are well formed formulas), then the expressions -. ph
and ( ph -> ps ) are also of type wff, i.e. are also well formed formulas. Context-freeness
here is obligatory by design, because it is impossible to use any kind of hypothesis other then
floating (typing) ones. The term keyword in the definition of the rule body means, that the
following sequence of symbols is just a raw expression, any may not be directly inferable. For
example, the expression term : set = # { a , b } is a set, and therefore has no truth-value

semantics. The keyword ; ; is a symbol sequence terminator, like $. in Metamath.

Then there are two axioms: ax-1 and ax-mp (rules of inference are considered a non-zero-ary
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axiomatic assertions, so are called also 'axioms’). The typing hypotheses here are represented in
a common for many programming languages manner: a comma-separated list of variable-type
pairs, separated by colon, like ph : wff, ps : wff. The proposition of assertion is marked up
with prop keyword, while hypotheses are marked up by hyp keyword and are separated from the
propositions (there may be several propositions) by a -------- keyword (not less then 5 minus

symbols), which mimics the separation line in the classical representation of rules of inference

Hy,...Hyp

5. The expressions in assertions have a sequence starter symbol - (a turnstile), which

as

means, that these expressions are logical, i.e. directly used in inferences.

Then the theorem ali and its proof follows. The syntactic form of a theorem is just the
same as the form of an axiomatic assertion, except for the heading keyword theorem instead
of axiom. A theorem must have at least one proof. The proof has a classical linear structure,
with explicit links, showing, from which previously proven step or hypothesis the current one
follows and by which assertion. Also each step is provided with the appropriate expression,
which is essentially what is proved in this step. The qed statements shows, which step (usually

the last one) is symbol-wise the same as the proposition of a theorem.

So, if we compare the proof languages of Metamath and Russell, we can see, that Russell
proofs are much closer to the human mathematical practice and may be understood without any
external program tools. Metamath proof is an RPN programm, so the only way to understand
the Metamath proof is to compute it as an RPN program, which demands a proof assistant

(except for some trivial cases).

Note, that the exact substitution are not explicitly presented in Russell proof, while they are
in Metamath. The substitutions for each proof step may be obtained by matching appropriate
expressions from the proof with the expressions from an assertion of the step. In the example
above, the substitutions for the first and second steps will be {z/ph, y/ps} (in real mathematics
substitutions may be much more complex then just a variable replacement). Technically, the
proof in Russell as a sequence of steps is a stack trace obtained from executing a proof in an
RPN form, which is stripped off all intermediate steps related to the syntax formation. When a
Russell proof is verified or translated to Metamath, these intermediate steps are restored from
the syntax tree of an expression and corresponding matching substitutions.

Thus, the Russell proof language is natural and simple, which imposes minimum restrictions
and allows for user-defined grammars for expressions. Together with the possibility to use the

conventional set theory it bridges the gap between the computer-based mathematics and the
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common practice mathematics from textbooks.
2.3. Definitions in Metamath and Russell

One of the most important features of any computer-based deductive system (framework)
is safety and reliability [1]:

to what extent one can trust computer proofs ?

Reliability of a formal system is a complex subject, which involves several aspects. One of these
aspects is the size of the axiomatic base used by a theory. If it is large then there can be some
(unintentionally) hidden inconsistency inside of it, and if so, this will lead to the triviality of
the whole theory (in case of an explosive logic). On the other hand, if the set of the true axioms
is small and well-known (like some variant of ZF set theory) then its degree of reliability is very
high.

If each definition is introduced as a new axiom, like it is done in Metamath, then the number
of axioms increases fast as the theory grows, and at some point there is no guarantee that all
of these axioms are consistent. To address this issue, definitions in Russell are introduced as a
special syntactic construct and certain properties are checked for each definition to ensure that
adding the underlying axiom will give a conservative extension of the theory. Conservativity
here means that if something can be proved with the help of some definition, it can also be
proved without it. This property is strictly proven, so it gives some more certainty about
correctness of Russell theories.

Example of a definition in Russell:
definition df-or (ph : wff, ps : wff) {

# ( ph \/ ps ) ;;

defiendum : wff
definiens : wff = # ( -. ph -> ps ) ;;

prop : wff = |- ( defiendum <-> definiens ) ;;

Here we define a logical ’or’ connective on the basis of negation and implication. Keyword
defiendum denotes what is defined (the disjunction of two formulas), and definiens denotes
the extension of the notion 'or’ - its definition as a formula. So far as both constructions are
terms, and Russell semantics (as well as Metamath semantics) doesn’t provide a mechanism

for internal term rewriting (since it is a pure inference engine), we cannot just ’substitute’
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any occurrence of disjunction with the appropriate negation and implication. Instead, we
make a new aztom out of the definition, which allows us to replace disjunction with its def-
inition indirectly, by common logical rules. The proposition of this axiom is obtained from
the prop expression of the definition by replacing defiendum and definiens meta-variables
by the corresponding terms. For this particular definition this axiom’s proposition will be:
((ph \/ ps) <> (-.ph->ps) )

The fact that all Russell sources can be translated back to Metamath and checked with
its original proof checker shows that Russell at least as reliable as Metamath. Moreover, the
declarative format of proofs in Russell makes it possible for a human to do an independent veri-
fication of proofs. Of course, it would look strange to exploit human ability of checking a formal
proof in a QED system, but still, from the philosophical point of view, human understanding

is an ultimate judge, and is very important.
3. Implementation

Currently the Russell language is implemented as a translator from / to Metamath and is
written in c¢++14. The Russel repository includes test scripts, which run a chain of translations:

Metamath -> Russell -> Metamath

The translation of the whole Metamath base (about 30 000 theorems) is rather fast in all
directions. The most problematic from the performance point of view is expression parsing
in Russell. Metamath uses an explicit construction of expressions in proofs, so it does not
require any parsing or matching algorithm when checking its source. Unlike Metamath, Russell
must parse expressions in order to get syntax trees and such parsing takes the most of time in
comparison to all other steps, like matching or translation.

One of the features implemented in the toolchain of translators is that it can automatically
divide the original Metamath source (the single file of almost 150 megabytes) into reasonably
small parts following the internal layout inside the source file. After breaking it into pieces, one
can browse the source file tree with the standard desktop navigation tools and watch source
files in the standard desktop editors without the necessity to handle a single 150 Mb file.

Russell is not considered by the author as an experimental or model language. It is supposed
to be a useful, universal, and convenient tool for all kinds of activity in the field of formal
deduction. To achieve this, the language of implementation (c++), quality of source code,

efficiency of algorithms, and usefulness to the end user are of a great importance. Russell
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implementation should be able to work with hundreds of thousands of assertions in a reasonable

time, which is the subject of ongoing research and development.

4. Conclusion and Future Work

The Russell logic framework is a robust, fast, and reliable general purpose tool for rep-
resentation of formal deductive systems. The Russell language is designed to be simple and
easy-to-learn and provides proofs in a declarative form (which is a standard practice in informal

mathematical texts).

Essentially, powerful automation is the only one blocking property left in the list of the
desirable QED features. Therefore, the next challenge is to implement the automated proving
feature so that the process of formal proof design would be easier. The first step to making
an automated proof engine for Russell has been already taken and it showed the potential
feasibility of such a goal. Since the proof search space suffers from an extreme combinatorial
explosion, some extraordinary means are needed to cope with it. Standard techniques will not
work here, since the nature of the underlying deductive system is apriori unknown to the prover
(which is a consequence of the logic-neutrality property). For example, in general we can not
assume, that the underlying logic is cut free (and actually it is not in the case of the Metamath

theorem base).

To create a powerful prover for Russell we plan to use advanced machine earning techniques
to make the prover use the experience of the already proven theorems. Ideally, it should be

able to generate human-like proofs, formed as a combination of previously obtained proofs.

The other important goal is to support importing of other bases of formalized mathematics
into Russell. Some successful attempts of importing HOL theorem base into Metamath have
been already undertaken [5], so there is a hope that it would possible to join a large part of
the already formalized mathematical knowledge under a common logical framework, but with

different foundations. A more ambitious goal is to join these bases upon a common foundation.
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A Method to Verify Parallel and Distributed Software in
C+# by Doing Roslyn AST Transformation to a Promela
Model

Sergey Staroletov and Anatoliy Dubko
(Polzunov Altai State Technical University)

In this paper, we describe an approach to formal verification of parallel and distributive
programs in C#. We use Microsoft Roslyn technique to get syntax and semantic informa-
tion about interesting constructions in the real source code to generate some corresponding
code in Promela language, designed to model actor-based interoperation systems, so we
do a program-to-model transformation. Then, we verify the usual problems of parallel
and distributive code by checking pre-defined LTL formulas for the model program. We
are able to provide checking of data races, improper locking usage, possible deadlocks in
distributive service interoperations using the Model Checking approach. This method can
be used to construct a static analyzer for the .NET platform.

Keywords: Roslyn, Verification, Static Analyzer, LTL, SPIN

1. Introduction

This work is dedicated to improving the quality of modern software which has parallel
executable entities and acts as a distributive system or microservice. Such kind of systems can
have tricky errors, just exposed in rare situations. It is usually impossible or very challenging
to detect such errors by testing.

Formal verification methods were introduced to ensure the correctness and reliability of such
type of program systems, to detect faults at the different stages of software development and
maintenance to consistently reduce them.

We assume that the formal verification approach [1] should be applied here but it will be
hard to understand by an ordinal software developer how to create different kinds of models to
verify [2], so such techniques should be a transparent part of developing process, and additional
checking should be integrated into a compiler or an IDE.

The problems of verification and creation of a verifying compiler are examples of the funda-

mental problems of modern programming that are in the progress of being solved.
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In this paper, we deal with C# parallel programs and WCF services. We use Microsoft
Roslyn technique to obtain the AST (Abstract Syntax Tree) from C# input sources to generate
a corresponding code in Promela modeling language intended to make further verification of
the generated model code using SPIN verifier according to defined classes of possible parallel

and distributive errors and generated requirements as LTL (Linear Temporal Logic) formulas.

2. Related Work

2.1. .NET and C+# for parallel and distributed systems creation

C+# is an industrial, type-safe, object-oriented modern language designed to develop appli-
cations running in the .NET Framework environment [3]. Using C#, developers can create
general-purpose software including standard and universal desktop applications, mobile appli-
cations, web services, distributed components; client-server, database and web applications.

The C# programs run within the .NET Framework — an integrated Windows component
that contains the Common Language Runtime (CLR) virtual system and a unified set of Base
Class Libraries (BCL). The CLR is an implementation of the Common Language Infrastructure
(CLI) — an international standard, the foundation of execution and development environments
with close interaction of languages and libraries. Novel platform implementation named .NET
Core provides the developers with some abilities to create application not only for Windows
platform, but also for Linux and Mac, and this implementation is even open-sourced [4].

Source code written in C# is compiled into the Intermediate Language (IL) following the
CLI specification. IL code and resources, such as bitmaps and strings, are stored on disk in an
executable file, called an assembly, with EXE or DLL extension.

The .NET platform and the C# language provide the ability to create distributed compo-
nents or applications:

e Web API. The Web API is a RESTful HTTP web service that can interact with various
components. These can be ASP.NET web-, mobile or regular desktop applications.

e WCF (Windows Communication Foundation). WCEF provides a platform for building
service-oriented (SOA) applications and implements a manageable approach to create
web services and clients for them [5]. With WCF, developers can send data in the form
of asynchronous messages from one service endpoint to another. The endpoint can be a
part of a permanently available service hosted in IIS (a web-based Internet Information

Services server) or represent a service hosted inside an application. Messages can be in
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the form of a complex stream of binary data.

o NET Sockets. Sockets are used to build traditional client-server applications. By con-
necting two sockets explicitly, the applications can transfer data between different pro-
cesses, nodes or platforms.

In the current work, we model distributive interoperations only as WCF services and clients

due to their high-level logical structure.
2.2. Roslyn

Roslyn [7] is a platform that provides the system developers with various powerful tools for
analyzing and parsing .NET languages (mostly C#) code. The source code of this platform is
freely available on MS GitHub account |[6].

Workspace

}

Solution

T

Compilation«— Projectl Project2

.

Documentl Document2

— .

Syntax tree Semantic model

Fig. 1. Retrieving data for analysis with Roslyn [8]

With the help of tools provided by the Roslyn platform, it is possible to perform a full
syntax analyzes of the code by traversing all supported language constructs. The Visual Studio
environment allows developers to create tools embedded in the IDE itself (as Visual Studio
extensions) and independent applications on the basis of Roslyn.

When analyzing code with Roslyn tools, it is possible to get a list of files from a solution
whose source code is being checked, to get the necessary entities for parsing (syntax model),
and then to get access to the semantic model of the program after compiling it (Figure 1).

For a complicated analysis, it is necessary to obtain a syntax tree and a semantic model. A
syntax tree is built from a program source code and is used to link various language constructs.
A semantic model provides information about program objects and their types.

For every language structure, Roslyn defines corresponding type nodes. Moreover, for each
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ExpressionStatement

MultiplyAssignmentExpression

IdentifierMName = ParenthesizedExpression
u - AddExpression

|dentifierName NumencLiteral Expression

Fig. 2. An expression tree for a * = (b + 4) with lexemes [8]

ExpressionStatement

SimpleAssignmentExpression -
=
==
WhitespaceTrivia

Fig. 3. A sintax trivia tree for a = b; //Comment [8|

node type, a method in code can be defined that performs a crawl through the nodes of this type.
Thus, by adding handlers to traverse of various nodes, we can analyze only the constructions
of language we are interested in. An example tree for the expression ax = (b + 4) in syntax
tokens is shown in Figure 2.

In addition, there exist "syntax trivia" — elements in the tree that will not be compiled into IL
code, they are stands for some additional syntax information. This category includes comments,
preprocessor directives, spaces, etc. Figure 3 shows a tree with extra syntax information for
the expression a = b; //Comment. This data can be possibly used for implementing additional
processing for constructions as special comments, for example, it is a usual way to write control
annotations for deductive verification approach now, as ACSL annotations for C programs to

prove with Frama-C tool are written in C comments [9).
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The semantic model in Roslyn provides useful information about objects and their types.
It is a powerful source for building deep and complex analyzers. That is why it is essential to

have a correct compilation and a correct semantic model.

2.3. Actor model

Today, the dominant way to programs creation is the imperative approach based on the
general state (it is also used for C# programs). Very often, the code of such programs from
the very beginning is written without considering the possibility of parallelization, and parallel
actions occur in the code only when needed.

The actor model on the other side, "forces" the code to be parallel from the starting point.
This model is a mathematical representation of parallel computing, which uses the concept of
"actor" as a universal primitive. It was applied [10] as a basis for understanding the calculation
using processes and as a theoretical basis for some practical implementations of parallel systems.

The basic idea is that the actor-based application is built from many lightweight processes
called actors [11]|. Each actor is responsible for one tiny task, so it is easy to understand what
does it responsible for. Programs with more complex logic can be implemented as an interaction
of several actors that are concurrently sending messages between each other.

So, the actor is a computational entity that, in response to a received message, can simulta-
neously:

e send a finite number of messages to other actors;

e create a finite number of new actors;

e select the behavior that will be used when processing the next received message.
It does not assume the existence of a specific sequence of the above-described actions and all of
them can be performed in parallel. Separating the sender from the messages was a fundamental
achievement of the actor model. Message recipients are identified by the address (PID, process
identifier), which is sometimes called the mailbox address. Thus, an actor can interact only
with those actors whose addresses it has, and it can extract addresses from received messages
or know them in advance.

The most outstanding implementation of the actor model was made in Erlang language [12].

A rather popular implementation of this model is Akka library [13] for Scala.
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2.4. Promela and SPIN

mtype = {M_UP, M_DW}; — User defined type

chan chan_data_down = [@] of {mtype}; Channel
chan Chan_data_up = [@] of {mtype}; — - Process
proctype P1 (chan chan_data_in, chan_data_out)

{ Receiving a message
do /

Channel buffer size

Chan_data in ? M UP -> skip; Sending a message
Chan_data_out ! M_DW -> skip;
od;
b
proctype P2 (chan Chan_data_in, Chan_data_out)
{ Cycle
do
Chan_data_in ? M_DW -> skip;
Chan_data_out | M_UP -> skip;
od; Entry point
o
init Atomic (indivisible) operation
{ S
.“:{l‘tomlc Running a process
run P1 (Chan_data_up, Chan_data_down);
run P2 (Chan_data_down, Chan_data_up);
}
}

Fig. 4. An example Promela model

SPIN [14] is a utility for verifying the correctness of distributed software models. The
abbreviation stands for Simple Promela INterpreter. This utility is used for automated verifi-
cation of models, and it can also work as a simulator, executing one of the possible traces of a
model of system behavior.

The SPIN system checks not the programs themselves, but their models. To build a model
for an original parallel program or an algorithm, the engineer (usually manually) builds a
representation of this program in the C-like input language, called Promela (Protocol MEta-
LAnguage). This program in Promela language can be considered a model of the verified
program. Promela language constructs are simple, they have clear and distinct semantics,
which allows translating any program in this language into a transition system with a finite
number of states for verification purposes. The requirements for the model are expressed in the
language of LTL (Linear-time Temporal Logic) [15].

Input models in Promela are different from original verifiable programs, usually written in
high-level programming languages. Promela programs do not have classes, and they represent a
flat structure of interacting parallel processes, as we described in the actor model section (Figure

4), have a minimum of control structures, all variables have finite domains. Therefore, such a
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program can be considered a model of the system being analyzed; it represents an abstraction
of the original system, in which the engineer should reflect those aspects and characteristics of
the real system that are very significant for the properties specified for the verification.

The system description is expressed in Promela language must preserve the essential prop-
erties of this system. It should be stressed that the resulting verification quality of Promela
programs entirely depends on the degree of adequacy of the constructed model. The model
construction process can be done manually or automatically, and in this paper, we present the

ways of auto model generation based on the C# compiler information.

2.5. Existing solutions to do C+# code verification

To check the C# programs statically, Microsoft Research offered a solution called Spec#
(Specification Sharp) which extends C# language with constructs for non-null types, pre-
conditions, postconditions, and object invariants [17]. With this solution, the developer should
manually specify additional code to describe the program with special requirements in the form
of logical predicates. Later, in [18] an embedded code contracts approach was presented, it
became a part of the .NET platform, introducing annotations to the C# classes and ways to
statically check the contracts assumptions while code writing and compiling from the IDE. It
is intended to prove the program logic, and it is hard to check the interoperations with this
approach.

MS Research has some trying to create a formal language to describe models with message
passing, and in [19] Sing# language was presented as an extension to Spec# but the current
state of the project is unclear and it seems they stopped developing and using it.

In [20] ISP RAS introduced an approach to do static analysis of C# programs based on the
symbolic execution method with using advanced SMT solvers.

