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Introduction

This article presents an unconventional perspective on computational
processes. What happens if a machine is allowed to peek into its own
future and use this information to make decisions in the present? This
idea, which at first glance seems inherently paradoxical, lies at the heart
of the computational model under investigation—Turing machines with
a backward-in-time communication channel. This model not only redefines
the understanding of time in computation but also raises fundamental
questions about causality and the interaction between past and future
in computational processes.

Our machine is defined in such a way that it can receive information
from future states of its computational process. This model represents
a theoretical framework that introduces new ways of organizing computations.
It allows obtaining the result of a complex computation before its completion
and using this information. As with any time travel scenario, complications
arise: transmitting data from the future may lead to contradictions and
ambiguities.

In this article, we focus on cases where such problems can be avoided
and demonstrate how this model can be implemented and applied to solve
complex problems. This approach offers an alternative computational
paradigm that connects time, causality, and computation, enabling new
problem-solving strategies.

One of the results is that such a machine can compute the value
of any recursively enumerable predicate in constant time. This means that
tasks requiring significant time in classical models can be solved almost
instantaneously (although the computational process itself must continue,
and its total duration may still be substantial).

We also prove that if the total runtime of such machines is bounded by
polynomials in the input size, they can recognize all languages in the
intersection of NP and co-NP. These results indicate that the proposed
model is not only theoretically interesting but also possesses significant
computational power.

We also consider a modification of the machine that enables parallel
data processing. It is shown that in this case, the class of problems
solvable by such machines in polynomial time corresponds to PSPACE (i.e.,
polynomial time on the new machines is equivalent to PSPACE on ordinary
Turing machines).
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Another modification involves adding a mechanism for direct access to
input data by addressing cells of the input tape using a special address tape.
In this case, with runtime limited logarithmically in the input size, the class
of problems solvable by our parallel computer includes LOGSPACE (here,
LOGTIME also translates into corresponding space complexity). It is worth
noting that this mode of operation does not entail excessive complexity and
is feasible on conventional computers for reasonable input sizes.

From a practical standpoint, our work introduces new programming
mechanisms. Instead of complex nondeterministic choices, which can be
difficult to comprehend, we propose using data from the future, making
the computational process more intuitively understandable. We also
explore possible implementations of this model, including deterministic
backtracking and quantum annealing.

In the first approach, systematic backtracking ensures that all possible
paths are explored to prevent paradoxes. In the second approach,
quantum adiabatic machines simultaneously explore multiple states of the
computational process, selecting a self-consistent sequence of actions.

Thus, we propose a model that expands our understanding of computa-
tional processes and provides new approaches to programming.

1. Related Work

Over the past few decades, the idea of utilizing temporal paradoxes
and time-traveling data transmission has attracted attention in theoretical
computer science and physics. Many researchers have explored the
possibility of extending classical computational models by incorporating
mechanisms that allow information to be retrieved from the future, which
is hypothesized to redefine traditional views on computational resources
and complexity.

In the seminal work by Cook [1], the concept of NP-completeness was
introduced, laying the foundation for further research in computational
complexity and the reducibility of various problems to a universal problem.
Expanding on these ideas, R. M. Karp [2] analyzed the reducibility
of combinatorial problems, demonstrating that many seemingly disparate
problems are interconnected.

The classic work by Garey and Johnson [3] became a fundamental
reference for researchers studying computational complexity, presenting
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a wide range of NP-complete problems and serving as a starting point for
analyzing the limitations of traditional computational models.

In recent years, significant attention has been devoted to models
that leverage physical effects to solve complex computational problems.
Aaronson [4] investigated the potential of quantum computing for solving
traditionally hard problems, showing that quantum methods can provide
substantial advantages over classical algorithms.

Deutsch [5] introduced the concept of a universal quantum computer,
marking a major milestone in quantum computing and influencing
subsequent research on hybrid computational models.

Regarding models that violate classical causality, substantial con-
tributions have been made in studies related to closed timelike curves
(CTCs). Brun [6] demonstrated that the use of CTCs can significantly
accelerate problem-solving. Moreover, Aaronson and Watrous [7] established
the equivalence of quantum and classical computations in the presence
of CTCs, highlighting the potential of such models to expand computational
capabilities.

Beyond classical approaches, the idea of integrating time-travel-based
data transmission with complexity theory has sparked interest. The works
of Papadimitriou [8] and Arora and Barak [9] provide a deep analysis
of the structure of computational problems, including the relationship
between NP and co-NP classes. These studies serve as a foundation for
analyzing how nonstandard computational models that utilize future data
transmission can solve problems that are difficult for traditional models.

Classical works on quantum computing, such as the book by Nielsen
and Chuang [10], as well as the algorithms of Grover [11] and Shor [12],
illustrate how quantum methods can significantly accelerate the solution
of certain problem classes.

More recent studies, such as those by Harrow and Montanaro [13] and
Igbal et al. [14], confirm the practical significance of quantum algorithms
for solving complex computational problems.

An important aspect of this field is the concept of time-travel-based
data transmission, which allows machines to predict their future states and
use this information to adjust current computations. In this context, the
work by Orlicki [15] explores a model of time-traveling machines and
examines the problem of self-consistent halting. This approach extends
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traditional models, offering new perspectives on the interaction of temporal
flows in computation.

Furthermore, Gédel’s contribution [16] demonstrated the theoretical
possibility of closed timelike curves in cosmological solutions, providing
additional physical justification for computational models involving future
data transmission.

Studies by Bacon [17] and Wolpert [18] indicate that physical
constraints on future prediction and feedback between temporal states
significantly influence computational processes.

Finally, experimental research, such as the work by King et al. [19],
shows that quantum systems with thousands of qubits can already simulate
complex physical phenomena, raising hopes for the practical feasibility
of computational models that exploit time-travel effects.

Thus, these works illustrate that the idea of future data transmission
and temporal loops in computation has strong theoretical and practical
foundations. Our time-traveling computation model naturally fits into
this context, offering a fresh perspective on computational complexity
and enabling the solution of problems that are intractable for traditional
models.

2. Structure and Features of the Turing Machine with Time Data
Transmission Channel

This section describes the construction of a Turing machine equipped
with a time data transmission channel. This model extends the classical
Turing machine by including a mechanism that allows data to be transmitted
to previously executed steps of the computational process and to receive
data transmitted from future steps. Let us consider the structure and
features of such a machine.

2.1. Main Components of the Machine

The Turing machine with a time data transmission channel is a multi-
tape machine (with one head for each tape) and includes the following
elements:

Input Tape: This tape contains the input word that needs to be processed.
At the beginning of the machine’s operation, the input data is written
to this tape.
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Output Tape: The result of the machine’s operation is recorded on this
tape. For a recognition machine, the result can be represented as
a binary value: 0 (no) or 1 (yes).

Multiple Working Tapes for performing necessary computations.

Communication Tape (Connection Tape): A special tape designed for
transmitting data in time. The machine can write data to this tape
for sending to the past and receive data from the future. To send and
receive data, the machine must transition to special states for data
transmission and reception, respectively.

Address Tape for Transmitted Data: This tape records labels that
allow data to be retrieved by referencing these labels in requests.
Special machine states are used for data transmission and retrieval.

In the transmission state, the contents of the communication tape
along with the label are sent to the time data transmission channel.
If data with such a label has already been sent earlier, it is considered
that an error has occurred during the machine’s operation.

In the reception state, the communication tape receives data from
the transmission channel associated with the specified label. If such
data was not found in the future, it is also considered that an error
occurred during the machine’s operation. For solving recognition
tasks where errors may occur during operation, usage is prohibited.

Tape Alphabets: Each tape has its own alphabet of symbols that
can be written on it.

Control Unit: At each step of operation, the control unit can be
in one of the states of the state alphabet. The following special
states are distinguished:

initial state (in which the machine begins the computational process),

final state (in which the machine’s operation is completed),

data transmission state (to which transitioning sends data with
the specified label to the data transmission channel),

data reception state (to which transitioning receives data from the
data transmission channel with the specified label),

output state (to which transitioning sends the contents of the
output tape to the outside world while the machine continues its
operation), considering that the machine operates with a single
write to the output tape, meaning that a repeated transition to
the output state is an error in the machine’s operation.