In [21] the PVS-Studio static analyzer for C, C++ and C# programs was described and its
internal methods were discussed. It can detect some threading issues, and it uses Roslyn as a
backend.

We can state that none of the described tools uses Promela and SPIN as a way to check
the extracted models from C+# input code. The analyzers can use Roslyn to obtain AST,
but then they use own special techniques. None of the methods can verify distributed service

interoperations.
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3. Code Analysis and Model Generation

We consider here some algorithms for transforming syntax elements we are interested in the
C# programs, to a Promela code according to our goals. Some ideas of it were given in our

paper [22].
3.1. Ways of thread creation and its modeling

Consider some common ways to create parallel threads in C# language. Firstly, a thread

can be created with the Thread class from the System.Threading namespace (Figure 5).

var thread = new Thread(() => { });
thread.Start();

var threadWithParam = new Thread(param => { });
threadWithParam.Start(new object());

Fig. 5. Creating Threads with the Thread Class

This class is used to create two types of threads: parameterized and non-parameterized. Its
constructor takes a delegate of type ThreadingStart or Parametrized ThreadingStart, explicitly
or implicitly. In Figure 5, the parameter is passed as a lambda expression, which is implicitly
reduced to the above types.

Also, a parallel code can run with the Task class from the System.Threading.Tasks names-

pace (Figure 6).

Task.Run(() => { });

var task = Task.Run(() => "result");

Fig. 6. Creating Threads with the Task Class

Using classes from this namespace, one can create high-level thread types, taking advantage
of thread-pooling. The static Run method accepts an Action type delegate with no parameter
or Func delegate (from the System namespace), which can return a result. The method returns
its result in the form of a new object of type Task, which represents the running task passed
as the parameter.

Another method is the Parallel class from the System.Threading. Tasks namespace (Figure

7).
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Parallel.For(@, int.MaxValue, 1 => { });

Parallel.ForEach(new[] {1, 2, 3}, entry => { });

Fig. 7. Creating Threads with the Parallel Class

Also, we consider some methods are used to create parallel loop processing. The static For
method takes as its parameters the initial value of the counter, the final value of the counter,
and a parameterised delegate (of type Action) that handles the current value of the counter.

The static ForEach method takes as its parameters a collection that implements the typed
[Enumerable <T> interface and a parameterized delegate (of type Action) that accepts the
current collection element in the iteration.

Now consider modeling the interaction of threads in C# as Promela structures. For the
simulation, we decided to use a separate Promela process for each running thread in C+#.
The interaction between threads, as well as the awaiting of their completion, are modeled by
transmitting synchronization messages through Promela channels. The types of processes are
described using the declaration with the proctype keyword [16]. Processes are always declared
globally. Processes are started from other processes by the means of the run operator.

Later we describe a way to the code generation for this body from all the possible variants

of parallel entity creation described in this section.

3.2. Analysis of the syntax, semantics and data flow of the C+#

programs and its modeling

Before starting the analysis of C# sources, it is necessary to construct a graph of method
calls inside the program being analyzed. This graph will help:
e Firstly, detect calls of methods that trigger a new thread.
e Then determine the order of calls, starting from an arbitrary method to generate defini-
tions in Promela before their use further.
e And as a result, switch to a pure interprocess communication model in Promela without
calling intermediate methods.
Consider an example of a method call in C# (Figure 8).
We see, in order to find all method calls in the source code of the program, we need to find

all nodes of the InvocationExpression type in its syntax tree.
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thread.Start(100);
SimpleMemberAccessExpress
=]
3

Fig. 8. Method Call syntax tree

To construct the graph, it is necessary to determine the relationship "which method is called
from a which one". It is required for each method call to find a definition of its parent method

or a lambda expression (Figure 9).

0= )
o O
=

Fig. 9. Lambda Expression syntax tree

Moving up in the tree starting from a method call, we should find such a parent definition
of the method or a lambda expression. This link will be an edge in the call graph.

We discovered that each node in the syntax tree has already defined hash code. Due to this,
it is possible to use it as a unique value of a vertex in the graph without fear of the collisions
occurrence between identical syntactic structures in the source code.

An example of the resulting call graph is shown in Figure 10.

The graph is acyclic, but it is not always connected. With further code generation on
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private static void Main(string[] args)

{
if (largs.Any()) return;
var integer = ParseSomeData(args[@]);
Console.Writeline(integer);
}
private static int ParseSomeData(string data)
{
Console.Writeline(data);
return int.Parse(data); Main 7898123921
} 2392

WriteLine 127689297257

Any 7587129801

ParseSomeData 4287569271
WriteLine 432689297257 Parse 2378762910

Fig. 10. Call graph in C# source code

Promela, acyclicity is easily removed when using the semantic model, since in this model the
same characters have the same hash codes.

During the construction of the call graph, we can immediately determine which of the calls
starts a new thread. For this, it is necessary to make a semantic analysis of the method call,

setting some conditions:

e The name of the method that starts the thread.
e The type of object with which the method is called.
o If the method is not static, check, was the constructor called with the delegate of this

thread object.

The first two conditions are checked using the appropriate properties of the method call symbol
in the semantic model. To check the last condition, it is necessary to carry out an additional
analysis:
e If a static method is called to start a thread, then check its argument, which must be a
delegate.
o If the method is called immediately after the creation of the object, then analyze the
child nodes of the call tree to check whether the constructor with the delegate was called.
o If the reference to the object was passed to a local variable, field or class property before

calling the method, then we need to analyze the data flow of the parent method body,
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var thread = new Thread(() => { });
thread.Start();

LocalDeclaratisnStatement ExpressionStatement

ArgumentList

checking constaining type

VariableDeclarstion InvocationExpression

SimpleMemberficcessExpression

IdentifierName Identifieriame -

checking the the variable
thread t?.-'pe identifier

checking the

AE0a ame

constructor

IdentifierName VariableDweclarator

.
w
=

the thread

variable declarator -

EgualsValueClause

ObjectCreationExpression thread

Identifieriame ArgumentList

Argument

delegate

ParenthesizedLambdaExpression

o = o
=™ =

Fig. 11. Creating and starting a thread through a variable

delegate or class and link the local variable and the corresponding constructor call to the

delegate, if any (Figure 11).

The Roslyn platform provides a number of useful classes to work with syntactic trees. One
of them is the CSharpSyntaxWalker class, which implements the Visitor Design Pattern [23].
After inherited it, we can start a traversal through all syntactic nodes of the tree, simultaneously
redefining the methods of visiting nodes of various types.

The idea of generating Promela code is precisely this crawling of the entire syntax tree of

C+# code with pre-determined methods for generating syntax nodes we need (Figure 12).

SCharpSyntaxWalker

— IfStatement

— ElseClause

— Invokation

—— MethodDeclaration
— WhileStatement
—— ParethesizedLambda
— SimpleLambda

— ForStatement

Fig. 12. C# syntax nodes where Promela code will be generated
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private static void Main() { } )
MethodDeclaration
PredefinedType ParameterList Block

active proctype main_{hashCode}
active proctype main 39530145(){ } ( ) { }

private static void ParseSomeData() { } MethodDeclaration

inline parseSomeData_{hashCode}

inline parseSomeData 29755367() { } ( { }

Fig. 13. Promela code generation for MethodDeclaration

Now we proceed to describe some nodes processing.

Each traversal of the MethodDeclaration, ParenthesizedLambda and SimpleLambda nodes
will create a separate unit to generate Promela code, which will do this for the remaining nodes
which belong to each of these declarations. Also during the crawl, an entry point to the program
will be selected, and it is becoming later as the initial state when generating the resulting code
using the call graph.

When visiting nodes of the MethodDeclaration type, we provide an algorithm for generating
code in Promela presented in Figure 13. If the declaration is a program entry point, then it is
generated as the initial running process in Promela, otherwise as an inline function [24].

When generating declarations and calls in Promela, the hash codes of corresponding symbols
from the semantic model are used for names, because the same symbols, unlike syntax nodes,
have the same hash codes.

When visiting nodes of ParenthesizedLambda and SimpleLambda types, which are threads
delegates, a graphical illustration of this Promela code generation algorithm is shown in Figure
14. Here for each delegate, a new, not yet started process is created.

When visiting nodes of the Invocation type, a Promela code generation algorithm is provided
in Figure 15. If an invocation launches a new thread, then a call code is generated for a
previously generated process corresponding to the delegate. Otherwise, an inline function call

is generated.
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rew Thread(_=> { 1

proctypelamhbda_{hashCode} (

)
=
{ }

proctype lambda 26543418() { }

rew Thread(() => { 1)

proctype lambda_{hashCode}

( ) { '

proctype lambda 3343212() { }

Fig. 14. Promela code generation for thread delegates

When visiting nodes like IfStatement and ElseClause, an algorithm for generating code is
provided in Figure 16. A non-deterministic control flow is generated in Promela both by the
if condition and by the else alternative branch, since all the variants of possible executions as
steps in the control flow are necessary for further verification.

When visiting nodes of type WhileStatement, an algorithm for generating code on Promela
is provided in Figure 17. A non-deterministic control flow is generated on Promela both with
the do(while) clause and with the break operator, which may be absent in the C# source code
since we need all variants of the possible development of program behavior and due to Promela

blocking guarded condition semantic [25].
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if (args.Length > @)

{1}

IdentifierName

SimpleMemberAccessExpression

new Thread(() => { }).Start();

run

SimpleMemberAccessExpression ArgumentList
ObjectCreationExpression - IdentifierName
new IdentifierName ArgumentList
ParenthesizedLambdaExpression
lambda_{hashCode}
Parameterlist => Block

run lambda 26543418 () ;

r

H'
H

ParseSomeData ( ) 3 InvocationExpression

parseSomeData_{hashCode}

IdentifierName ArgumentList
ParseSomeData

( )
parseSomeData 24443212 () ;

Fig. 15. Promela code generation for Invocation

IfStatement
if

i true >

NumericLiteralExpression

{ H

IdentifierName n

printf ("args.Length > 0");

if
true -> |
}
1 true -> |
printf ("else");
}
fi

Fig. 16. Promela code generation for IfStatement and ElseClause

ElseClause

©true ->

{

i

27
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while (counter > 9)

Staroletov S., Dubko A. Doing Roslyn AST Transformation to a Promela Model

counter--; WhileStatement
} do

GreaterThanExpression

itrue >

IdentifierName NumericLiteralExpression ExpressionStatement

counter

do
true -> {
printf ("counter > 0");

true -> break;
od

{ } i true -> break; od

n PostDecrementExpression -
IdentifierName -

Fig. 17. Promela code generation for WhileStatement
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3.3. Thread waiting and its modeling

Figure 18 shows some possible ways to wait for threads termination in C# code.

var thread = new Thread(_ => { });
thread.Start();
thread.Join();

var task = Task.Run(() => { });
task.GetAwaiter().GetResult();

var taskResult = Task.Run(() => "result");
var = taskResult.Result;

var taskAsync = Task.Run(() => { });
await taskAsync;

Fig. 18. Ways to wait for threads in C#

When modeling of waiting for the completion of C# threads in Promela, we use message
channels. For each child task, we create a separate message channel with a buffer size of
1. This buffer size is chosen so that the child processes should be executable when sending
synchronization messages at the end of their work (computation body). The channel buffer size
larger than 1 is redundant, since for each child process an individual channel is created, and
the buffer size equals to 0 (the rendezvous channel) will make the child process impracticable
if the parent does not want to wait for its completion.

Each child process sends a message according to a specific pattern to its message channel
at the end of the execution. The parent process, in turn, can stop its execution by calling the
receive statement from this channel along with the same pattern. Also, this process will resume
its work as soon as a message from a finished child appears on the channel.

To cover all the considered ways of waiting for threads in C#, some additional rules for
syntactic nodes of the InvocationExpression type are added using the similar pattern, that
rules find calls to methods which trigger a new thread. Only method names and object types
here should be changed, for example, the TaskAwaiter type and the GetResult method, or the
Thread type and the Join method.

For code generation, following the scheme for simulating awaiting when generating definitions
of new processes, we add an appropriate channel in front of them with the same hash code as
the process, and then at the end of the process body, we generate a message send to this channel

(Figure 19).
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Task.Run(() => { }).GetAwaiter().GetResult();

channel—{hashCode} ? {message}

=
-
run lambda_{hashCode}

SimpleMemberAccessExpression ArgumentList
IdentifierName - IdentifierName

(

m ParenthesizedLambdaExpression
(

proctype lambda_{hashCode}

ParameterList =

) { channel {hashCode} ! {message}}
mtype = { thread is done };
chan channel 43603258 = [1] of { mtype }

proctype lambda 43603258 ()

{

channel 43603258 ! thread is done;
}
active proctype main 39530145()
{

run lambda 43603258();

channel 43603258 ? thread is done;
}

Fig. 19. Promela code generation to model the thread awaiting
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3.4. Blocking and its modeling

To model the blocking, we consider modeling operations with the Semaphore class due
to the generality of the locking process with it. This approach can be extended to other
synchronization primitives and patterns. Figure 20 shows some of the methods for accessing
semaphores in C# language.

var semaphore = new Semaphore(l, 1);

semaphore.WaitOne();
semaphore.Release();

Fig. 20. Ways to create and use semaphores in C#

When modeling a semaphore, we add a shared resource, in the form of a global variable, for
which wait and release actions will be modeled.

When we proceed to await and resource capture modeling, we check the resource value, and
when it is considered free, then we change this value. These two steps should be concluded
in one indivisible operation. For this, we use the possibility of Promela language to wrap the
code into an atomic block. When we model the release of a resource, we assign the value to the
variable which is considered to be free and a possible blocked code in some different process
can continue to run [22| (and it is a subject to do further checks of it).

To cover the methods of interaction with semaphores in C#, additional rules are added for
syntactic nodes of the InvocationExpression type using a similar pattern we did for finding calls
to methods that trigger a new thread. We should change only the method name and object
type: the Semaphore type, the WaitOne and Release methods (Figure 21).
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private static readonly Semaphore Semaphore = new Semaphore(1, 1);
private static void Main(string[] )

{
Semaphore.WaitOne();

Semaphore.Release();

ExpressionStatement ExpressionStatement
InvocationExpression - InvocationExpression -

atomic { (sem_{hashCode}_blocked == false) -> sem_{hashCodeé} blocked = false;
sem {hashCode} blocked = true; } — ~ i

SimpleMemberAccessExpression ArgumentList SimpleMemberAccessExpression ArgumentList

IdentifierName - IdentifierName IdentifierName - IdentifierName

bool Sem_63390070_blocked = false;
active proctype main 33639718 ()

{
atomic {
(sem 63390070 blocked == false) -> sem 63390070 blocked = true;
}
sem 63390070 blocked = false;
}

Fig. 21. Generating Promela code for C# Semaphore
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3.5. Creating and using WCF services and its modeling

Figure 22 shows how to create and run a WCF service in C# code. The service here contains
two things — a contract (an interface) and an implementation so that the service publishes the

contract and clients can call its methods by using proxy-classes based on the contract interface.

[ServiceContract]
internal interface IServicel
{
[OperationContract]
string GetData(int value);

[serviceBehavior(ConcurrencyMode = ConcurrencyMode.Multiple)]
internal class Servicel : WcfServicel.IServicel

{
public string GetData(int value) => string.Empty;
¥
internal class Program
{
private static void Main(string[] )
{
var baseAddress = new Uri("http://localhost:8680/myservice");
using (var host = new ServiceHost(typeof(Servicel), baseAddress))
{
host.0open();
¥
¥
¥

Fig. 22. Creating and running a WCF service in C#

Figure 23 shows how to create and use a WCF-service client. It connects to an endpoint
where the service is operating and calls the service methods.

[System.CodeDom.Compiler.GeneratedCode("System.ServiceModel”, "4.0.8.8")]
[System.ServiceModel.ServiceContract(ConfigurationName = “"ServiceReferencel.IServicel")]

public interface ISer\vicel

[System.Diagnostics.DebuggerStepThrough()]
[System.CodeDom.Compiler.GeneratedCode("System.ServiceModel"”, "4.8.0.0")]

public partial class ServicelClient [:]

internal class Program

{
private static void Main(string[] )
{
var binding = new BasicHttpBinding();
var address = new EndpointAddress("http://localhost:8e88/myservice");
var client = new ServicelClient(binding, address);
client.GetData(®@);
}
}

Fig. 23. A way to create and use a WCF client in C#

When modeling the WCF services, here we consider two models — a single-threaded and a
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multi-threaded server. In C# code both models are implemented by using special annotations
(see "ConcurrencyMode=" in Figure 22), in Promela code we model them by generating code
to communicate with the client process in the same server process or by using an additional
one.

The single-threaded service runs in an infinite loop, receives a message from a client via
a rendezvous service channel (buffer size is 0), and there is an indication of a method being
called in this message. Then is made a comparison of the requested method with the pre-
defined service contract and the execution of the resolved method in the same process which
get requests. The multi-threaded service model is similar, except that each handle of the service
method occurs in a separate process.

The client model is synchronous. It sends a message to the service channel with the name of
the method being called. Then it waits for a response from the service on a separate rendezvous
channel.

When generating the model code for the client, we search for an endpoint address it refers
and a contract it implements, generate the channels followed by a hash code of the above

combination and the messages for service call emulation (Figure 24).

var binding = new BasicHttpBinding();

var address = new EndpointAddress("http://localhost:8888/myservice");
var client = new ServicelClient(binding, address);

client.GetData(®);

mtype = { getdata_ 1995207842 };

chan iservicel 1995207842 = [0] of { mtype };
chan iservicel 1995207842 answer = [0] of { mtype };

active proctype main 63390070 ()
{

iservicel 1995207842 ! getdata 1995207842;
iservicel 1995207842 answer ? getdata 1995207842;

Fig. 24. Generating Promela code for a WCF service client

When generating the model code for the service, a search for the service contract (the
interface to be implemented) is performed to generate the corresponding methods.

To determine the type of service, the ServiceBehavior attribute of the service class is ana-
lyzed. If the argument ConcurrencyMode is set to Multiple, then the multi-threaded model is
generated (Figure 25), otherwise the single-threaded one (Figure 26).
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var baseAddress = new Uri("http://localhost:8888/myservice”);
//ConcurrencyMode = Multiple
using (var host = new ServiceHost(typeof(Servicel), baseAddress))

{

host.Open();

mtype = { getdata 1955207842 };

chan iservicel_1995207842 = [0] of { mtype };
chan iservicel 1995207842 answer = [0] of { mtype };

proctype getdata 1995207842 handler ()
{

printf ("getdata");
t

active proctype main 58400626 ()
{
mtype service message;
do
1 true -> {
iservicel 1995207842 ? service message;

if
11 service message == getdata 1995207842 -> {
run getdata_ 1995207842 handler();
iservicel 1995207842 answer ! service message;
}
fi

od

Fig. 25. Generating Promela code for a multi-threaded WCF service in C#

var baseAddress = new Uri("http://localhost:8080/myservice”);
//ConcurrencyMode = Single
using (var host = new ServiceHost(typeof(Servicel), baseAddress))

{

host.0pen();

mtype = { getdata 1995207842 };

chan iservicel 1995207842 = [0] of { mtype };
chan iservicel 1995207842 answer = [0] of { mtype };

active proctype main 58400626 ()
{
mtype service message;
do
11 true -> {
iservicel 1995207842 ? service_message;

if
service message == getdata 1995207842 -> {
printf ("getdata");
iservicel 1995207842 answer | service message;
}
fi

Fig. 26. Generating Promela code for a single-threaded WCF service in C+#

35
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4. Verification of distributed system properties

The verification process includes the generation of model code, control variables and rules
expressed in LTL, and then model checking (validation of the model correctness).

In this section, we show that by means of generating special control variables and simple LTL
formulas, it is possible to model and check some distributed system properties. This process
of generation applies to each needed construction as described in the previous section in code
independently, so for a particular real program we generate and check different variables and
Promela constructions and we do not need to generate complex formulas and structures — we
verify the generated model program with respect to all the generated LTL formulas step by
step.

4.1. Data race

var locallist = new List<double>();
Parallel.For(1l, 100, _ => locallist.Add(®));

mtype = { thread complete };
chan awaiter 65546577 = [1] of { mtype }

bool wvar 458175731 modified = false;
int var 458175731 = 0;

1tl race conditions check {
[1 (!'var 458175731 modified -> wvar 458175731 == 0) }

active proctype main 93639539 ()

{
do

true -> {
run lambda 65946577 () ;
true -> break;

od

proctype lambda 65546577 ()
{
var 458175731 modified = true;

var 458175731++;
var 458175731--;

var 458175731 modified = false;

awaiter 65946577 ! thread complete;

Fig. 27. A generated Promela code to check the data race using the example of a collection change
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The data race problem is the change of object state from different processes (threads) si-
multaneously that can spoil the correct value of the object.

To model the change we create a pair of control variables var hashcode modified = false
and var _hashcode = 0. The first is set to true before the object is changed, and then to
false after the change. The object change itself is modeled using two consecutive operators to
increment and decrement the second variable. When the code is correct, this variable should
always remain 0.

Thus, data race verification here — is generating and checking the LTL rule (1).

G(lvar _hashcode _modified — var _hashcode == 0) (1)

It means "always now and in the future, from the fact that the variable does not change, it
implies that its reference value is zero”.
An example of generated Promela code to verify the correct changes of a collection object

variable that implements the ICollection <T> interface is shown in Figure 27.

4.2. Improper blocking usage

When modeling a semaphore object, a global shared resource sem hashcode blocked is
used, therefore, when verifying the usage of the semaphore we only need to generate the corre-

sponding LTL rule in the form (2).
G(sem__hash_code blocked — FG(lsem hash_code blocked)) (2)

It means "always now and in the future, if the semaphore is locked, then once now or in the
future it will be released forever”.

Note that the rule is stronger than, for example, a rule G(sem _hash_code blocked —
F(!sem_hash_code blocked)) because that semaphore object can be used multiple times and
we need to ensure that the object finally is stay unlocked if it became locked.

An example of generated Promela code to check the use of a semaphore is shown in Figure

28.



38 Staroletov S., Dubko A. Doing Roslyn AST Transformation to a Promela Model

var semaphore = new Semaphore(l, 1);
semaphore.WaitOne();
semaphore.Release();

bool sem 556054084 blocked = false;

1tl sem 556094084 correct {
[] (sem_ 556094084 blocked == true -> <>[] (sem_ 556094084 blocked == false)) }

active proctype main 48266776 ()
{

atomic {
(sem 556094084 blocked == false) -> sem 556094084 blocked = true;

}
sem 556094084 blocked = false;

Fig. 28. Generated Promela code to check a semaphore usage

4.3. Deadlock when accessing an WCF service in a microservice

system

Microservices now is a popular concept for scalable [26] applications architectures. Services
can act together to solve a huge task by dividing it into some small parts and providing message
passing ability between the units. So, a WCF service can be considered as a microservice, if it
acts as a service when it receives a task from a client and, in the same time, acts as a client to
ask a different service in a chain to get some needed information to the task solving. However,
in the chain of service calls, we can get a deadlock when we request a service which is waiting
for some data from us. Deadlock can be checked as a liveness condition of the system.

When modeling the service call, we add a separate control variable service call _hash _code
= false before each call to the service method. After receiving a response from the service, we
set its value to true.

To verify a deadlock when accessing a service, we generate the LTL rule in the form (3).
F(service_call _hash_code == true) (3)

It means "once in the future a response from the service will be received” (Figure 29).

Using this type of paired constructions of assignments, we ensure that each call to a service
function has the corresponding return due to the nature of synchronous calls in WCEF. In a
microservice chain it is usually hard to capture the logic of corresponding calls (after a call to

a service there can exist an inner call to a different service and another next call to another
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var binding new BasicHttpBinding();

var address = new EndpointAddress("http://localhost:8080/myservice™);
var client = new ServicelClient(binding, address);

client.GetData(®);

mtype = { getdata 1995207842 };
bool servic97031147364229018 = false;

chan iservicel 1995207842 = [0] of { mtype };
chan iservicel 1995207842 answer = [0] of { mtype };

1tl deadlocks check { <> (service call 364229018 == true) }
active proctype main 42353227 ()
{

printf ("wcf call GetDhata™"):;

iservicel 1995207842 ! getdata 1995207842;
iservicel 1995207842 answer ? getdata 1995207842;

service call 364229018 = true;

Fig. 29. Generated Promela code to check for a deadlock when accessing a WCF service

service and so on), and by expecting a call return for all calls we can check the correctness of

the whole system and easily find a place where the integrity of the service calls might violate.

5. An example of generated model verification

Consider an example of starting and running SPIN verifier with a generated model and an
LTL formula that checks it for the data race.

An example source code in C# and a corresponding generated model in Promela are shown
in Figure 30.

Figure 31 shows the result of the verification signaling the violation of the absence of data
race condition.

Since the verifier found a counterexample, we can build a call trail containing it in the

simulation mode with SPIN (Figure 32).
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public static readonly List<int> GloballList = new List<int>();

private static void Main(string[] )
{

AddTolList(9);

AddTolList(@);
}
private static void AddTolist(int value)
{

Task.Run(() => GloballList.Add(value));

mtype = { thread complete };
chan awaiter 66898905 = [1] of { mtype }

bool var 31747823 modified = false;
int var 31747823 = 0;

1tl race conditions check {
[1 (lvar 31747823 modified -> var 31747823 == 0) }

active proctype main 20561848 ()
{

r

run lambda 66898905 () ;
run lambda 66898905 ()
}

proctype lambda 66898905 ()
{

var 31747823 modified = true;
var 31747823++;
var 31747823--;
var 31747823 modified = false;

awalter 66898905 ! thread complete;

Fig. 30. Generated source code for checking the race condition
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./spin -a src.pml

1tl race conditions check: [] ((! (! (var 1275380733 modified))) || ((var 1275380733==0)))

gcc -DMEMLIM=1024 -02 -DXUSAFE -w -0 pan pan.c

./pan -ml10000 -a -N race_conditions_check

Pid: 2760

warning: only one claim defined, -N ignored

pan:1l: assertion violated !( ! (( !( !(var_ 1275380733 modified)) || (var_1275380733==0)))) (at depth 20)
pan: wrote src.pml.trail

(Spin Version 6.4.2 — 8 October 2014)
Warning: Search not completed
+ Partial Order Reduction

Full statespace search for:

never claim + (race_conditions_check)

assertion violations + (if within scope of claim)
acceptance cycles + (fairness disabled)

invalid end states - (disabled by never claim)

State-vector 52 byte, depth reached 25, errors: 1
27 states, stored

6 states, matched

33 transitions (= storedtmatched)

0 atomic steps

hash conflicts: 0 (resolved)

Stats on memory usade (in Megabytes):

0.002 equivalent memory usage for states (stored* (State-vector + overhead))
0.291 actual memory usage for states

128.000 memory used for hash table (-w24)

0.534 memory used for DFS stack (-ml0000)

128.730 total actual memory usage

pan: elapsed time 0 seconds
To replay the error-trail, goto Simulate/Replay and select "Run"

Fig. 31. Verification result indicating the violation of the absence of data race condition

spin -p -s -r -X -v -nl23 -1 -g -k src.pml.trail -ulQ000 src.pml

1tl race_conditions_check: [] ((! (! (var_1275380733 modified))) || ((var_1275380733==0)))
starting claim 2

using statement merging

MSC: ~G line 4

1: proc - (race_conditions_check:1) _spin_nvr.tmp:4 (state 4) [(1)]

Never claim moves to line 4 [(1)]

Starting lambda 14476932 with pid 2

2: proc 0 (main 9021196:1) src.pml:12 (state 1) [(run lambda 14476932())]

3: proc - (race_conditions_check:1) _spin_nvr.tmp:4 (state 4) [(1)]

Starting lambda 14476932 with pid 3

4: proc 0 (main_8021196:1) src.pml:13 (state 2) [(run lambda_14476932())]

5: proc - (race conditions_check:1) _spin nvr.tmp:4 (state 4) [(1)]

©: proc 2 (lambda 144768932:1) src.pml:18 (state 1) [var_ 1275380733 modified = 1]

7: proc - (race conditions_check:1) _spin nvr.tmp:4 (state 4) [(1)]

8: proc 2 (lambda 14476932:1) src.pml:20 (state 2) [var_ 1275380733 = (var_1275380733+1)
9: proc - (race_conditions_check:1) _spin nvr.tmp:4 (state 4) [(1)]

10: proc 2 (lambda 14476932:1) src.pml:21 (state 3) [var_ 1275380733 = (var 1275380733-1)]
11: proc - (race_conditions_check:1) _spin nvr.tmp:4 (state 4) [(1)

12: proc 1 (lambda 14476932:1) src.pml:18 (state 1) [var_ 1275380733 modified = 1]

13: proc - (race conditions_check:1) _spin_nvr.tmp:4 (state 4) [(1)

14: proc 2 (lambda 14476932:1) src.pml:23 (state 4) [var_ 1275380733 modified = 0]

15: proc - (race conditions_check:1) _spin nvr.tmp:4 (state 4) [(1)

l€é: proc 2 (lambda 14476932:1) src.pml:25 (state 5) [awaiter 14476932!thread complete]
17: proc - (race_conditions_check:1) _spin nvr.tmp:4 (state 4) [(1)

18: proc 2 terminates

19: proc - (race conditions check:l) _spin nvr.tmp:4 (state 4) [(1)

20: proc 1 (lambda 14476932:1) src.pml:20 (state 2) [var 1275380733 = (var_1275380733+1)]
MSC: ~G line 3

21: proc - (race_conditions_check:1) _spin_nvr.tmp:3 (state 1) [(!((!(!(var_1275380733_modified)) || (var_1275380733==0))))]
spin: _spin nvr.tmp:3, Error: assertion violated
spin: text of failed assertion: assert(! (! ((!(!(var_1275380733_modified)) || (var_1275380733==0)))))

#processes: 2

21: proc 1 (lambda 14476932:1) src.pml:21 (state 3)

21: proc 0 (main 9021196:1) src.pml:14 (state 3)

21: proc - (race_conditions_check:1l) _spin nvr.tmp:3 (state 2)
3 processes created

Exit-Status 0

Fig. 82. Counterexample in the simulation mode
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6. Conclusion

As the result of the work, we created a possible extension of the C# language compiler
toolset for the formal verification of parallel and distributed applications, which:
e transforms a C# program into an actor model in Promela;
e creates control variables;
e generates LTL formulas for checking:
— deadlocks;
— data races;
— synchronization errors;
e verifies the generated model according to the generated rules.

The aim of the paper was not to create a complete solution for proving parallel and dis-
tributed software, we just wanted to show a possible method that uses AST C# code model
to Promela model transformation, generates LTL formulas and checks them with the SPIN
verifier.

The process is based on analyzing Roslyn structures of full C# grammar programs. The
results can be used in static checkers to prove some properties of sophisticated code.

The method we used can be a bridge from real programs to its formal models with the

automatic transformation between them.
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Y JIK 004.05

Bepuduxkanus npeIuKaTHOM MPOrpaMMbl OMHAPHOIO

MOMCKA 00bEKTA MPOM3BOJbLHOI0 THIIA

Llenexoe B.U. (Uncmumym cucmem ungpopmamuxu CO PAH,
Hoesocubupcxuii cocyoapcmeennwiii yHugepcument)

OnuceiBaeTcsi MOCTPOEHHE W JEAYKTUBHAS BepU(UKAIUS IPEIUKATHOW MPOTpaMMBbl
OMHAPHOTO MMOUCKA, WAEHTHYHOU nporpamme bsearch na sizsike Cu u3 6udmroreku OC Linux.
B asbike NPpEAUKATHOI'O MPOrpaMMHPOBAHHA OMNPCACIIAIOTCSA HOBBIC KOHCTPYKIHU UIA
IIPOU3BOJIBHBIX TUIIOB B KAYE€CTBC IMMapaMETPOB MPOTpaMM. IIJ'IH 00BEKTOB MMIPOU3BOJIBHOT'O TUIIA

BBOJATCA TpaHC(i)OpMaLU/II/I KOAWPOBAHUA Y€PE3 YKA3ATCIIN.

Knroueswle cnosa: oedyxmusHnas eepugurxayus, mparcopmayuu npocpamm, GUHApHbLi

nOUCK, A3bIK npozpammuposanus Cu, GyHKYUOHAIbHOE NPOSPAMMUPOBAHUE.
1. BBenenue

Anroput™M OMHApHOTO TMOUCKA SIBISETCA KIACCMYECKHMM YacTO HCIOJIb3YEMbIM aITOPUTMOM.
[Mporpamma OunapHoro moucka bsearch w3 O6ubGmmorekn supa OC Linux MakcuMaiibHO
yHHUBEpcaabHa. JlomyckaeTcs Npou3BOJIbHBIN THI JIEMEHTOB. B CBsI3U ¢ 3TUM pa3Mmep 3JIEMEHTOB B
Oalitax 3anmaerca mnapaMmerpoMm. Omepanus CpaBHEHUS JJIEMEHTOB TaKXe IIOCTABISAETCS Kak
napametp mnporpammel bsearch. B momomxenwe k 3tomy, u3 coobpaxkeHuil 3G QeKTHBHOCTH
UCHOJNb3YIOTCA OWTOBBIE onepaluu M ajapecHas apudmeruka. llepeuncieHHble OCOOEHHOCTH
OTIPEJIENIAIOT TOBBIIICHHYIO CIIOKHOCTh JEAYKTHBHOM BepUUKAIMH TMPOTPaMMBI bsearch. B
YaCTHOCTH, TIPOM3BOJIBHBI pa3Mep DJJIEMEHTOB M IOJICTAHOBKA IPOrpPaMMbl IapaMeTpoM
CYIIECTBEHHO 3aTPY/JHSIOT NpUMEHeHHe Habopa uHcrtpymenToB FramaC — Why3 [1, 2], ycnemHo
UCIIOJIb3YEMBIX IS ISAYKTHBHOW BepUpHKaui MHOTHX mporpamm siapa OC Linux.

B wHacrosmeil pabore mpoBoauTCs BepU(UKALMU JaHHOM MporpaMMmbl MPUMEHEHHEM
CJIeAyIOUIel TeXHOJIOrMH. B paMKkax npenukaTHOro NporpaMMUpPOBaHHSI MOKHO BOCCO3aTh 0010
UMIIEPATUBHYIO TporpamMmy u3 Kiacca nporpamm-¢yaknuii [11]. Crpoutcs mnpeaukarHast
MporpaMMa, HKBHUBaJIEHTHasT HMCXOJHOM UMIEpaTUBHON mnporpamme. Jlanee sTa mporpamMma
MOJTy4yaeTcss M3 MPEeAUKAaTHOW MpOrpaMMbl MPUMEHEHHEM HEKOTOpPOro Habopa ONTHMHU3HUPYIOLIMX
TpaHchopmanuid. JlaHHas TEXHOJOTHA TOCTPOCHUS NPEAMKATHOM NPOTpaMMbl, HPUMEHEHHUS

ONITHMHU3UPYIONMX TpaHcpopMalmii U JeTyKTUBHON BepuUKanuu npeacraBieHa B padore [10].
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JlenykTuBHas BepUpUKALMs NPEAUKATHOW MPOrpaMMbl CYyIIECTBEHHO Hpolle U ObIcTpee B
CPaBHEHHUHU C JIelyKTUBHOW Bepr(UKALUEH IMIIEPATHBHON porpammel [9].

Bo BTOopoMm paznene naercs KpaTKO€ OINMCAHUE SI3bIKa MPEAUKATHOIO IPOrPaMMHPOBAHMSL.
Omnpenensiercss CUHTAKCUC W CEMaHTUKa runeppyHkiuil. Meton nenykTUBHON BepuduKauuu
OIIMCHIBAETCS B TPETHEM paszesc. B ueTBepToM paszesne onpelnencHo NOCTPOECHUE YKBUBAJICHTHON
NPEAUKATHON  IIPOrPAMMBI bsearch. B CICOYIOIIEM  pa3nciic  OMMCBHIBACTCSA  MPOLIECC
onTUMH3Mpyomel  TpaHchopmanuu nporpammbl.  Ilpomecc  neayKTHUBHOM — Bepu(HKanUu
npeaukatHoil nmporpammel B cucremax Why3 [25] u PVS [24] onpenensiercs B miectoM pasjere.
Hanee 0030p pabot. B 3akitoueHnn cyMMHUPYIOTCSl pe3yiibTaThl paboThl. B paciimpeHHoi Bepcuu
JAHHOM cTaThu [26] BKIIOYECHBI TNPUIIOKEHHS, T/€ MOAPOOHO TOKYMEHTHPYETCS IMPOIEeCC

JeAYKTUBHON BepUpUKAIIH.
2. S13bIK MPeAUKATHOT0 NPOTPAMMHUPOBAHUS

Ilonnas npeduxamuas npozpamma COCTOUT U3 HaOOpa PEKyPCUBHBIX NPeOUKAMHbIX NPOSPaAMM
Ha s3p1ke P [5] ciemyromero Bua:

<uM$ Nporpammbl>(<onncaHns apryMeHToB>: <OMNUCcaHus pesysbTaToB>)
pre <npeaycnosue>

post <nocrycnosune>

measure <BblpaXxeHue>

{ <onepatop> }

[IpenycnoBue U MOCTyCIOBHE SBISIIOTCS (HOpMyIaMH Ha SI3bIKE MCYHCIEHUsS npeaukatoB. OHU
o0s3aTenbHBl TIPU  JeAyKTHBHOW Bepudumkanuu [8, 12, 23]. Mepa 3amaercs TONBKO s
PEKYPCHBHBIX ITPOTPAMM U UCTIONB3YETCS JIJIS JIOKA3aTeIbCTBA X 3aBEPIIICHHMS.