Program: A function (table) that maps the machine’s state and the
symbols visible to the heads on each tape to a new state, new symbols
to be written on the tapes, and the directions of head shifts.
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FIGURE 1. Schematic of reverse-time data transfer in a Turing
machine with closed timelike curves

Computation Time: A sequence of steps. Each step performs one
machine command or transmits/receives one symbol through the time
data transmission channel (i.e., transmitting a long word to the data
transmission channel takes as many steps as the length of that word).
For a recognition machine, computation time must be finite.

In diagram Figure 1, the process of data processing with the possibility
of transmitting information from the future to the past through a time
shift is shown, implemented by closed time-like curves in Kerr metric.

2.2. Features of the Machine’s Operation

The operation of the Turing machine with a time data transmission
channel has several distinctive features:

Output of the result before the completion of computations: The ma-
chine can output the result to the output tape before the computation
process is completed. This leads to a separation of two concepts
of time:

response delay time,
total computation time.

Uniqueness and definiteness of computations: Due to the ability to
obtain data from the future, the operation of the machine may
become ambiguous or indeterminate. For example, ambiguity arises if
the machine, having received some data from the future, writes the
same data with the same label, which may lead to non-determinism
in the process and, consequently, to different final results, depending
on which data ends up being read and written. If the machine,
having read data with one label, then necessarily writes different
data with the same label, a contradiction arises, making the process
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impossible, leading to indeterminacy. A machine is considered to
recognize a certain property of the input data (i.e., computing the
characteristic function of some set) if its operation is defined for all
input data and the result is unique.

Programmability: At the end of the article, we will describe tools
of algorithmic languages that will allow programming such actions
not only for Turing machines but also for other computers.

2.3. Temporal Aspects of the Machine’'s Operation

A key feature of the machine is the ability to obtain data from the

future, which leads to the following temporal effects:

Constant response delay time: Thanks to the mechanism of time data
transmission, the machine can produce a simple result (YESor NO
in constant time, regardless of computational complexity.

Total computation time: Despite the constant response delay time,
the total computation time may be significantly longer, as the
computation process must continue even after the result is output.

2.4. Explanation of Ambiguity and Indeterminacy

To illustrate the ambiguity and indeterminacy in the operation of the
machine, consider the following example. Suppose the machine queries one
bit from the future and chooses a branch of computations based on its
value. If the bit value of 1 is received, the machine follows the first branch;
if a value of 0 is received, it follows the second branch. Ambiguity in the
computation process arises if, in each branch, the machine writes the same
bit with the same label to the communication tape. This creates two
possible paths of computation. It is important to distinguish between
the ambiguity of computation and the ambiguity of the result. In an

ambiguous computation process, the result may turn out to be the same.
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FIGURE 2. Schematic of temporal data flow in a Turing
machine with closed timelike curves

If the machine reads one bit from the future and tries to write
a contradictory bit to the communication tape with the same label,
a contradiction arises, making such computation impossible.

Combinations of these situations may lead to some branches of the
computation process, arising from internal ambiguity, subsequently
becoming contradictory and thus being discarded. Only non-contradictory
branches will remain. It may happen that all remaining non-contradictory
branches lead to one final result. If this always occurs, we will consider
such a machine correct for solving the recognition problem.

Thus, the described situations may lead to the following;:
ambiguity, if several branches of computations end with different results,

indeterminacy, if no branch can complete without contradictions.

This demonstrates how the use of data from the future can affect the
computational process.

3. Capabilities of Machines with Time Data Transmission
The scheme of data transmission in time for a Turing machine with
closed time-like curves is presented in Figure 2.

It shows the main stages of information processing, the feedback
mechanism through time loops, and the direction of data transmission.
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In this section, we examine the computational capabilities of the
Turing machine with a time data transmission channel. We present
two theorems that demonstrate how the use of data from the future
affects the computational complexity and classes of problems solvable
by such a machine. These theorems show that the proposed model
possesses properties that allow solving problems inaccessible to classical
computational systems.

3.1. Recogpnition of Decidable Sets

THEOREM 1. A Turing machine with a time data transmission channel
recognizes all recursively decidable sets with constant response delay time.

PROOF. The proof is based on the machine’s ability to use data from
the future to predict the results of computations. Let us recognize the
membership of input strings in a given recursively decidable set. There
exists a standard recognizing Turing machine for this set. From this
machine, we will construct the required Turing machine with a time data
transmission channel that will operate as follows.

At the start of its operation, the machine requests the contents of the
communication tape labeled 0. This value is output as the result of its
operation. Then, the process of the standard Turing machine recognizing
membership in the given set is initiated. When the recognition is complete,
its result is transmitted to the past with the label 0. This ensures that
in the past, the machine provided the correct result.

Now, let us assume we have the original machine with a time data
transmission channel that recognizes the membership of input strings
in some set. By definition, the total running time of such a machine is
always finite. We will construct a new standard Turing machine that
recognizes membership in this set, which enumerates all possible strings
that could serve as a partial protocol of the original machine’s operation
(chains of instantaneous descriptions), in order of their lengthening.

The machine checks for each string whether it is a correct completed
protocol of the original machine’s operation. As soon as such a protocol is
found, the result of the original machine’s operation is output as the
result of the new machine. Since the operation of the original machine, by
definition, is definite and unique, the new machine always provides the
correct answer regarding the membership of the input string in the given
set. O
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3.2. Recogpnition of Sets in NPN co-NP

THEOREM 2. A Turing machine with constant response delay time and
polynomial total computation time recognizes exactly all sets in NPN co-NP

IDEA OF THE PROOF. By interpreting the reception of data from
the future as branching into several paths, we construct a machine that
operates in polynomial time and ensures the consistency of results across
all branches of computations.

4. Proof of Theorem 2

In this section, we will present the proof of Theorem 2, formulated
in the previous section. First, we will reformulate the operation of our
machine in terms of nondeterministic computations. This will allow us to
transform the operation of our machine into the operation of standard
nondeterministic Turing machines and vice versa. Since the mechanism
for transitioning to constant response delay has been described in the
proof of the previous theorem, we will initially prove Theorem 2 without
mentioning this, which we will do.

4.1. Transition to Nondeterministic Computations

The idea is to interpret the reading of each data symbol on the
communication tape, received from the future by some label, as branching
in the computation process. Each branch corresponds to one of the
possible values of that symbol. When the machine reaches the moment
in time denoted by this label, it checks whether the assumed read symbol
matches the transmitted one. If the value of the symbol recorded in the
communication tape cell matches the expected value in the current branch,
the computations continue. Otherwise, the computation branch ends due
to a contradiction.

A correct recognizing machine must provide the same answers (either 0
— NO or 1 — YES on all consistently terminating branches for a given
input word. Next, we will transform our original machine with time data
transmission into a nondeterministic one, as shown above, and then split it
into two nondeterministic Turing machines, handling the aforementioned
contradictions as follows:
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(1) The first machine accepts the recognized set, returning 1 when the
original machine outputs 1, and returns 0 in all other cases (including
contradictions).

(2) The second machine accepts the complement of this set, returning 1
when the original machine outputs 0, and returns 0 in all other cases
(including contradictions).

Thus, if the original machine with time data transmission outputs YES
then the first of the resulting machines outputs YESon some branches
of the computation, while the second always outputs NO Conversely, if the
original machine outputs NO then the first always outputs NO while the
second outputs YESon some branches of the computation. Thus, the first
of the constructed deterministic machines accepts the recognizable set
itself, while the second accepts its complement. It is easy to see that the
polynomial time bound is preserved in the specified transformation, as all
performed restructurings give at most polynomial slowdown. So, if the
original machine recognized the given set in polynomial time, the newly
constructed machines operate in the same time. This means that the
originally recognized set belongs to NPN co-NP

4.2. Constructing a Machine with Time Data Transmission from
Nondeterministic Machines

The reverse statement is also true: if there exist two nondeterministic
machines, bounded by polynomial time, one of which accepts some set and
the other accepts its complement, we can construct a single machine
with time data transmission from the future that recognizes this set and
operates in polynomial time. This machine operates as follows:

(1) At the beginning of the process, it guesses which of the two nondeter-
ministic machines to run.
(2) It then executes the chosen machine.