Hwxke mnpencraBieHbl OCHOBHBIE KOHCTPYKIIMM si3bika P: omepatop mnpucBauBaHusi, OJIOK
(omepaTop Cymneprio3uIu), MapaIebHbIA OlepaTop, YCIOBHBIA ONEpaTop, BHI30B MPOTPaMMBI U
OIMHMCaHNe TIEPEMEHHBIX, HCIIOIb3yeMOe /IJIsl apTYMEHTOB, PE3yJIbTaTOB U JIOKATBHBIX IEPEMEHHBIX.

<rnepeMeHHasi> = <BblpaXkeHne>
{<onepatopl>; <onepatop2>}

<onepatopl> || <onepaTop2>

if (<nornyeckoe BblpaxeHne>) <onepaTtopl> else <onepatop2>
<MMS$1 NporpammbI>(<CNmMCOK apryMeHTOB>: <CMMUCOK pe3ybTaToB>)
<TUN> <npoben> <CrNMcoK MMeH NepemMeHHbIX>

Besikas  mepeMeHHas XapaKTepu3yeTcs munom — MHOKECTBOM JIONYCTHMBIX 3HAYEHHMHA.
Onucanue muna type T(p) = D ¢ Bo3MOXHBIMM IapaMeTpaMu P CBA3LIBAET MM THIA 1 C €ro
uzobpaxennem D. Tuner bool, int, real u char ssnsaiorcs npuvumusnvivu. 3navennem tuma

array(Te, Ti) aBaserca maccus ¢ snemenmamu maccuea THNA Te U uHOeKcamu KOHEYHOrO TUOA Ti.
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Tun MaccuBa SBISETCS TPEAUKATHBIM TUIIOM, €r0 3Ha4eHHs1 (MAaCCUBBI) SABJSIOTCA TOTAIBHBIMU M
OJIHO3HAYHBIMH TIPEAUKATAMHU.

IMycts E(X) — noruueckoe Buipaxenune. Tun subtype(T x: E(X)) onpenensier noomun tana T
npu uctuaHoM npenukare E(X), T.e. muokectBo {XeT | E(X)}. Onpenenennsiii B s3pike P Tum
nenbix yucen Nat npexcrasnsercs onucanuem:

type nat = subtype(int x: x > 0) .

HOHYCKaIOTCH IMOATHUIIBI, ITApaMETPU3YEMBIC IIEPEMEHHBIMU. HpI/IMepOM SIBJIIETCS THII OUANA30HA
OCJIbIX YUCCII:

type Diap(nat n) = subtype(int x: x> 1 & x<n).

B si3bike P 11 n300pakeHust THIIA IMaria3oHa UCTIONb3yeTcst KOHCTpyKims 1..0.

Tun moxer ObITh HEpeqaH Mporpamme B KadecTBe mapamerpa. [Iisi Takoro THIA BO3MOXKHbBI
AL ONICpAlliy, TIepeaBacMbie B BUIC (YHKIUIA OPYTHMMH MapamMeTpamyd IporpaMmbl. B mermsix
Bepu(UKaIMU CBOMCTBA TAKOTO THIIA 33Ja0TCs B Buze Teopuu. CM. pasznen 4.2.

OnucaHus THIIOB TMEPEMEHHBIX SIBIISIOTCS YacThio crerudukanuu mporpaMmmbl. Omnucanue
MepeMEeHHON T X eCTh yTBep)KICHHE X€ T, KOTOpPOEe CTAaHOBUTCS YacThIO MPEMAYCIOBHUS, €CIH X —
apryMEHT MPEAUKATHON MPOrPaMMBI, UITH YaCThIO MOCTYCIOBHS, €CIIH X — PE3yJIbTaT IMPOrPAMMBI.
ITpu sToM yTBepkaeHHE XET OOBIYHO HE MMIIETCS B COCTaBE NPEAYCIOBUS MM MOCTYCIIOBHS,
XOTsI IPEANOJIaracTcs.

Tunepghynryus — mporpamMma ¢ HECKOJILKUMU gemesimu pe3yiabraroB. [unepdynkims B(X: y: z)
MMEET JIBE BETBH Pe3yJIbTaToB Y U Z. McnonHeHue runepyHKINHN 3aBEepIIACTCsl OJJHOM M3 BETBEH ¢
BBIYHCIICHUEM PE3yJIbTATOB MO 3TOil BETBU; PE3YJIbTATHI IPYTHX BETBEH HE BBIYHCIISIOTCS.

Bui3o6 eunepgynxyuu 3anuceiaercs B Bujge B(X:y #M1: z #M2). 3nece M1 u M2 — metku
nporpaMMel, cojiepkanieii Bei3oB. Omeparopsl nepexonaa #M1 u #M2 BcTpoeHbI B BETBH BBI30BA.
HcnionHeHne BeI30Ba JTMOO 3aBEPIAeTCs MIEPBOM BETBBIO C BHIYUCICHUEM Y U TIEPEXOJIOM Ha METKY
M1, 1160 BTOpO#i BETBBIO C BHIYHMCIIEHHEM Z U TIEPEX0I0M Ha MeTKy M2.

Br3oB runepdyHKIMN MOkeT KOMOMHHUPOBATHCSA C OTiepaTropamMu 00pabOTKH BETBEH:

B(x: y #M1: z #M2) case M1: C(y: u) case M2: D(z: u) .

Konctpykuus Buma B(x: y #M1: z #M2); M1: ... Moxer ObITH NPeICTAaBIEHA ONEPATOPOM
B(x: y: z #M2).

dopmanbHO runepyHKIMS ONpeaessIeTcs Yepe3 MPeJUKaTHYIO POrpaMMy CIIEIYIOIIEro BU/Ia:

B(x:y, z, €)
pre P(x) post e = E(x) & (E(x) = S(X, y)) & (—E(X) = R(X, z))
{.}
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3necs X, Y M Z — HemepeceKaroluecss BO3MOXHO MycThie Habopbl mepemennbix; P(X), E(X),
S(X, y) u R(X, Z) — nmoruueckue yTBepKaeHHs. [IpearmonokKuM, 4TO BCe TNPHCBAMBAHHSA BHIA
e = true u e = false - nocnenuue ucnonusemsie omneparopsl B nporpamme B. Iporpamma B

MOJKET OBITh 3aMEHEHa CIIAYIOIIEH MPOrpaMMoii B BUIE eunepdyHKyuu:

B(x:y #1: z #2)
pre P(x) pre 1: E(x) post 1: S(x, y) post 2: R(X, z)
{..};

B Tene runepdynkummn kaxaoe npucBanpanue € = true sameneno oneparopom nepexona #1, a
e = false — na #2. Memxu 1 u 2 — nononHUTENHHBIE mapaMeTpel, ONPCACIIAOIINE ABA PA3IMYHBIX
8b1x00a TUNIEPPYHKIUH.

Cneyugpuxayusi eunep@ynxkyuy COCTOUT U3 JBYX dYacTei. YTBepaeHue mocie “pre 1” ects
IIpelyCIIOBUE TIEPBOM BETBU; IPEYCIOBHE BTOPON BETBU — OTPULIAHUE NPEAYCIOBHSI IEPBOM BETBHU.
Vreepknenus nocie “post 17 u “post 2” ects mocryciaoBus s NEpBOM M BTOPOM BETBEN,
COOTBETCTBEHHO.

Anmnapar eunepg@ynxkyuii siBaseTcss Ooiee OOMMM M THOKUM IO CPaBHEHHUIO C H3BECTHBIM
MEXaHU3MOM OOpabOTKM MCKIIOYEHUH, HampuMep, B TaKWX s3bIKax, Kak Java u C++.
TpaguumoHHBIE MOIXOABI B pealu3aluud OO0paOdOTKM aBapUHHBIX CUTYalldil TpennojararT
3aBe/IeHNE JIOTIOJIHUTEIBHBIX CTPYKTYP, YCIOKHSIOUINX MporpamMmy. ITOro yaaercs ndexars npu
WCIONb30BaHuU runepPyHkuuidi. Vcnonp3oBanue runepyHKUUN [enaeT mporpammy Kopoue,
obicTpee u mpoiie s nonumanus [12, 13]. TlogpoGHee B pabote [6, pasn. 4], moapasnene «OanaHc
MH(OPMALIMOHHBIX U YIPABIISIOLUIUX CBA3EI.

B s3bike mpenukaTHOro mporpammupoBaHus P [5] Her ykasateneil, cepbe3HO YCIOKHSIOIINX
nporpamMmMmy. BMecTo ykazaTeneidl HCHOJB3YIOTCS OOBEKTHI alreOpanuecKuX THIIOB: CIUCKH H
nepeBbsi. IlpenukatHass mnporpaMma CYIIECTBEHHO TPOIIE B CPaBHEHUM C HMIIEPaATHBHOU
pOrpaMMol, peanu3yromeil TOT ke alIroputM. O(GQPEeKTUBHOCTh NPEAMKATHBIX MPOrpaMM
JOCTUTACTCS TIPUMEHEHUEM onmumusupyowux mparcgopmayuti [4]. OHU ONPEneNsOT OTINYHYFO
OT KJIACCHYECKON ONTUMM3AIMIO CPEIHEro YPOBHS C MEPEBOJOM MPEIUKATHOW MNpOrpamMmbl B
3¢ (HEeKTUBHYIO UMIIEPATUBHYIO ITPOTPAMMY .

ba3zoBbIiMU TpaHCHOpPMALIUAME SBIISIOTCS:

® CKJIEMBaHUE MEPEMEHHBIX, peaTHn3yIolllee 3aMeHy HECKOJIbKUX MEPEMEHHBIX OTHOM;

® 3aMEHa XBOCTOBOW PEKYPCHUH LIUKIIOM;

® OTKpbITas MOJCTAHOBKA IMPOTrPaMMBbI Ha MECTO €€ BbI30Ba;

e KOAMpOBaHHE OOBEKTOB anreOpamvdeckux THUIOB (CIHUCKOB M JCPEBHEB) MpPU MOMOIIM

MACCHUBOB M yKa3aTeJseil.
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3. lenyxkTuBHasi BepupuKkanusi

[IpenukaTHas mporpaMmma OTHOCHTCS K Kiaccy npozpamm-gynxyuti [11]. TIporpamma-dyHkims
JIOJDKHA BCETZa HOPMAJIbHO 3aBepPIIATHCH C IMOJYyYCHHEM pe3ysibTaTa, MOCKOJIbKY OCCKOHEYHO
paboTaromiasi 1 HeB3aUMOCHCTBYIOIAs IIpOorpaMMa OecroIe3Ha.

Cneyuguxayueti nipenukatHoii mporpammbl H(X: y) sBIstfoTCS 1Ba mpeaukara: npedyciosue
P(x) u nocmycnosue Q(X, y). Cuenudukanus sanuceiBaercs B suze: [P(X), Q(x, y)].

Ins sseika Po moctpoena ¢opmansaas onepanmonnas cemantuka R(H)(X, y) m mokasamo
toxaectso R(H) = H [14]. Ha 6ase sispika Po mocienoBarensHbIM pacimpeHUeM U COXPAHEHHEM
toxaectsa R(H) = H mocrpoen s3bik npeaukarnoro nporpammuposanus P [5].

T omaibHAs KOpp@Kn’lHOCWlb HpOFpaMMI)I OTHOCHUTCIIBHO cneumbm{aupm OHpGI{CJ‘IS[CTCfI
hopmyoii:
H(x: y) corr [P(x), Q(X, y)] = ¥X. P(x) = [VYy. H(x: y) = Q(X, ¥) ] & Jy. H(x: y)

dopmyity TOTaIBHOI KOppeKTHOCTH Oy neM mpeactasisaTs B Bujae npasuia COR:

vxy. P(x) & H(x: y) = Q(X, y);
COR: 7% P(x) = 3y. H(x: y)
H(x: y) corr [P(x), Q(X, ¥)]

Jns Ga3ucHBIX omepaTopoB (MapaieIbHOrO, YCIOBHOTO U CYNEpPIO3UIMH) pa3padoTaHa

YHUBEpCallbHas CHCTeMa IMpaBHJ J0Ka3aTelIbCTBAa UX KOpPpeKTHOCTH [7, 16], B ToM umcie u mpu
HAIMYAM PEKYPCHBHBIX BBI30BOB, CYIIECTBEHHO YIPOIIAOUIasi IPOLECC JO0Ka3aTeNbCTBA IO
CPaBHEHHIO C UCXOIHON (GOPMYIION TOTATbHON KOppeKTHOCTH. KOppeKTHOCTh MpaBmil 1oka3aHa [3]
B cucreme PVS. B cucteme mpeankaTHOrO MpoOrpaMMHUpPOBaHHs PealiM30BaH TeHepaTop (opMyI
KOPPEKTHOCTH mporpamMmbl. YacTs opmyn nokassiBaetcsi apromaruuecku SMT-peratenem CVC4.
OcraBmrasicst yacth (OPMyJT TEHEPHUPYETCs Al CHCTEMbl MHTEPAaKTHBHOTO joka3arenbctBa PVS
[24]. Mauubiii merom ompoOoBaH i AEAYKTHBHOW Bepu(UKalMu 00jee COTHH MPOrpamm
[8, 12, 15].

[penmonoxuM, 4To HAOOPHI IEPEMEHHBIX X, Y U Z HE TIePECEKAIOTCs, a X MOXKET OBITh ITyCTHIM.

Huxe mpuBeneHbl HEKOTOPBIE MPaBUIIA JOKA3aTEIbCTBA KOPPEKTHOCTH OTIEPATOPOB.

B(x: y) corr [P(x), Q(x, y)I; C(x: z) corr [P(x), R(x, 2)];
{B(x: y) || C(x: 2)} corr [P(x), Q(x, y) & R(x, z)]

QP
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B(x: y) corr [P(x) & E(x), Q(x, Y)I;
QC: C(x: z) corr [P(x) & —E(x), Q(X, y)]
{if (E(x)) B(x: y) else C(x: y)} corr [P(x), Q(x, y)]

Janee cnepyeTr mpaBwiIO JUIsl 4YaCTHOTO Cilydasl olepaTopa CyNepHO3UIUH, COOTBETCTBYIOILETO

ceedenuto Kk bonee oobwett 3aoave C(X, i y).

vz C(x, z: y) corr* [Pc(X, 2), Qc(x, y)I;
P(x) = Ps(x) & P*c(x, B(x));
rB: 7Y (P(X) & Qc(B(x), y) = Q(x, y) );
Clx, B9z y) corr [P(x), Q(x, )]

Banuch Buga Z = B(X) seusercs sksusanentom B(X: z). MCTHHHOCTH TpeX MOCBHLIOK HpaBHja

RB rapantupyer KOppeKTHOCTh CJICIYIOLICH MPOrPaMMBbI:

H(x: y) pre P(x) post Q(x, y) { C(x, B(x): y) }

B cayuae pekypcuBHoro BeizoBa C(X, B(X): y) o60o3nauenue COrr* osnauaer, yTo rnepsast MOChUIKA
onyckaercs, a P*c(x, B(x)) 3amensercs na Pc(X, B(X)) & m(x) < m(v). 3xece M — HarypasibHas
(GyHKIMSA Mepbl, CTPOro yObIBarollas Ha apryMEHTaxX PEeKyPCHBHBIX BBI30BOB, a V 0003HayaeT

apryMeHTBI peKypcuBHOM nporpammsi C.
4. IlocTpoeHue MporpaMMbl OUHAPHOIO MOMCKA

4.1. ITocrtanoBKa 3a1a4u

Nmeercs cileayromas rmporpamma 6I/IHapH01"O noucka Ha s3bike CU:

void *bsearch(const void *key, const void *base, size_t num, size_t size,
int (*cmp)(const void *key, const void *elt))
{ const char *pivot;
int result;
while (num > 0) {
pivot = base + (num >> 1) * size;
result = cmp(key, pivot);
if (result == 0)
return (void *)pivot;
if (result > 0) {
base = pivot + size;
num--;
by
num >>=1;

by
return NULL;
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HNwmeercsa onmcanue 19 moibi3oBaTencil: https://elixir.bootlin.com/linux/latest/source/lib/bsearch.c.

[TporpaMma ornepupyeT MEMEHTaMU IPOU3BOJILHOTO pa3mepa Size B Gaiitax.

DOneMEHT, AOCTYNHBIA [0 YKa3aTellto key pa3MepoMm Siz€ 0aifToB, HINETCS B MACCHBE IO
yKa3aTento base ¢ snemenramu pa3mepa Siz€ 06aliTOB W YHCIOM 3JIEMEHTOB NUM. Maccus
YIOPSIOYEH II0 BO3PACTaHMIO. YIOPAIOUEeHHOCTh ompenensercs dynkuuein cmp(key, pivot),
sBJIsIONIElics nmapamerpoM mporpammel bsearch. Iapamerpsr kKey u pivot sisiores ykasarensamu
Ha 3JIEMEHTHI. 3HaYeHUS PYHKIIMH CMP UHTEPIPETUPYIOTCS CISAYIOUUM 00pa3oM:

cmp(key, pivot) > 0 -> key* > pivot*

cmp(key, pivot) < 0 -2 key* < pivot*
cmp(key, pivot) = 0 -> key* = pivot*

[porpamma bsearch Beimaer pesyabratoMm ykasaTenb Ha 3J1eMEHT KEY B MCXOMHOM MAacCHBE MPH
YCIIOBHH, YTO JJIEMEHT CO 3HaucHue Key* cymiectByer B MaccuBe. B mpOTHBHOM cilydae pe3ysibTaT
nporpammsl ectb NULL.