(3) If the first selected machine outputs 1, the computation branch ends
with the result 1.

(4) If the first selected machine outputs 0, the computation branch leads
to a contradiction.

(5) If the second selected machine outputs 1, the computation branch
ends with the result 0.
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(6) If the second selected machine outputs 0, the computation branch
leads to a contradiction.

By assumption, exactly one of these machines must yield a positive
result. Thus, our machine always provides a definite answer: either 1 or 0.

4.3. Constant Response Delay Time

Constant response delay time is achieved because the decision about
the result of the computations is made at the very beginning of the process.
The machine requests data from the future and uses it to immediately
output the answer. Meanwhile, the computation process must continue. [

5. Implementation Questions

This section discusses possible approaches to the practical imple-
mentation of a Turing machine with a time data transmission channel.
Although such a machine is a theoretical construct, it can be emulated using
existing computational methods and technologies. The main approaches to
implementation include deterministic backtracking, annealing methods,
particularly quantum annealing. Each of these methods has its own
features and limitations, which are discussed below.

5.1. Deterministic Backtracking

One of the simplest ways to implement a machine with data transmission
from the future is to use deterministic backtracking on a conventional
computer. In this approach, the computation process is modeled as a tree
of possible states, where each branch corresponds to one of the possible
values of the symbol received from the future.

Working Principle:
(1) At each step of the computation, when reading a data symbol from

the communication tape, the machine checks all possible values
of that symbol.

(2) If the chosen value leads to a contradiction, the system returns to the
decision point and tries the next value.

(3) The process continues until a consistent solution is found or all
possible values are exhausted.
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Advantages:

« Simplicity of implementation on existing computational platforms.

« Ability to use standard search algorithms with backtracking.

Disadvantages:
« High computational complexity, especially for problems with a large
number of branches.

» Exponential growth of computation time as the depth of the decision
tree increases.

5.2. Annealing Methods

Annealing methods represent a more complex approach to implementing
a machine with time data transmission. In this case, the computation
process is viewed as a whole structure (time unfolds in space). Then,
a search is performed for the state of this structure with the lowest energy,
where energy corresponds to the number of contradictions in the system.

Working Principle:
(1) Initially, the system is in an excited state with a high energy level,
corresponding to the presence of many contradictions.

(2) Gradually, the system cools down, transitioning to states with lower
energy.

(3) If a state with the lowest energy (without contradictions) is reached
during the annealing process, the process is considered successful.

(4) If the lowest energy is achieved for only one answer (0 or 1), the
result is considered final.

Advantages:

« Ability to find the global energy minimum even in complex systems
with many local minima.

« Efficiency for problems where contradictions can be mitigated or
eliminated during optimization.

Disadvantages:

» Requires significant resources to reach a state with minimal energy.

» Does not guarantee finding the optimal solution in polynomial time.
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5.3. Quantum Annealing

Quantum annealing is a promising method for implementing a machine
with data transmission from the future, based on the use of quantum
devices. This method utilizes the effect of quantum tunneling to find states
with the lowest energy.

Advantages:

 Potentially high speed of finding solutions due to quantum effects.
« Ability to solve problems that are difficult for classical computers.

Disadvantages:

 The speed and computational efficiency of quantum annealing are not
yet fully understood.

« Existing quantum devices are limited in memory capacity and noise
levels, complicating their use for complex tasks.

Prospects: Despite current limitations, quantum annealing remains
a promising direction for experimentation. Existing quantum annealing
machines, such as those from D-Wave (see, for example, [19]), are
already suitable for research and can be used to explore the possibilities
of implementing machines with data transmission from the future.

5.4. Summary

The implementation of a Turing machine with a time data transmission
channel is possible using various approaches, including deterministic
backtracking, annealing methods, and particularly quantum annealing.
Each of these methods has its advantages and limitations, and the choice
of a specific approach depends on the characteristics of the problem being
solved and the available computational resources. Quantum annealing,
in particular, remains a promising direction, although its practical efficiency
requires further study.