Tpebyercss MOCTPOUTH  COOTBETCTBYIONIYIO TMPEAMKATHYHO MPOrpaMMmy, TPOBECTH €€
NCAyKTHBHYIO Bepu(HUKaUui0 U TpaHCcHopMHPOBaTE €€ B I(DGCKTUBHYI HMIICPATHBHYIO

IIpOrpaMMy, 3KBUBAJICHTHYIO IIPUBEICHHON BBIIIIE.
4.2. llpenukaTHas nporpaMMa OHHAPHOI0 MOMCKA

Ornpenenum TUI 3JIEMEHTOB MacCUBA:
type E;
Tun E npousBosbHBIN M OrpaHUYEH JIMIIL pa3MEepPOM 3JIeMEHTOB Size. Oanako uHboOpMaIus O
pa3mepe Size OyaeT CyIIeCTBCHHA JIMIIb Ha CTaUH Pealn3alliid COOTBETCTBYIONICH MMITEPaTHBHOM
nporpammbl. [IpHHIIMNIHATBHO, YTO JJIS 3HaYeHHMU TWra E HemocTymHbI omepanuu, BBEJICHHBIE B
s3pike P, kpome ormeparnuu “=" paBeHCTBA DIIEMEHTOB, OIPEICIEHHON I BCEX THUIOB. B
MPEANKATHON MporpaMMe MbI OyJIeM MCIOJIB30BaTh OMEPATOPHI MPUCBAUBAHUS, KOTOPHIE NCYE3AIOT
NpU CKJICUBAHUH MepeMeHHbIX. Js 3HayeHuit Tuna E nmpuMeHnMBI JTHIIb oneparuu, CreraibHoO
JUISL HETO OIpe/ieieHHbIe. B HalleM ciydae 3TO €IMHCTBEHHAs olepanus CpaBHeHHUs: CMp.
Omnpenenum tun GyHKIHH CMP 7151 CPaBHEHUS IBYX 3JI€MEHTOB TUMa E:
type CMP= predicate(E, E: int) pre true post true;

JlaHHOE ONMCaHue OmpeaessieT MPeJAUKATHBI TUI C JAByMs apryMeHTamu Tuma E u pesynbratom

tuna INt. Hukakux qpyrux orpaHn4eHuii Ha 3HAUEHMs] apTYMEHTOB U PE3yJIbTara HeT.
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Crnenmudukanus Buga [true, true] ssisercs HanGonee obuiel 1 aGCOMIOTHO OECIONE3HON. A
JPYTOM 3/1eCh OBITh HE MOXET, IIOCKOJIBKY MPEIYCIIOBHE U TIOCTYCIIOBUE MOYKHO OBLTO OBl BBIPA3HUTh
JIMIIB ¢ TOMOIIBIO APYTUX Orepanuii Ha Turne E, a ux Her.

CgoiicTBa onepauuu CMP 331a10TCS B BUJIE TEOPUHU B CTUIIE aNreOpanyecKux crennpuKaruii.

theory Compare {
type E;
axiom EnotEmpty: 3 E x. true; // tun E ne nycroi
CMP cmp;
axiom TotalCmp: V E x, y. 3 int z. cmp(X, y) = z; // toTansHOCTh QyHKIMH CMP
axiom GrCmp: V E x, y. cmp(x, y) > 0 = cmp(y, X) < 0; // cummerpus
axiom TrCmpE: V E X, y, z. cmp(X, y) <= 0 & cmp(y, z) < 0 = cmp(X, z) < 0;
axiom TrCmpF: V E X, y, z. cmp(Xx, ¥) < 0 & cmp(y, z) <=0 = cmp(X, z) < 0;

B TouHocTH 3TOT Habop cBoiicTB Teopur COmMpare ObLI 3aJCHCTBOBAH MPH JI0KA3aTEIbCTBE
(bopMyIT KOPPEeKTHOCTH mpeaukatHoii mporpammbl bsearch. Tum E He moxeT ObITh mycThIM,
MOCKOJIBKY COJIEPIKUT 3JIEMEHT, TMOCTaBisieMblii aprymenTom Key. ToranbHOCTH (QyHKIHH CMP
HeoOXoauMa ISl JI0Ka3aTeNbCTBA TOTaNbHOCTH mporpammer bsearch. Ocranbhbie cBoiicTBa
UCTIOJIB3YIOTCSL MPU JIOKAa3aTesibCTBE JBYX mocieanux ¢opmyn koppektHoctu RB13 u RB23
(cm. Pazg. 6.2).

OHpCI[GJH/IM THII MacCHBa C dJIeMeHTaMu Tumna E:

type di(nat p, n) = p..p+n-1;
type Ar(nat p, n) = array(E, di(p, n));

31ech N — 4Yucino aneMeHToB MaccuBa. Tum di ompenensieT MHAEKCH MaccuBa: OoT P 10 p+n-1.
[Mapamerpom Tuma Ar siBisiercst Takxke THrn E. OH He yka3bIBaeTcs B CIIMCKE MapaMeTPOB, XOTS
noapasyMeBacTCs.

Hwxe nepeunciieHbl apryMeHTBI IPOrPAMMBI bsearch, KOTOpBIE Al yJ0OCTBa HalMCaHUs

IporpaMmel OIMPEACIICHBI KaK ria00albHbIE INEPCMCHHBIC.

type E;

E key;
CMP cmp;
nat num;

3neck key — omement tuna E, xoropelii Mimercs B HMCXOOHOM MaccuBe base, NUM — gucio
3JIEMEHTOB B MaccuBe base u CMp — GpyHKIUSA CpaBHEHHS.

[Iporpammy OnHapHOTO MOKCKA bsearch OIpEIeNIUM B BHJIE TUNIEPYHKIIUH:

bsearch( Ar(0, num) base : nat p, n, Ar(p, n) b #1 : #2)
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Aprymenr base — ucxoaublii MaccuB UTMHBI NUM ¢ uHgekcamu ot 0 1o num-1. TlepBast BeTBB
runepQyHKIUKM pean3yeTcs MpH HAIMYKK B MaccuBe base snementa, pasHoro key; Bropas BeTBb
— Tpu OTCYTCTBUH 3jieMeHTa Key. PesynpraroM mepBoi BETBU sABIETCA MaccuB D — BeIpeska
MmaccuBa base ot snemenra ¢ unaekcoM P 10 KoHia MaccuBa base, npuuem b[p] = key. Ipyroi
pesynbTaT N — juinHa MaccuBa b. ITo BTOpoii BeTBH rHNepQYHKIUH PE3yIbTATOB HET.

Otmerum, yTo B OuOIMOTEUHOM nporpamme bsearch Ha sizeike Cu HeT pe3ynbraTa N — JUIHHBI
OCTaBIIIEiCA YacTH MaccuBa. XOTS TaKOW pe3ysbTaT HyXKeH — B mporpamMme Ha si3bike CH OH
BBIYMCIIIETCS MOCIIE BbI30Ba bsearch.

Beipeska b[p..p+n-1] wucnomssyercs B mnpeaumkaTHOW mnporpamme bsearch kak awmaor
yKasaTess, Ha KOTOPBI BBIPE3KAa 3aMEHSETCS Ha JTale ONTHMHM3HUPYIOLIEH TpaHCchOpMaIH.
Bo3moxken 6ojiee mpocToii anasor ykasarens B Buje napsl (base, p).

Hwxke mpencrasnena nporpamma bsearch. Cneuudukanus —onpenensercs  oOMUM
IIpeayCciI0BUEM pBsearch, MPEyCIOBUEM MO MEPBON BETBU plkey u MOCTYCJIOBUEM 1O TIEPBOM
BerBu (Bsearch. IlocrycinoBue 10 BTOpOW BETBH OTCYTCTBYET, TaK Kak BO BTOPOW BETBU HET
pE3yJIbTaTOB.

formula pBsearch(nat p, n, Ar(p, n) b) =
p+n=num & V di(p, n) i, j. i <j = cmp(b[i], b[j])<0;
formula plkey(nat p, n, Ar(p, n) b) = 3 di(p, n) j. cmp(key, b[j]) = 0;
formula gBsearch(Ar(0, num) base, nat p, n, Ar(p, n) b) =
p+n = num & b = base[p..num-1] & b[p] = key;
[IpenycnoBus ompeneneHsl B Oojiee oOleM B BUIE JJs HCIOJIb30BAaHUSI TakKe B JIPyrou
nporpamme bse. Jins nporpammel bsearch mapamerp p B npeaycioBusX paBeH HYJIIO.

bsearch( Ar(0, num) base : nat p, n, Ar(p, n) b #1 : #2)
pre pBsearch(0, num, base)
pre 1: plkey(0, num, base)
post 1: gBsearch(base, p, n, b)
{ bse(0, num, base : p : #2);
{n=num - p; b = base[p..p+n-1] }
#1
I
Bri3oB runepdyskimn bse mo neppoii BeTBH BhIYUCISET UHEKC P MaccuBa base, ma koropom
base[p] = key. IIpu 3aBepiiennn mepBol BETBLIO UCIIOIHSAIOTCS OIEPATOPHI HOCIE BbI30Ba. IIpu
3aBEPUIEHUH BbI30Ba DSE BTOPOI BETBBIO peann3yeTcs Tmepexoi #2, 3aBeplIaonvil UCIIOJHEHNE
runepdynxuuu bsearch sropoii BeTBrio, 40 03HauaeT orcyrcTBHE KeYy B Maccuse base.
Tunepdynkuus bse mis maccusa b[p: p+n-1] onpenenser nanexc p’, va koropom b[p’] = key.

Beru runepyHKInM ONpeaeNsoTes anaiornano runepdynkiuu bsearch.
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bse(nat p, n, Ar(p, n) b: nat p’ #1 : #2)
pre pBsearch(p, n, b)
pre 1: plkey(p, n, b)
post 1: 3 nat m. cmp(key, b[p+m]) = 0 & p’ = p+m
measure n
{ if (n=0) #2

natm=n/2;

E pivot = b[p+m];

int result = cmp(key, pivot);

if (resut=0){p'=p+m #1}

if (result > 0)

bse(p+m+1, n-m -1, b[p+m+1..p+n-1] #1: p': #2)

else bse(p, m, b[p..p + m- 1] #1: p': #2)
b
31€ech ITPUX B UMEHH P’ 03HAYAET, YTO B MTOrOBOM UMIIEPATHBHOM IIPOrpaMMe repeMeHHbie P u P’
JOJI2DKHBI OBITH CKJICEHBI: p' 3aMCHACTCA Ha p

AJITOPUTM peau3yeTcs 1o ciaeayroimei cxeme. IlpeacraBum auanas3on pP..p + N — 1 B Buze:

[p, ..., p#m-1] p+m [ p+m+1, ..., p+n-1]

Ecin cmp(key, b[p+m]) = 0, 1o pemenue: p’ = p+m. HMuaye B 3aBHCHMMOCTH OT 3HaKa
cmp(key, b[p+m]) tpeGyemsiii snement Key umimercs B omHoM M3 auanasoHoB: P..p+m-1 wiau
p+m+1..p+n-1.

Urak, mosHas npeuKaTHas porpaMMa coctout u3 porpamm bsearch u bse.
5. OnTUMHU3MPYIOIIHeE TPaHchopMaIuU

Omnpenenum Habop TpaHchopmaiuii, NpeBpalalOIUX NPOrpaMMy OHHApHOTO IIOMCKA,
cocrosnlyro u3 nporpamm bsearch u bse, B sddexruBnyro umnepatusHyro mnporpammy. Ha
MEepBOM JTare peanuszyercss TpaHchopMalusi CKJIeMBaHMs IepeMeHHbIX. Hampumep, omnepanus
CKJIEMBAaHMA NUM <— N peanu3yeT 3aMEHY BCEX BXOKJCHUN NIEPEMEHHBIX N HAa IEPEMEHHYI0 NUM.
CxiienBanpe: NUM <« N.

bsearch( Ar(0, num) base : num, nat p, Ar(p, num) b #1 : #2)
{ bse(0, num, base: p : #2);

{num = num - p; b = base[p..p+num-1]}

#1
b
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CxienBanue: p < p’.

bse(nat p, n, Ar(p, n) b: p #1 : #2)
{ if (n=0) #2
natm=n/2;
E pivot = b[p+m];
int result = cmp(key, pivot);
if(resut=0){p=p+m #1}
if (result > 0)
bse(p+m+1, n-m -1, b[p+m+1..p+n-1] #1: p : #2)
else bse(p, m, b[p..p + m - 1] #1: p : #2)
b

Ha BTOpOM 5Tare npoBOAUTCS 3aMEHa XBOCTOBOM PEKYpPCHH LIMKIIOM B IporpamMme bse:

bse(nat p, n, Ar(p, n) b: p #1 : #2)
{loop {
if (n=0) #2
natm=n/2;
E pivot = b[p+m];
int result = cmp(key, pivot);
if (resut=0){p=p+m #1}
if (result > 0)
|p, n, b] =|p+m+1, n-m -1, b[p+m+1..p+n-1]|
else |p, n, b| =[p, m, b[p..p + m - 1]|
by
b
PackpeIBaroTcs rpynmoBbie OnepaTopbl MpuUcBauBaHus. [Ipy packpbeITUM TMEpBOro omneparopa

HCO6XOI[I/IMO IOMCHSTH IMOPAAOK ITPHUCBANBAHUS.

bse(nat p, n, Ar(p, n) b: p #1 : #2)
{loop {

if (n=0) #2

natm=n/2;

E pivot = b[p+m];

int result = cmp(key, pivot);

if (resut=0){p=p+m #1}

if (result > 0)

{b =Db[p+m+1..p+n-1]; p=p+m+1l;n=n-m-1}

else {n=m;b=>b[p.p+m-1]}
by
b

Ha TPETHEM IOTAIIC TCJIO IIPOIrpaMMbI bse noACTaBJIACTCA HA MECTO BbI3OBA B bsearch. HpI/I 9TOM

oneparop #1 3amensiercs Ha break.
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bsearch( Ar(0, num) base : num, nat p, Ar(p, num) b #1 : #2)
{ //bse(0, num, base: p : #2);
| p, n, b | =10, num, base |;
loop {
if (n=0) #2
natm=n/2;
E pivot = b[p+m];
int result = cmp(key, pivot);
if (result =0){p=p+ m; break }
if (result > 0)
{b=b[p+tm+1..p+n-1]; p=p+m+l;n=n-m-1}
else {n=m;b=>Db[p.p+m-1]}
¥
{num = num - p; b = base[p..p+num-1]}
#1
b

B rtene nmkia 3amennm N Ha NUM, a b wa base. [lanee onepaTopsl 3a MUKIOM BTSIHEM BHYTPb

TCJIa IUKJIa, UBMCHHUB UX MOPAIOK.

bsearch( Ar(0, num) base : num, nat p, Ar(p, num) b #1 : #2)
{p = 0; nat num0 = num;
loop {
if (num=0) #2
natm=num/ 2;
E pivot = base[p+m];
int result = cmp(key, pivot);
if (result = 0) {
p=p+m
num = num0 —p ;
b = base[p..p+num-1]
#1
by
if (result > 0)
{ base = base[p+m+1..p+ num -1]; p = p+m+1; num =num-m-1}
else { num = m; base = base[p..p + m-1] }
¥
b

3necs NUMO o603HavaeT 3HaueHne NUM B Havase ucrojuenus bsearch.

Ha derBepTOM sTame TpaHchOpMaIMii peaau3yeM KOJHUPOBAHHE THUIIOB W ONEPAlMi ¢ HUMH
Yyepes THUIIBI U onepanuu si3bika CH.

Bce nepemennbie Tuna E xomupyrorcs ykaszarenem Ha mepeMeHHyro. [IpudeM ucmosb3yercs
ykazatenp thna VOId*. Maccus base monyuaer tunm void*. Dinement maccusa base[p+m]
UICHTHPUIHPYETCS yKa3aTelIeM base + m*size. Huwxe MPUBEAEHO MPEACTABIECHUE ONEpaluid U

omneparopos mporpammsl bsearch.
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E pivot = base[p+m] — void*pivot = base + m*size;
base = base[p..p + m - 1] — base = base

base = base[p+m+1..p+ num -1] — base = base + (m+1)*size;
num/ 2 — num >> 1

PesynpTaToM KoaMpoBaHUS OOBEKTOB SABJISETCS CIEAYIOIIAs IPOrpaMMa.

bsearch(void *base, nat num : num, nat p, void *b #1 : #2)
{p = 0; nat num0 = num;
loop {

if (num=0) #2

natm = num >> 1;

void*pivot = base + m*size;

int result = cmp(key, pivot);

if (result = 0) {

b = base + m*size;

p=p+m
num = num0 —p
#1

by
if (result > 0)
{ base = base + (m+1)*size; p = p+m+1; num=num-m-1}
else { num = m; base = base }
o
b
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Brrunciaenus yKa3aTeJleﬁ HE 3aBUCAT OT P. HOE)TOMy BCE€ OIepaTophl, BHIYUCIIAIOIINE P, MOXHO

YAAJIATD. KpOMC TOr0, HEHY>XHBIMHM CTAHOBSITCS OI€paTophbl P = P + mu num

[Tocne ynaneHust HEUCIOB3YEMbIX BBIUMCICHH MTPOrpaMMa mpeodpasyercs K BUIY:

bsearch(void *base, nat num : void *b #1 : #2)
{ loop {
if (num=0) #2
natm=num >> 1;
void*pivot = base + m*size;
int result = cmp(key, pivot);
if (result = 0) {
b = base + m*size
#1
by
if (result > 0)
{ base = base + (m+1)*size; hum=num-m-17}
else num =m;
b
b

num0 - p.

Hanee mpeBpatuM runepyHKIHIO B OOBIYHYIO (DYHKIIMIO, COBMECTHB JBa BbIxona B oxuH. C

9TON menbio Bhixon #2 3akomupyem omepartopom b = NULL ¢ yuerom TOro, uro HyseBoii
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yKa3aTelb HE IOSABUTCS Ha IepBod BeTBH. lIpoBeneM Takke O4YEBHUIHBIE YIPOLICHHUS NpHU
BBIUMCIICHUM yKa3aTenell. [lomyduum ntoropyto nporpammy.

bsearch(void *base, nat num : void *)

{ loop {
if (num=0) return NULL;

nat m = num >> 1;
void*pivot = base + m*size;
int result = cmp(key, pivot);
if (result = 0) return pivot;
if (result > 0) { base = pivot + size; num =num-m-1}
else num =m;
¥
b

CpaBHUM €€ ¢ HCXOJHOW ITporpaMMoil Ha sA3bike CH:
void *bsearch(const void *key, const void *base, size_t num, size_t size,
int (*cmp)(const void *key, const void *elt))
{ const char *pivot; int result;
while (num > 0) {
pivot = base + (num >> 1) * size;
result = cmp(key, pivot);
if (result == 0) return (void *)pivot;
if (result > 0) { base = pivot + size; num--; }
num >>=1;

by
return NULL;

}

Uto0bl OmpenenuTh SKBUBAJICHTHOCTHh IMPOTrpamM, JOCTAaTOYHO IPOBEPUTHh, UYTO 3HAUYECHUE
NepeMeHHOM NUM B KOHIIE LUKJA SBJISETCS OAMHAKOBBIM IS JABYX NMPOrpaMM IpHU YCIOBUH, YTO
3Ha4YeHuss NUM B Hayase MUKIIA COBIAIAIOT TS IBYX MporpamMm. PaccMotpum ciaydan: num = 2*k
unum = 2*k + 1. TIpoBesst HeCIOKHbBIE BHIYMCIICHHUS [UIst NUM B HAYaJle [[UKJIA JIETKO TPOBEPHUTH,

4TO 3Ha4YeHMI NUM B KOHIIE IMKJIA JJIS KaXXJ0r0 U3 CIIy4yacB 6y,[[yT COoBIIaaaTh.