6. Constructive Recognizers: An Example of Solving a Problem
with a Time Data Transmission Machine

6.1. Non-constructiveness of Classical Recognizers

Classical recognition algorithms are usually non-constructive: they
provide only a binary answer (YES or NO without explaining the result.
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For example, when asked whether there exists a y that satisfies the
condition P(z,y), such algorithms merely confirm or deny the existence
of such a y, without providing the actual object ¥ upon a positive answer
or proof of its absence upon a negative one. This limits their use in tasks
where justification of the solution is required.

6.2. Constructive Problems in the Class NP N co-NP

A Turing machine with a time data transmission channel allows the
implementation of constructive recognizers that provide not only an answer
but also a certificate—proof or witness of the result. We consider symmetric
problems in the class NP N co-NP, where the property Q(z) is true if
there exists a certificate y such that Q1 (z,y), and false if there exists
a certificate z such that Qo(z, z), with the sizes of y and z polynomially
bounded relative to |z|.

6.3. Example: Checking for a Non-trivial Divisor

Consider the problem of determining whether the number z has
a non-trivial divisor y such that 1 < y < d (the threshold d is given). This
property Q(d, z):
« If Q(d, ) = 1, then the certificate is the divisor y, verified by division
in polynomial time.
« If Q(d, z) = 0, then the certificate is the factorization of = into prime
factors, all > d, verified in polynomial time (for example, using the

Miller test [20] under the assumption of the generalized Riemann
hypothesis).

6.4. Implementation on a Time Data Transmission Machine

The constructive recognizer on a time data transmission machine
works as follows:

(1) Receiving Data from the Future:

« In the first step, the machine requests a pair (b, C') with label 0,
where b € {0,1} is the answer, and C is the certificate (divisor
or factorization).

« The answer b is immediately written to the output tape (if no
fixed delay response is required, the certificate can also be
issued, making the recognizer constructive).
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(2) Certificate Verification:

« If b =1, it checks that C' = y divides x and 1 <y < d.
o If b = 0, it checks that C' is a factorization of x into prime
factors > d, and their product equals z.

(3) Self-consistency:

« After verification, if the certificate is correct, then (b,C) is
written to the communication tape with label 0.

« If incorrect, a contradiction is created, and the computation
branch is discarded.

It is easy to see that this machine operates in polynomial time.

Ezecution Example:

Input: © =15, d = 4.

Step 1: Import (1,3) from the future, output 1.

Step 2: Check: 15 +3 =5, 1 < 3 < 4, correct.

Step 3: Transmit (1,3) with label 0, self-consistency achieved.
Input: x =17, d =4.

Step 1: Import (0,{17}), output 0.

Step 2: Check: 17 is prime (Miller test), 17 > 4, correct.
Step 8: Transmit (0, {17}), self-consistency achieved.

6.5. Features and Advantages

Linearity: The process is deterministic.

Instant Response: The answer is available in the early steps due to

data transmission from the future.

Transparency: If a certificate is issued, it makes the result interpretable,

enhancing the clarity of the computations.
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Start End
(b,C)

Check C

Output b Time

FIGURE 3. Scheme of the Constructive Recognizer’s Operation

’ Import (b, C) }ﬁ Output b‘

]}Ib\e\ S

Check C Transmit (b, C') ‘

FI1GURE 4. Flowchart of the Process

Figure 3 presents a scheme of the constructive recognizer’s operation:
data (b, C) is transmitted from the end of the computations to the beginning
for immediate output and subsequent verification. The flowchart of the
process from importing the result to verification and self-consistent data
transmission is shown in Figure 4.

7. Actions for Time Data Transfer

To transform a conventional programming language into one that
supports time data transfer, it is necessary to add two new operations:
transferring data to the past and receiving data from the future. These
actions allow the machine to interact with both future and past states
of the computational process, providing new programming capabilities.
In this section, we will examine these actions and their role in organizing
computations with time data transfer.