Takum o00pazoMm, mTporpaMMbl SKBHUBaJEHTHBL. Pa3ymeercsi, MOXXHO ObUIO OBl TOCTPOUTH

MPEeIUKATHYIO IPOTrpaMMy, KOTOpas ocie TpaHC(hOopMaIMy COBIAAAET C UCXOAHOM MPOrpaMMoH.
6. Ilpouecc neqyKTUBHOM BepupuKanuu

Teopus ¢ hopmynamu KoppekTHocTH (Pa3zd. 6.2) Oblna 3aK0IMpOBaHa Ha S3BIKE CHEIUPUKAIINAI
why3 cucremer Why3 [25]. Tlpu stom maccuBel Buma b[p: p+n-1] Bcromy ObUH CBEIEHBI K
maccuBam b[0: 0+n-1]. Kak cieactBue, BO MHOTMX KOHCTPYKIMSX TIOSBHJIOCH BBIYMTAHUE

3Ha4YCHHUA P. OTH H3MEHCHUS HCTpUBUAJIbHEIL. HCCMOTpH Ha TO, 4YTO BBIPEC3KU IMOJIHOLICHHO
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MPHUCYTCTBYIOT B s3bIKE mporpammupoBanus WhyML, B si3eike cnermdukanuii Why3 u cucteme
nokasatenabctBa Why3 Beipesku HuKak He momaepkanbl. JIsmOma-pynkuuii Het B Why3. B utore
BBIPE3KH OBUIN OmpejielicHbl uepe3 npeaukarsl Slicel u sliceR.

B pamkax cucremsr Why3 B TeueHuwe momyTopa QHEH ObUIM JOKa3aHbl BCE (HOPMYJIBI
koppektHocTH, Kpome RB13 u RB23, nauGosnee cnoxusix. [Ipuuem s mokasarenabcTBa GOpPMYIIbI
KoppektHocTH Rp2 Gbutn BBereHsl mpomexyTounbie emmbl Rp2_key, Rp2_key0 u KeyEx.
[IpumedaTenbHO, 94TO BCe (GOPMYIIBI U JIEMMbI OBUTH JIOKa3aHBI C TOMOIIBIO OMHOTO pEIIaTelis
AltErgo. Ionbrtku nokazate RB13 u RB23 3a mapy nueil okaszanuch 6e3yCrenHbIMH.

Bbuio pemieno nepesectu Teoputo u3 Why3 Ha si3bik cnenudukarmii PVS B npoekiuu va RB13 u
RB23. U3-3a cioxHO# CHCTEMbl OrpaHMYCHHI HAa [HMAIa30HbI JBa [HS HE YAABaJOCh MPONTH
cemantnyeckuii koutponb (type checking) B PVS. Ilpunutock H3MEHHTH cCrHenupHKAINIO
nocrycnoBust nporpammel bse. JlokazarensctBo B PVS mis dopmyn RB13 u RB23 ymamocs
MOCTPOUTH 32 Mapy 4acoB.

ComyTcTByIOIIEH 11eNbI0 BepUPUKAIIMU ObLIO ONMPEACICHHE TOYHBIX OrPaHHYCHUH HA (HYHKIIUIO

CMp. DTH OrpaHUYEHHsI ONIPE/ICIICHBI U MPeICTaBIeHbI B Buae Teopun Compare (Pasn. 4.2).

7. O030p

[Iporpamma OuHAapHOrOo IOMCKa SIBISETCS BecbMa MOIYJApHOW. JlOBOJBHO 4YacTo OHa
WCTIOJB3YETCS TSl WILTIOCTPAIIMH HOBBIX METOJIOB BepH(pHUKany.

B pabore [18] meromom meAyKTUBHOW BepH(HMKAIMH OIEHUBACTCS OOBEM HCIIONB3YEMOM
namsTH, B YacTHOCTH, pa3Mep CTeKa, [uid mnporpamMMm Ha s3pike Cu. B kadecTBe TecToBOM
UCIIOJIb30BaJIach TNpeoOpa3oBaHHas B PEKYPCHUBHYIO Iporpamma ObicTporo momcka bsearch c
JOTapU(PMHIECKUMH OIICHKAMH.

[Tporpamma bsearch ucnonp3oBaHa Uit AEMOHCTPAIMU aHHOTAIMIA, BCTABIISIEMBIX JUIS OLICHKH
HauXyJIIeT0 BPEMEHH HCIOJHEHUS, B PYKOBOACTBE K IOJIb30BAHHUIO CEPTUPHUIMPOBAHHBIM
ONTHMHU3UPYIONMM Kommmisitopom CompSert [21], koppeKTHOCTh KOTOPOTO JI0Ka3aHa B CHCTEME
Bepudukarnmu Coq.

B unctpymenrte Bepudukammu Frama C [1] mpumensercs sspik cremudukanmii ACSL [17]
nporpamMm Ha s3bike Cu. Ha s3pike ACSL 3ammchiBaroTcs criemu@UKalMU MPOrpaMM B BUE
koHTpakToB. KoHTpakr Buma behavior ompenenser BapuanT cnenudukanuu. [lomHas
crenudukanys cinaraetcss u3 Habopa BapuaHTOB. Takoil crmoco0 crenu@uKanmuu aHaJIOTHYCH
crienupUKaIUK TPEIyCIOBUS W TOCTYCIOBHS JUII OJHOM BeTBH runeppyHKuu. Merton

crienpUKaIUK WILTFOCTpUpyeTcs: Ha mporpamme bsearch.
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C npuMeHEHHEM TEXHOJIOTHH MPOrpaMMHUPOBAHUS B OrpaHUYCHUSIX B pabote [22] mpemaraercs
HOBBII METOJ] aBTOMaTHYECKOTO MOCTPOCHHS HHBAPHUAHTOB C IMPOBEICHHUEM JI0KA3aTeIbCTBA HMX
koppektHocTH. [Iporpamma bsearch ucrons3zoBana B kayecTBe TECTOBOIA.

B pab6ote [19] coobrmaercst 06 0OHapy»KeHUH OIMMOKU OaJaHCHPOBKHM B MPOrpaMMe IOHCKa B
OunapHOM JepeBe. [lpm 3TOoM mporpamMma ocTaBajach KOPpPEKTHOW, HO 0OoJyiee MEIUICHHOM.
Hanpumep, ecinu Obl B Haleil mporpaMmme Mbl HCTIOJIb30BaJIM Obl BBI30B

bse(p+1, n- 1, b[p+1..p+n-1] #1: p' : #2)
BMECTO BBI30Ba

bse(p+m+1, n-m -1, b[p+m+1..p+n-1] #1: p': #2).
Torna BMecTO J0rapuMUUECKol OLEHKH CIOXKHOCTH Ha ONpPEEeNICHHBIX BXOJHBIX JAaHHBIX ObLIa
Obl smHeiHas oneHka. B paGore [20] paspaGoran meTon IeAyKTHBHOW BepH(UKAIUH,
rapaHTHPYIOUIMA HE TOJBKO (DYHKIIMOHAIBHYIO KOPPEKTHOCTh, HO M ONPECIISIONINA HAuXy AITYIO

OLIEHKY CJIOXHOCTH. MeTo1 WILTIOCTPUPYETCs Ha rporpamme bsearch.
8. 3akiiroueHue

B HacTosmieli paboTe npencTaBiieHa JIeAyKTUBHAS BEpUPHUKAIHS TPOrpaMMbl OMHAPHOTO MTOMCKA
bsearch u3 6ubmmorekn sgpa OC Linux. IporpamMma MakcuMajibHO yHHUBEpcaibHa. Pasmep
3JIEMEHTa M OIEpalldsi CPaBHEHWS DJIEMEHTOB 3aJIA0TCs TlapameTpamu Tporpammbl  bsearch.
O06paboTKy 00BEKTOB MPOU3BOIBHOTO THIIA MOKHO 3aIPOTPaMMHUPOBATh B si3bIke CH TOIBKO Yepe3
ykaszatean obmiero Buma VOId *. 13 cooOpakenunit 3p(HEKTHBHOCTH HCMOIB3YIOTCS OHWTOBBIC
Olepanuu | ajapecHas apupmernka. [lepeunciieHHbIe OCOOCHHOCTH OIPEEISIOT TOBBIIICHHYIO
CIIOKHOCTH JIeyKTHBHOM BeprdUKaimu mporpammel bsearch.

bubnuoreunass mporpamma bsearch momyuyena wu3 mnpeaukatHO# mporpammbl (pasn. 4)
MpPUMEHEHHEM Ha0opa ONTUMU3UPYIOMIMX TpaHcPopMmanuil. B nelcTBUTETHLHOCTH, B pe3ylibTaTe
TpaHchopManuii TOJydeHa JApyras Iporpamma, ONu3Kas K HCXOAHOM Oubamoreunoi. Mx
HKBUBAJICHTHOCTH JIETKO TpoBepsieTcsi. CleayeT OTMETUTh, YTO MOJHOTO COBIMAJCHHUS MCXOMHOU U
TpaHC(HOPMHUPOBAHHOM MPOTPaMMBbI HE OBLIIO TaKXKe | JUIsl IPOTPaMMbl KOHKaTeHaruu ctpok Strcat
[10].

JlenykTuBHas BepuHKaIMs MpeAUKaTHOM mporpammbl bsearch momkra 6b1 GBITH CYIIECTBEHHO
mpomie ¥ OBICTpee B CPaBHCHWU C JCIYyKTHBHOH BepH(HKaIMeld HCXOJHOW HMMIIEPaTUBHOU
nporpammel. OnHako Bepu(HUKaIMs NpPEIUMKaTHOW mnporpammel bsearch ocnoxuunace u3-3a
HEYYTCHHBIX 0COOCHHOCTEH CHCTEMbI aBTOMaTuyeckoro gokaszarenbcrBa Why3 [25]. Basepuienue

JeTYKTUBHON Bepudukaiuu npoBoauwiock B cucteme PVS [24]. Cuctema Why3 mpeamonaraer
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WHOM CTHJIh CTICIIU(UKAIIIN TTPOTPaMM TI0 CPaBHEHHIO CO crerudukanueit s cucremsl PVS. Otot
CTHJIb TIPEICTOUT OCBOUTH I yCTIEIIHOW BepUUKALIUU APYTUX TPOTPaAMM.

JenyktuBHas KOPPCKTHOCTD noATBepAUIa KOPPEKTHOCTD IpOrpamMmaIl bsearch.
ComyTcTByIOIIEH 1€NbI0 BepUUKAIUN OBUIO ONpesesieHHe TOYHBIX OTPAHMYEHUIN Ha OINEpaluio
CPaBHEHHUS 3JCMEHTOB. DTH OTpaHHuYCHHs MpeicTaBicHbl B Bujae teopuun Compare (Pasn. 4.2),
OTpeAeSAoNe CUMMETPUYHOCTh, TPAH3UTHUBHOCTh U TOTAJIBHOCTH OIEpalli CpPaBHEHUS.
ToranbHOCTP — STO BO3MOXHOCTH NPUMEHEHHS ONepaluud K JI0ObIM aprymeHram. B
0JIL30BATENBCKOM JTOKyMeHTaIMu K porpamme bsearch nannoit undopmanmu Her.

YroObl 0OecreunTh BBICOKHI YpOBEHb JIOBEpUS K MHCTPYMEHTaM BepU(DUKaLuU, HEOOXO0AUMO
rapaHTUPOBaTh KOPPEKTHOCTh NPUMEHSEMOM TEXHOJIOTUHM M COIyTCTBYIOIIHMX HHCTpyMeHTOB. C
3TOH 11eJIbI0 Ha 0a3e MOJEIM BHYTPEHHETO MPEICTABICHUS TPAHCIUPYEMO#l IpOorpaMMel C si3bika P
MIpPENIoaraeTcsi IMOCTPOUTh MOJENIb ONTUMHU3UPYIOIIUX TpaHcpopmanuii M THPOBECTH €€
BepHU(DUKAITHIO.

Nmeerca pacmmpeHHass Bepcus JMaHHOMW cTaTbu [26] ¢ NPWIOKEHUSIMM, TA€ MOAPOOHO

JOKyMEHTHPYETCS Mpolece AeTyKTUBHOM Bepr(HKaLuu.
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YJIK 81'322.2

AHAJIN3 TEMATHYECKHX KJIACTEPOB TEKCTOBBIX KOJIEKIIMH U
HccJIel0BaHNe BpEMEHHO i JMHAMHKH TeM (Ha MaTepHaJie

koH$eperHnuii mo Argument Mining)

Iumenos U.C. (Hosocubupckuii eocydapcmeennblil yHugepcument),
Canomamuna H.B. (Mncmumym mamemamurxu um. C.JI. Cobonesa),

Cuooposa E.A. (Mucmumym cucmem ungpopmamurxu um. A.11. Epwosa)

B crathe NpeaACTaBJICHbI PE3YyJIbTAaThl HMCCICIO0BaHUA I/I3MeHeHI/II\/'I, IMpoucxoadnux B
TEMATHYCCKUX KJIIACTEpax, IMOCTPOCHHLIX HAa KOJIJICKIWHU TEKCTOB KOH(i)epeHIJ;I/H‘/'I HpC}IMC’THOfI
obmactu Argument mining. BeisiBeHne TEpMUHOB, YCTAHOBIICHHUE CBA3EH MEXy HUMH U
TeMaTH4ecKass KiacTepu3alus IPOBEACHBI C IOMOIIBI0 CTOPOHHUX IPOTPAMMHBIX
CPEICTB, MO3BOJISIONIEH W3BJIEKAaTh TEPMUHBI B (POpME HMMEHHBIX CJIOBOCOYETaHUA,
IIPOBOJIUTh UX KJIACTEPU3ALMI0 Ha 0a3e aaropuTMa, OCHOBAaHHOIO Ha NPUMEHEHUU
GYHKIUM MOIYJASPHOCTH. IIpUBOAMTCS OlEHKA KadecTBa MOJNYYEHHBIX KIACTEPOB 110 TPEM
kpurepusiM.  TpaHchopManuio TEPMHHOJIOTHYECKOTO COCTaBa KJIacTEPOB BO  BPEMEHU
TpemaracTcs aHaJIM3UPOBAaTh C TIOMOIIBI0 OPHUEHTHPOBAHHBIX TpadoB, IMOCTPOCHHBIX HA
OCHOBE KpHUTEpHs, KOTOPBIA MO3BOJsAeT (UKCUPOBATh HauOollee BaXkKHbIC H3MEHCHHMS.
TCpMI/IHOHOFI/I‘{eCKaH JICKCMKAa BBIABJICHHBIX TEMATHYCCKUX  KJIIACTEPOB  XapaKTCPU3YET
OTIENbHBIE HANpPaBIeHWs, B KOTOPHIX BENYTCS HCCIENOBaHHA, a TpaHchopMaIus

TEPMHUHOJIOTUIECKOT0 COCTaBa KJIACTEPOB BO BPEMEHU JIEMOHCTPHPYET CMEICHUE HHTEPECOB.

Knroueswie cnosa: memamuuecxkas Kaacmepuszayus, KoJUleKyuu mexKkcmoe npedmemnoﬁ

obnacmu, ounamuxa mem 6o spemenu, Argument Mining
1. BBenenue

HccrnenoBanre BPEMEHHO W JIMHAMUKH TeM pa3MyHbIX mnpeametHbix obmactedd  (I10)
IPEJCTaBIsIET MUHTEPEC HE TOJBKO Ul PELICHHs] MacIITAaOHBIX 3a7ad: OTCIEKHBAHUS IBOJIOLUU
I10, mocTpoeHHs] MPOTHO30B JAalbHEUIIEr0 pPa3BUTHS, HO TaKKe M YTHIMTApHBIX, TaKUX Kak
3HakoMcTBO ¢ I10, o6HOBIEHNE TpodeccroHaNbHbIX 3HaHUN U 1p. JlaHHas paboTa HampaBieHa Ha
CO3JaHHE MHCTPYMEHTA JUIS MOAJEPKKH HMCCIENO0BAHUN TAaKOro THUIIA, HApUMEpP, B MOMOILb IpU
MOCTPOEHUH pedepaTuBHBIX 0030pOB AJsl TOTO, YTOOBI BBIABUTH aKTyalibHble Hampasienus I10,

MNPUMCHACMBIC B HUX MCTOBI. ABTOMaTHUecKas 06pa60T1<a KOJIJICKIIMI TEKCTOB JIa€T BO3MOXKHOCTD
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YBEIMYUTh 00BEM aHAIM3HPYEMOI JIMTEPaTypbl U MO3BOJISCT OCIA0UTh CyObEKTUBHOE BIMSHHE
skcneproB [10.

KoJutekuuu TeKCTOB, Kak MPaBUIIo, (POPMUPYIOTCS M3 CTATEH, TIOIYYSHHBIX IO 3arpocaM K 6azam
JaHHBIX CETCH IMTUPOBAHUS M\MJIM U3 PCHTHHIOBBIX MYOJMKALMN B TEMaTHYECKUX JKypHaJax.
OCOOEHHOCTh JIaHHOTO MCCIICIOBAHUS 3aKIFOYACTCsl, B YACTHOCTH, B TOM, YTO OHO IPOBOJUTCS Ha
Marepuaie TpyldoB KoH(epeHiwid. s HUX, B OTIMYHME OT XKYPHAJIbHBIX CTATCH, KaK MpPaBHUIIO,
pedTHr Hew3BecTeH. Ho craryc koHpepeHIMH U caM (DakT MPOXOKICHUS OTOOpa TOBOPUT O
3HAYUMOCTH aHAIM3UPYEeMbIX TeKCToB. ClielyeT MpHU3HATh, YTO PHUCK ONMIMOOK B OIICHHMBAHUH
teMatudyeckux u3MeHeHuil [1O mo marepuanam KoH(pepeHIMIl BhIIe, YeM MO PEHTHHTOBBIM
cTaThsiM. TeM He MeHee, TaKoe HCCIEJOBAaHHE MPEJCTABISCT HMHTEPEC, MOCKOJBKY MO3BOJISIET
OTIEPaTHBHO MOJIy4YaTh MPEACTABICHHE O CMEIICHUH HAYyYHBIX HHTEPECOB HA CAaMOM PaHHEM dTarle.

Crpykrypa I1O, 3amaBaemas TeMaTHYECKUMH KIACTEPaMH, MOXKET OBbITh MOCTPOCHA ITyTEM
OPUMEHEHHMsSI K TEKCTOBBIM  KOJUICKIUSIM  JIFOOBIX M3BECTHBIX METOJIOB  KJIACTEPU3AIUH
(nepapxudeckux, K-cpeqHUX, MIIOTHOCTHBIX, IPad)OBBIX U Mp., CM., Hanpumep, [1]), ucrnoap3yeMbix
ISl aHAJTN3a HETEKCTOBBIX THIIOB JIAHHBIX.

[Moaxompl K KiIacTepH3aldy MOXHO Pa3[IeiUTh Ha KIACTCPH3AIUI0 TEKCTOB IO COBMECMHOU
scmpeuaemocmu B HuX mepmunos (Co-word analysis), wampumep, [2] u 1o coemecmuomy
yumuposanuto (CO-citation analysis), B 4acCTHOCTH, YITOMHUHAHUIO B OJHON IyOIMKAIIUU Maphl IBYX
JIPYrUX WK, HA00OPOT, IIUTHPOBAHUIO OJHOW W TOW K€ MyONMKaluu apyrumu pabotamu [3, 4].
Kak moxazano B pabote [5], pe3ymbTatel cTpykTypupoBanus [10, monydeHHBIE ¢ MPUMEHCHHEM
ATHX JIBYX IOJIXOJIOB K OJJTHMM M TE€M K€ JaHHBIM, OJIH3KH.

HccnenoBanue TMHAMUKHA W3MEHEHHH, MPOUCXOISANINX B TEMATHUECKUX KJIACTEpaX C TCUYCHUEM
BPEMCHH, MPOBOJUTCS, KaK IPaBUIIO, C YCTAHOBJICHHUEM BCEX BO3MOXHBIX M3MEHEHUH B COCTaBE
tepmuHOB. K mpumepy, B padote [6] npuMeHseTcs METO/] CKOJIB3SIIIEro OKHA, CTPYKTypa KJIacTepoB
(bUKCUpyeTCss B IEPEKPHIBAIOIINXCS BPEMEHHBIX HWHTEPBAJAX, YTO MO3BOJSIET MaKCHMAIBHO
MoJIPOOHO (PUKCHPOBATH 3aBHCHMOCTH COCTaBa KJIAacTEPOB OT OOJBIIOrO YHcla MmapaMmerpoB. B
APYrux paboTax, Takux Kak [D], MpUMEHsAETCsA TakoW MoKasaTelb Kak HMHIACKC BKJIIOYCHHUS, HE
muddepeHIUpYIONM  TUNIBI  POUCXOAIIMX HM3MEHEHUH. B jaHHOW paboTe mpemiaraercs
KPUTEPHUH Ui OTCICKUBAHHS TOJBKO CYIICCTBEHHBIX W3MCHEHH B Pa3BUTUU TEMaTHUECKOU
ctpykTypsl I10.

Llenn pabotei: 1) paspabortats pipeline, MO3BONSIONIMI MPOBOJUTH aHATIHU3 JAWHAMHKH

TEMATUYCCKHUX KJIaCTEPOB BO BPEMECHU, 2) IMPOBECTU anpo6aumo Ha KOJUICKIIUHN TCKCTOB I10.
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PesynbTathl, mpeacTaBieHHbIE B padoTe, SBISIOTCA MPEIBApUTEIbHBIMU, IOCKOJIBKY OHH OyIyT
YTOYHATBHCS HAa KOJUIEKIMM, IOTMOJHEHHOM TekctaMu uccienyemoi I[1O panHoro um apyrux
BPEMEHHBIX IIEPUOJIOB.

HccnenoBanue BBIMOIHEHO Tpu noyiepkke PODU B pamkax mpoekros Ne 18-00-01376 (18-00-
00889) u Ne 18-00-01376 (18-00-00760).

2. MeToabl

MeTtoauka mpoBOIMMOTO UCCIIEAOBAHUS BKIIFOUAET CIASAYIONINE MarH:
1. COop KOJIIEKIIUH.
2. TlpemoOpaboTka KOJIEKIMH (TOKEHU3AIMs, MOP(HOJIOTHIECKUI aHaIH3).
3. U3Bredenue TepMHHOB.
4. CrpykrypupoBanue [10 (TeMaTHuecKast KITaCTEPU3aIUs TEKCTOB KOJUIEKITUH).
5. OreHka Ka4ecTBa MOCTPOCHHBIX KJIACTEPOB.
6. Ilocrpoenue rpadoB TpaHcHOpMAIIH TEM.

st otHOCHTENbHO HOBBIX 10 cOOp KOMIEKIUN SBISIETCS HETPOCTBHIM JEJIOM, OOJIbIIIas 9acTh
aKTyaJIbHBIX TEKCTOB YaCTO OKa3bIBAETCS BHE 30HBI CBOOOAHOTO Jmoctyna. OCHOBHBIMH
TpeOOBAaHUSAMH K KOJUICKIIMM TEKCTOB JUIsl aHaJIM3a TEMAaTHYeCKOW TpaHc(opmaiuu BO BpPEMEHH
SIBJISIETCS. IPUMEPHO PABHOE KOJIMYECTBO TEKCTOB I KaKJIOTO paccMaTpUBAEMOTO TeEpuoja M
YKaHPOBAasi OJTHOPOTHOCTH (CTAThs, 0K, TE3HUCHI, ...).

B kadecTBe MHCTpyMEHTa IJid pelIeHUs 3ajay, YKa3aHHBIX B ON. 2, 3 U 4, Wi OTACIBHOTO
BPEMEHHOTO Cpe3a MPUMEHSIOTCSI METOIbI, KOTOPhIE peaTu30BaHbl B CBOOOHO PacpOCTpaHsIeMOit
nporpamme VOSviewer [7]. OHH MO3BOJISIOT MPOBOJUTH KJIACTEPU3AIIMI0 TEPMHHOB KakK I10
COBMECTHOMY IUTHPOBAHMIO, TaK W II0 COBMECTHOM BCTPEYacMOCTH TEPMHHOB (CO-OCCurrence
links) B monHbIX TekcTax. B pesynabTare peanusyercs yeTtkas Kiaaccupukaius mo repmuHam 10 u
HeYeTKas 10 TEKCTaM.

W3meHeHus K1acTepoB BO BpEMEHHU OTPAXKAIOTCS B ABYAOJIBLHOM rpade, MoCTPOSHHOM Ha OCHOBE

KpUTCpUs, ITO3BOJIAIOIICTO OTCIIC)KUBATD TpaHC(i)OpMaLII/II-O TEM I/I36I/IpaTeHBHO.
2.1. MeToapbl, peaqu3oBanHbie B mporpamme VOSviewer

W3Bnedyenne TepMUHOMOIOOHBIX CIIOBOCOUYETAHUH (B JaJibHEHIIEM Uil KPaTKOCTU «TEPMHHOB))
MPOU3BOAUTCS TO MIA0IOHY, ONpEAeTsIieMOMY KaK IOCIEeJOBATEIbHOCTh CYLIECTBUTENBHBIX U
IpUjIaraTesbHbIX, OKAaHYMBAIOIIASACS Ha CYLIECTBUTEIBHOE.

Crpykrypa IIO ¢Qopmupyercs B BHAE CETH IyTeM CBS3bIBAaHUS TEPMUHOB COIJIACHO

BBIUMCIICHHOW CHJIE CBSI3M (Sij) MEXKIY TEPMHUHAMU | M |, ONpPEIesIieMOi Mepoil acColluaIiiu:
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Sij = 2mMC;jj/CiCj , T Cij — YKCIO TEKCTOB, B KOTOPBIX TEPMHHBI | U | BCTPEUAIOTCS COBMECTHO, a Ci, Cj
— YHCIIO TEKCTOB, B KOTOPBIX BCTPEYACTCS I-bIii U j-bIil TEPMUH COOTBETCTBEHHO, M — O0IIIee YHCIIO
cBs3eii B cetu [8].

YauuuupoBaHHbIA (€IMHBIA) TMOAXOJ K KIACTepH3allMM W BH3YaJIM3allMH, pPeaIn3yeMbIi
nporpammoii VOSviewer, omupaercs Ha HaxOXKACHHE JKCTpeMyMma (YHKIHMH MOJIYJISPHOCTH, B
KOTOpoii uMeercs: napamerp (I), TO3BOJISIOIINI KIACTEPU3ALUI0 CETH C HEOOXOJUMOMN CTEICHBIO
neranu3auuu. TepMuHbl, OOBEAMHEHHBIE B KIIACTEPbI, XapaKTepU3YIOT otThenbHble Tembl 110.
[IporpamMma aeT BO3MOKHOCTh OT(PUIBTPOBBIBATH CIIY’KEOHYIO M OOIIEYOTPEOUTENBHYIO JIEKCUKY
0 IMpenajgaraeMomy noJjb3oBaTesieM CTOI-CI0Bapio, 0ObEAUHITH KIACTEPhl ¢ MAJIBIM KOJIUYECTBOM

3JIEMEHTOB C OMKalIMMK 0oJiee KPYIHBIMH.
2.2. MeToabl OLIEHKH KAa4€eCTBA KJIACTEPOB

W3BecTHO, uTO Tmpo0iieMa MPOBEPKH aJCKBATHOCTH KIACTEPU3allMd HE pelIeHa B
TEOPETHYECKOM TUIaHe. be3 anmpuopHOTro 3HAHHS MPUHAIEKHOCTH OOBEKTOB K TOCTPOCHHBIM
KJIacTepaM 3ajada OICHKM KadecTBa 9Yallle BCEro pemractcsi BpyuHyoo. DopMalibHbIe KPUTEPHH
MPOBEPKHU CBOJIATCS, B OCHOBHOM, K IPOBEPKE TAKUX CBOMCTB KaK KOMITAKTHOCTh, KOHIICHTPALUS U
otaeaumocts [9]. TlocTpoeHHBIE KpUTEPHH OOBIYHO OOBEAMHSIOT TPOBEPKY CBOWCTB KOMITAKTHOCTH
U OTJCTMMOCTH, TIPOBEPKA KOHIICHTPAIIMKA 3JIEMEHTOB KJacTepa BOKPYI €ro IEHTpa MpeacTaBieHa
YaIe HesIBHO.

B nmaHHOM wuCCIeIOBaHMM OICHKA KauyecTBa KJIACTEPOB MO3BOJSIET MOA00OpaTh HAMIYUIIAM
obOpazom mapamerpbl mporpammbl  VOSviewer s mpoBeOCHHS — KiacTepu3alMu.  bbuTH
UCIIOJIb30BAHBI TPU KPHUTEPHUS, MO KOTOPHIM MPOM3BOIMIOCH OICHUBAHHE KOMIIAKTHOCTH |
OTIEIMMOCTH CTPOSIIIUXCS KIaCTEPOB:

1. Validity index (CS) [10] u3mepsier OTHOIIEHHE MaKCHMaJIbHOTO CYMMAapHOI'O PaCCTOSHHUS
MEXIYy 3JIEMCHTAMH OJHOTO KiacTepa K MHHHMAIbHOMY CYMMAapHOMY DPACCTOSHHIO MEXIy
[EHTPaMHU KJacTepoB. UeM MeHbIIC 3HAUCHHE KPUTEPHs, TeM 0oJiee Ka4eCTBEHHBIM CUHUTACTCS
pa30OueHuE Ha KIaCTephl.

2. Calinski-Harabasz index (VCR) [11] BblumclseT HOPMHPOBAHHOE OTHOIICHHE CYMMAapHOTO
BHYTPHUKJIACTEPHOTO PACCTOSHUS K CYMMapHOMY PacCTOSHHUIO B KJIACTEPU3yeMOM MHOXecTBe. J[iist
"upeanbHON" KiacTepu3allid OHO paBHO 1, T.e. yeM Onmke 3HaUeHWEe MHJEKca K 1, Tem mydie
pa30reHre MHOXKECTBA Ha KIIACTEPhI.

3. Silhouette uaaexc (SWC) [12] dakTruecku sABIAETCS MEPOH HECXOMKECTH SIIEMEHTOB OHOTO
KJIacTepa ¢ 3JEMEHTAMHU JPYrHX KJIACTEPOB W TapaHTHPYeT Jydllee pa3OMeHHE MPHU BBICOKOM

sgauenuu SWC.
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2.3. IlocTpoenne rpagoB Tpanchopmanum TemMm

B nanno#l paboTe ans OTCIEKMBAaHUS BPEMEHHBIX H3MEHEHHMH B KIIACTEPE HCHOJIB3YIOTCS
OpUEHTUPOBAHHBIE Ipadbl, OTpaykalOINe N3MEHEHNE TEPMHHOJIOTHYECKOTO COCTaBa KiacTepa mpu
nepexo/ie U3 orcuera Bpemenu t B t+1.

[Mycte C; = {Ci'} — MHOXECTBO KJIAcTEPOB B KOJUIEKIMH TEKCTOB, OTHOCSINMXCSA K TEPHOLY
Bpemenn t, i = 1, ..., Ncit, Ncit — YUCIIO TEPMUHOB B Kiactepe Ci'.

IlycTh npu mepexojie OT BpeMeHHOro cpesa t k t+1 kaaplii kiactep Ci' TpanchopMUpYeETCs B
yrnopsiioueHHoe (1o  yOBIBaHMIO YHCIA COJACPXAIIMXCS B HEM TEPMHHOB OTcyera t)
muoxkecTBo{Cj™"'}, j=1,..., Kj, Kj — umcio BHOBb 00Opa30BaBIIMXCA KIacTepoB. B aHamimse
TpancpopManuMu Kiactepa Ci' IpU mepexoae K OTcdeTy t+1 yuuTBIBAIOTCA YETHIPE THIIA
peoOpa3oBaHMi, OTBEUYAIOLIUE CIEAYIOUIUM YCIOBUSIM:

t+1

1) xnmactep Cit TpaHcopmupoBaics Gonbliel yacTeio B €1l Tak yro A1z > p (p — mopor,

perynupyroIuii 00beM rmepecedeHus KIacTepoB);

2) xnactep Ci' TpaHchopMupoBaIcs Gonbiei acTeio B €1 u ottt

, Tak 9T0 A12 <pu A13>D.

3) 4MCIIo KIAacTepoB, B KOTOPhIE TPAaHCOPMHUPOBAICS GOJIBIIEH 9acThIO KIacTep Ci, MPeBbIIIaeT
nBa (j > 2 u Arj>p);

4) xnmactep Cit oTcyTcTBYeT Bo MHOXkecTBe {Cj'*!} Gompleii yacThio CBOMX 31EMEHTOB: Ag1 > P
(cot = cit\ ¢i*'Y), rme Avn= et N citlcit| — [eat™ N cit /ciY, (n > 1).

Tumn 1) MOKHO MHTEPIPETUPOBATH KaK COXPAHEHHE TEMbI, BO3MOYKHO, C OOHOBIICHHEM, 2) — KaK
BBIJICJICHHE CAMOCTOSITENbHON TeMbl. Tumbl 3), 4) — 3TO JBa THMA MPEKPAIECHHS CYIIECTBOBAHHS

TEMBI (HOFJ’IOI_HCHI/IC ApyruMu Kiiact€paMu, IMPAKTHYCCKHU II0JIHOC I/IC‘ICSHOBCHI/IG). Brmmonnenue

yCJIOBUH o0OecreunBaeT 0TOOp KIAaCTEPOB, UTPAIOIIUX CYIIECTBEHHYIO POJIb B TpaHCchopMaIuu.
3. DKCnepruMeHT

O6paboTtka kosutekiuu TekcToB [10 Argument Mining (ToxeHusaius, MophOIOrHYeCKHUit
aHaJM3, W3BJICUCHHE TEPMHHOB, KJIACTEpU3allus) Ui JAHHBIX KaXJIOTO BPEMEHHOTO OTCYeTa
(2015, 2016, 2017 rr.) BeimoaHeHna mporpammoit VOSviewer. bosbinas 49acth CIyKeOHBIX H
o0lIeynoTpeOUTENbHBIX CJIOB OTQMIBTpOBaHa MO coOpaHHOMY aBTopamu CTOm-CIOBapio,
conepxamiemy Oonee 500 cnoB u crnoBocoyeranuid. OlieHKa KadecTBa MOCTPOSHHBIX KIAcTEpOB
MO3BOJISIET  CUMTATh  NPOBEACHHYIO  KIACTepHU3alMI0  yJOBJIETBOPUTENbHOU.  VI3MeHeHHe
TEPMHUHOJIOTHYECKOTO COCTaBa KJIAcTepoB 3apUKCUpOBAaHO B Tpade pa3BUTUS TEM, 4YTO JIAeT
BO3MOYHOCTH BBISIBIISITh UCCIIEIOBATENbCKUE MMPUOPUTETHI i AaHHOM 110 1 Ka)xa0ro BpeMeHHOTO

cpesa.
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3.1. Ucnosab3yemMble JaHHbIE

B ananusupyeMyro KoJIeKLHIO Bcero paccMarpuaemoro nepuona (2015 — 2017 rr.) Bomen 51
JOKJa, caenanHbiil Ha kKoHdepenuusax WorkShop 2015, 2016, 2017: 16 goxianos, 20 H0KIaI0B U
15 nokmasoB COOTBETCTBEHHO, 00MMM 00beMoM okoio 184 Thic. cioBoynoTpebnenuii. M3 TekcToB

JOKJIa/I0B OBLITH YIAJIICHBI CCBIIKM Ha JIUTEPATypy, Maparpadsl, MOCBSIIEHHBIE 0030pY JIUTEPaTYpHI.
3.2. Pe3yabTaThl IKCIIEPUMEHTA

BeisiBnennsie mporpammoit VOSVIEWEr TepMUHBI MIPEACTABISIOT COOO0M, B OCHOBHOM, OJHO- U
IBYX (peke TpeX-) CJIOBHBbIC MMEHHBIC T'PYIIbI ¢ TEKCTOBOW 4actoroii ft > 2. B mepBom mepuose
Takux coderaHui okazanoch 209, Bo BTopoM — 308 u 216 — B TpeTheMm, Bcero 3a Bech nepuoa 2015
— 2017 pacemotpeno 443 pa3HbIX TepMHHA. B pe3ynbraTe KiiacTepu3aliii TEPMUHOB B OTJICTbHBIC
MePUO/IbI TIOJTYICHBI 4, 5 1 3 HemepeceKaroIuXcsl KjacTepa COOTBETCTBEHHO, 00beMoM ot 25 (2015

r.) 10 97 (2016 T.) TEpMHUHOB.
3.2.1. Conepxxanmne TeMaTHYECKHX KJIACTEPOB

TepMI/IHOHOFI/I‘—IeCKI/Iﬁ COCTaB KaXXJO0ro KJacTte€pa XapaKTCpU3yET IMOAXO0J K HUCCICAOBAHUSAM B
IIEJIOM: TIapaMeTPhl UCIIOJIb3YEMBIX TEKCTOBBIX PECYPCOB (TEMBI U 0OBEMBI JTaHHBIX), IPUMECHSIEMBbIC
MeToabl (BKItOYass MHGOPMALMIO 00 aHATU3UPYEMbIX TEKCTOBBIX (PparMeHTax), pacro3HaBacMbie
00beKThI (cM. Tabmuiy 1). Kitactepsl B Tabmuile MPOHYMEPOBAHBI U YIOPSAOUYCHBI 110 YOBIBAHUIO
o0beMa CoepKANUXCsl B HUX TEPMHUHOB.

Tabmumua 1. Tepmunbl, XapakTepu3ymue Kinactepsl qoknanos 2015, 2016, 2017 rr.

BpPEMEHHOM No TEPMUHBI
OTCUET KJIacTepa JAaHHBIC METObI 00BEKTEI
pacrio3HaBaHUA
1 opinion, corpus, dataset, training set, claim, major claim,
2015 1. corpora, wordnet, | annotation process, expert, argument (-ative)

indicator, semantic similarity, | structure, argument
latent dirichlet allocation, component, premise,
machine learning, topic attack relation, ...

model, unigram, tree, ...

2 collection, sentence, phrase, token, word, | negative sentiment,
document, ... verb, noun, lemma, vector, argument, original

weight, model, graph, rule, claim, ...
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pattern, frequency, cosine
similarity, score, measure,

distance, cluster, ...

debate, politic,
large set, ...

classifier, training data, test
set, classification, recall,
precision, fold cross
validation, n-gram, adjective,
adverb, boundary token,
iteration, probability

distribution, ...

article, post

annotation, inter annotator
agreement, context, label,
argumentation mining,
baseline, experimental setup,

feature vector, modal verb, ...

argumentation
relation, support

relation, negation, ...

2016r.

opinion, gay right,
debate, online

debate, collection,
document, article,

post, ...

word, phrase, sentence,
unigram, model, topic,
feature set, sentiment feature,
verb, classifier, evaluation,
test set, baseline model,
context, stance classification,

tree, graph,...

sentiment, negative

sentiment, ...

persuasive essay,

alcohol, ...

annotation process, expert,
inter annotator agreement,
annotator, expert annotator,
annotation guideline,
annotation procedure,
consensus, proposition,
statement, clause, training,
occurrence, indicator, rule,
distribution, confusion
matrix, elementary discourse

unit, linguistic feature, ...

argumentation
scheme, attack,
major claim, support

relation, inference,
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corpus, forum, link, node, pattern, frequency, | Argument (-ative,
argumentative training data, classification, -ation) structure,
microtext, ... testing, false negative, false argument

positive, recall, precision, f1 | component,
score, manual analysis, premise, attack
statistic, cohens kappa, relation, negation,
controversial topic, parser, rebuttal, ...
location, segmentation, tree,...
structure
data set, obama, experimental setup, human claim, main claim,
marijuana, ... annotator, annotation task,
token, semantic similarity,
score, measure, individual
feature, random forest, ...
title, whole sentence, training
set, bigram, n-gram, fold
cross validation, svm, support
vector machine, binary
feature, cross validation, ...
opinion, debate, proposition, sentence, noun, | attack, argument
2017 r. corpus, report, human annotator, inter structure, negation,

web, ...

annotator agreement, manual
analysis, rule, pattern,
distribution, cohens kappa,
Ida, cosine similarity,
distance, character, metric,
ranking, semantic, supervised
machine, validity, recall,

f1 score,...

dataset, collection,
corpora,
Wikipedia, ...

natural language processing,
model, topic, token, word,
unigram, classifier, training

data, test set, context, stance

claim, sentiment, ...
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classification, prediction,
pipeline, baseline, precision,
score, svm, probability,
logistic regression, tf idf,
word embedding, graph, ...

3 document, article, | annotator, annotation scheme, | argument scheme,
argumentative expert classification, genre, argument
text, persuasive labeling, clause, feature set, component,
essay, ... occurrence, confusion matrix, | argumentative

statistic, measure, criterium, | structure,

error analysis, ... argumentative unit,
argumentative
relation, major

claim, premise, ...

Crnenyert 3aMeTHUTh, YTO B TAOIHIIE €CTh SYCHKU, KOTOPHIC CJIa00 3alOJHEHBI WU HE 3aIOJTHEHBI
BoBce. Hanmpumep, "00beKThI pacmo3HaBaHus" OTCYTCTBYIOT B KiacTepe 3 B 2015 r. u B kinacrepe 5
B 2016 1. DTO 0O3HA4YaeT, 4TO TEPMHUHBI, OTHOCSIIHECH K ITUM aCMEKTaM TEKCTa, BCTPEUAIOTCSA
MEHee, 4eM B 3-X TEKCTaxX KOJUICKIIMM W He Tponutd (UIbTPAIMIO 1O TEKCTOBOM yactoTe. B
KJlacTepe 3 3T0, HapUMep, SHTUMEMBI, B KJlacTepe 5 — IPOTUBOPEUHUBBIE TEMBI, MIPEIIOKEHHS IS

apryMEHTallMu O 3HAYEHUH TEPMUHOB, CBUJICTEIHCTBA OTCYTCTBHS OTIIO3UIIMH B ACCE.
3.2.2. OneHkKa KayecTBa KJIacTepoB

[TonyueHHbIE KOJTMYECTBCHHBIC 3HAYCHUSI KPUTEPHEB OICHKM KAavyecTBa KiaacTepoB (cM. 1. 2.2),
Mpe/CTaBJICHHbIE B Tall. 2, MOKa3ajiH, 4YTO HaWjIydyllee pa3/ejeHHe TEPMHHOB Ha KJIacTepbl
JOCTUTAeTCsT TMpH 3HAYEHUM Mapamerpa I (Ietanu3anus ceTd TepMuHOB) paBHoMm 1. Ilpu
BBHIOPAHHOM 3HAYEHUHU PE30JIONUU KJIAcTephl C MajbIM YHCIOM 2JIEMEHTOB B HAIleM Cllydyae He
o0pa3yloTcsi M TapaMerp, MO3BOJIAIONIUN IPOU3BOIUTH OOBEIUHEHHE MENKHX KIACTEPOB C
OMmKAMIIMMHU 00 JIBIIIMMH, Ha PE3YJIbTAT KIACTEPH3AIUU BIUSHUS HE OKa3bIBAET.

Tabnuma 2. KomuuecTBeHHBIE OIEHKM KadyecTBa TOYHOW KJIAcTepPH3allMUd B KaXAbId U3

BpeMeHHBIX 0Tc4eToB 1o kputepusim VCR, CS, CWS

ron | pesomtonus | Yucno xmact. | VCR CS CWS
1,00 4 30,708 | 0,333 | 0,139
1,05 5 26,275 | 1,223 | 0,040

2015
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1,10 11 12,329 | 8,204 | -0,165
1,00 5 40,109 | 0,391 | 0,087
2016 1,05 6 30,716 | 0,430 | -0,023
1,10 12 18,464 | 0,787 | -0,090
1,00 3 57,267 | 0,076 | 0,313
2017 1,05 4 40,505 | 0,597 | 0,183
1,10 8 15,761 | 7,584 | -0,007

OreHka KayecTBa KJIacTepoOB MPU M3MEHEHUH IapaMeTpa I, perylIupyoIero YUcio KIIaCTEePOB,
MoKasaja, 9To MPH PoCTe  Ka4eCTBO KIacTepu3aluu najaet, Xxota npu = 1 u r = 1,05 yBenuuenue
qrca KIacTEpOB Ha €IMHMILY HE BJI€YeT OOJIBIIOTO M3MEHEHHs COCTaBa KJIacTEpOB, a BHI3BIBACT
JUIIH OT/ACJIEHUE OJIHOTO HEeOOoJBIIoro mo o0bemy kimactepa. Ho yxe mist r= 1,10 ctabunbHOCTH

KJIaCTepH3aluy HAPYIIaeTCsl.
3.2.3. lunaMuKa pa3BUTHS TeM

Jnsa mnoctpoeHuss rpada pa3BUTUS TeM MpUMEHseMbld Kputepuil (cM. 1. 2.3) Obul
CKOPPEKTUPOBAH B CHJIy OCOOEHHOCTEH MaHHBIX: HEOOIBIIOr0 00beMa KOJICKIMH U (DUITbTpAIU
TEPMHUHOB TI0 TeKCTOBOM yactoTe. [lopor p moBeimieH no 3nauenus 0,16. B 3HamenaTene kpurepus
YUUTBIBAIACh MOLIHOCTh MHOkecTBa Cit = Cit \ Li', rme Li' — MHOkeCTBO TepMHHOB, OTCYTCTBYIOIIHMX
BO MHOXXECTBE TEPMHHOB BO BpeMEHHOM cpese t+1 (Boimeamux u3 o6opora). Pe3ynpTupyrommii
rpa¢ mpexacraBieH Ha Puc. 1. VY3mibl, 0003HaueHHble cuMBoJioM N, cojaepkaT TEPMHUHBI, HE
BCTPEYABIIMECS B TEKCTaX JOKJIAOB MPEAbIIYIIEr0 BPEMEHHOTO cpe3a. ToJIHMHA JIMHHUHA

IporopuruoHalibHa O6’b€My TEPMHHOB, 06H_[I/IX AJIs CMEKHBIX BPEMCHHBIX CPE30B.
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Puc.1. I'pa¢ pa3Butus tem 3a nepuon 2015 —2017.

HpI/I'-H/IHaMI/I HeCTaOMIIBHOCTH MOBEACHHA KIIACTCPOB, B YACTHOCTH, ABJIAIOTCA HCYCTOSABHIAACSA
tepmunosiorus [10, oTnuyaromiasics HaTMYHEM BapHAHTOB HAIKMCAaHUS TePMHHOB (argument (-ative,
-ation) structure; svm, support vector machine u mp.), 0coOeHHOCTH >aHpa (JTOKITaIBI
KOH(EPEHIHIA, TJIC CMEHa YYaCTHHKOB, a CJICIOBATEIbHO, U OOHOBJICHHE TeM, Hen30exHbI). Ho, Tem
HC MCHEC, MPOCICANTHL HACJICAOBAHHWC TCPMUHOB OJHUX KIIACTCPOB APYIHMMH, OTHOCAIIMUMHUCA K
CIEAYIOIIEMY BPEMEHHOMY Cpe3y, MOXHO M Ha JaHHBIX Takoro Ttumna. Hampumep, BbIsBICHUE
apryMeHTaIliyd, UMEIOIIEH OTHOIIEHHWE K aHaW3y MHEHHH, TpadoBBI METOJ €€ MpEACTaBICHHS
npocmaTtpuBaeTcs B kimactepax 2 (2015), 1(2016), 2(2017), npu 3TOM MOKHO 3aMETUTh TIOSIBJICHUE
B MeToaax 2016 r. mo3MIIMOHHO#M KOHTEKCTHOM Kiaccuukaruu (context, stance classification).

Cpezu/I PIH(bOpMaTI/IBHBIX BBIIIICOIIINX U3 060p0Ta TEPMHUHOB MOXHO HAa3BaTb cnez[yfoume:
wordnet, news article, large set, politic, original claim, trigram, adjective, adverb, main verb, class
distribution, probability distribution (orcyrcrBytor B 2016 r.); tree, baseline model, annotation
guideline, discourse, elementary discourse unit, linguistic feature, controversial topic, semantic
similarity, random forest, n-gram, fold cross validation, binary feature (orcyrctByror B 2017 1.).
Henp3s CKa3aThb, 4YTO BbIIICANINC TCPMHHBI OKA3aJIMCb MCHCC AKTYAJIbHBIMHU, HO OHU CTAJIM PECIKE
O6CY)KI[EITLC$I B ,Z[aHHLIfI MOMCHT BpCMCHHU.

3HaunTeabHOE OOHOBIIEHHE TCPMUHOJIOTUH MTPOUCXOIUNIIO B KAXKIOM BPEMCHHOM IICPHOIC. B
2016 r. sro: stance classification, baseline model, sentiment feature, n-gram, confusion matrix,
persuasive essay, annotation guideline, elementary discourse unit, linguistic feature, fold cross
validation, cohens kappa, fl score, statistic, argumentation structure, argumentative microtext,

controversial topic, parser, rebuttal, tree structure, main claim, svm, support vector machine;



76 Tumenos U.C., Canomamuna H.B. , Cuooposa E.A. Ananus reMaTudecKux KIacTEPOB TEKCTOBBIX KOJUIEKIHUH . ..

2017 r.: ranking, supervised machine, web, logistic regression, pipeline, tf idf, wikipedia, word
embedding, argumentative relation, argument scheme, argument unit.

Ha rpade nerko yBuIeTh BO3HMKIIME M MCUE3HYBIIUE KIIACTEPHI, COJEpKAIIUE MPAKTUYECKU
HOBYIO JIGKCUKY: 4-i1 u 5-i1 B 2016 T., OIMH W3 KOTOPBIX B CJIEIYIOIIEM TOJy MpEKpaliaeT CBOE

cylecTBoBaHue (5-i).
5. 3akiIroueHne

Pe3ynbpraToM mpojenanHoN paboThl sBIsIeTCs co3anue pipeline 11 mpoBeaeHUs UCClieT0OBaHUN
[0 BBISIBIICHUIO TeMaTHdeckux KiactepoB IIO Ha OCHOBE KOJJIEKIMH TEKCTOB, a TaKXke
OTCJIEKUBAHHUIO U3MEHEHHI B X TEPMHHOJIOTUIECKOM COCTAaBE B OT/CIbHBIC BPEMEHHBIE TTIEPHO/IbI.

Tpanchopmalivio TEPMUHOJIOTUYECKOTO COCTaBa KJIAcTEPOB IPEIUIaraeTcsl aHaJIW3UpOBaTh C
MTOMOIIIBIO OPUEHTHPOBAHHBIX TpadoB, MOCTPOSCHHBIX HAa OCHOBE KPUTEPHS, KOTOPBIA MO3BOJISET
¢bukcupoBaTh Hamboyiee 3HAYUMBIE W3MEHEHUS. TepMHUHOJIOTHYECKas JIEKCHKA BBISBICHHBIX
TEMaTUYECKHX KIIACTEPOB XapakTepu3yeT OTAeNbHbIe HaIpaBJIEHUS, B KOTOPBIX BEIyTCS
UCCIEeIOBaHUs, a TpaHchopMalus TEPMHUHOJIOTMYECKOTO COCTaBa KIJIACTEepOB BO BPEMEHHU
JIEeMOHCTPUPYET U3MEHEHHS, CBSI3aHHBIE C IPEIOYTEHISIMH B BEIOOpE 3a/1a4 U METOJIOB.

Tak, ananu3 mnpeaMeTHoi oOmact Argument MiniNg BBISIBUI HalIW4He HEYCTOSBIICHCS
TEPMUHOJIOTHH, CTaOMIBHOCTh B MCIOJb30BAHUM METOJIOB Ha OCHOBE MAIIMHHOTO OOy4eHHs, a
TaKXe KOHKYPEHTOCHOCOOHBIX METOJIOB Ha OCHOBE 3HaHUil. OTMeueH mepexoJ oT 0oJiee MPOCThIX
MoJieNell apryMeHTaluun K Oosee clIoXHbIM. JlaHHOE uccienoBaHHE IMOJIE3HO NP COCTABICHUU
o03opos 10, BeisBieHus baseline, BEIOOpe akTyaabHBIX METOZOB U PECYpPCOB JUIsl PEIICHUs 3a1ad,
CBSI3aHHBIX C aHAJIM30M apryMeHTalUH.

[Inanupyercs nporoJIKUTH pabOThl U MPOBECTU PACUIMPEHHBIH SKCHEPUMEHT Ha KOJUICKLUH

tekctoB [10 Argument Mining, 10mMoJIHEHHON TEKCTaMHU JIPYTUX BPEMEHHBIX CPE30B.

Cnucok Jureparypbl

1. TIlapxomenko IL.A., I'puropreB A.A., ActpaxanneB H.A. O030p u dKCIiepuMEHTAIFHOE CpPaBHEHHUE
Mero10B Kiactepusanuu Tekctos // Tpymst UCIT PAH, 2017. T. 29, Beim. 2. C. 161-200.

2. Callon M., Courtial, J.P. Laville. Co-word analysis as a tool for describing the network of interaction
between basic and technological research: the case of polymer chemistry // Scientometrics. 1991.
N 22. P. 155-205.

3. Small H. Tracking and predicting growth areas in science [DnekrponHslii pecypc].

URL.: http://www.scimaps.org/exhibit/docs/small.pdf (nara obpamenus: 10.09.2019).

4. Van Eck N.J., Waltman L. Visualizing Bibliometric Networks [Dmnekrponnsiii pecypc].
URL.: https://link.springer.com/chapter/10.1007 (mata obpamenwus: 10.09.2019).



http://www.scimaps.org/exhibit/docs/small.pdf
https://link.springer.com/chapter/10.1007

System Informatics (Cucremuas unpopmaruka), No. 15 (2019) 77

10.

11.
12.

Cobo M.J., Lopez-Herrera A.G., Herrera-Viedma E., Herrera F. An approach for detecting,
quantifying, and visualizing the evolution of a research field: A practical application to the Fuzzy Sets
Theory  field [Dnexrponnsiit pecypc]. URL: https://www.sciencedirect.com/science/article/pii/
S1751157710000891 (mata obpamierns: 10.09.2019).

Kandilas V., Uphum, S. P., Ungar L. H. Analyzing knowledge communities using foreground and
background  clusters  [QmekrpoHHBI  pecypc]. URL.: http://citeseerx.ist.psu.edu/viewdoc/
download?doi=10.1.1.146.3141&rep= repl&type=pdf (mgarta obparmenus: 12.09.2019).

VOSviewer Homepage, URL: http://www.vosviewer.com/, (mata obparienus: 12.09.2019).

Waltman, L., Van Eck, N.J., & Noyons, E.C.M. A unified approach to mapping and clustering of
bibliometric networks // Journal of Informetrics. 2010. N 4(4). P. 629-635.

CuBoronoko E.B. Meroabl olleHKM KadecTBa 4eTKOM kiactepu3aiuu // KomiibrorepHbie
WHCTPYMeEHTHI B 00pa3zoBanuu. 2011. Ne 4. C. 14-31.

Chou C.H., Su M.C., E. Lai. A new cluster validity measure and its application to image compression
/ Pattern Analysis and Applications. 2004.

Calinski R.B., Harabasz J. A dendrite method for cluster analysis // Comm. in Statistics. 1974.
Kaufman L., Rousseeuw P. Finding Groups in Data. An Introduction to Cluster Analysis. Wiley, 2005.


http://citeseerx.ist.psu.edu/viewdoc/
http://www.vosviewer.com/

78 Tumenos U.C., Canomamuna H.B. , Cuooposa E.A. Ananus reMaTudecKux KIacTEPOB TEKCTOBBIX KOJUIEKIHUH . ..