7.1. Action of Transferring Data to the Past

The action of transferring data to the past allows the machine to
record data at a specific moment in time, which can be used in previous
computations. This action is formalized as follows:
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Formal Description:

s transfer(l,d): transfers object d to the moment in time .

o | — the label of the moment in time for which the data is being
transferred.
« d — the object being transferred (e.g., bit, number, or string).

Working Principle:
(1) The machine records object d in the time data transfer channel with

the timestamp |.

(2) The data becomes available for use in previous steps of computations
related to the moment in time [.

(3) If a record with label [ already exists, an error occurs.

Ezample: If the machine executes the action transfer(1,1), the value 1
is transferred with label 1. In previous computations related to 1, this
value can be used for decision-making.

7.2. Action of Receiving Data from the Future

The action of receiving data from the future allows the machine to
obtain data from a specific moment in the future, making it possible to use
future information in current computations. This action is formalized as
follows:

Formal Description:

+ accept(l): accepts data from the moment in time with label [.

e | — the name of the moment in time from which data is
requested.

Working Principle:
(1) The machine requests data from the time data transfer channel with
timestamp .

(2) If the data exists, it is returned and can be used in current computa-
tions.

(3) If the data is absent, an error occurs.

Ezample: If the machine executes the action accept(1), it receives the
value d, which was transferred with label 1 using the action transfer(1,d).
This value can then be used for decision-making in current computations.
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7.3. Interaction of Data Transfers

The actions of transferring and receiving data work together, ensuring
a connection between current and future states of the computational
process. This interaction allows the machine to obtain data from the future
for decision-making in current computations. It is important to note that
the volume of data transferred through time is a significant indicator
of the complexity of the computation. For example, when implementing
a backtracking process, the runtime slows down exponentially with a binary
indicator of the volume of data in bits, as for each bit of data, it effectively
requires entering two branches of computation. Similar complexities arise
in annealing methods.

7.4. Summary

The actions of transferring and receiving data through time are key
elements of our computational model. In principle, we can incorporate
these capabilities into any programming language, transforming it into
a language for controlling a machine with data transfer from the future to
the past. These tools provide new opportunities for creating intuitive
computational systems.

8. Parallelization of the Computational Process

This section describes a parallel machine with time data transfer—an
extension of our machine with an additional capability aimed at increasing
its computational power: executing another instance of the machine with
specific input data. The input string for the new process is placed on a
special argument tape. The parallel process is initiated when the machine
transitions to a special state for starting a parallel process. The new
process begins with a special initial state of the subprocess. Initially, the
new process runs until it reaches a state where it outputs a result (while
the old process waits). This result is then transferred from the output
tape of the new process to the argument tape of the old process. Both
processes then continue to execute in parallel, with the old process no
longer interacting with the new process. The parallel execution of the new
process is necessary for transferring data to the past within it, ensuring the
correctness of the result produced by this process.
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The new process can be started as many times as necessary, either by
the main process or by spawned subprocesses. Since subprocesses can
launch their own subprocesses in parallel and independently, the number
of subprocesses can grow exponentially as the machine operates in parallel
mode.

The total parallel runtime of the machine is considered to be the time
until all parallel processes complete, as if they were executed synchronously,
step by step.

THEOREM 3. On a parallel machine with time data transfer, the
operation of a conventional Turing machine with polynomial memory can be
modeled in polynomial time (which corresponds to the complexity class
PSPACE).

ProOOF. Consider a Turing machine with a known estimate of its
capacity complexity in the class PSPACE. We will perform the following
steps:

(1) First, estimate the runtime of this machine (exponential in the
volume of memory).

(2) Launch a subprocess to model the operation of the machine for half
of this time (the modeling time is passed to the subprocess along
with the initial configuration of the process).

(3) After obtaining the result and allowing the subprocess to continue
forming it in the future, immediately launch a new subprocess to
model the operation of the original machine for the remaining half
of the allocated time, passing this subprocess the configuration
obtained from the first subprocess.

(4) Output the result.

(5) The subprocesses continue working in a similar manner until the
allocated time converges to a predetermined constant.

It is easy to see that the depth of subprocess calls here is polynomial,
and the total parallel runtime is also polynomial. This completes the proof
of the theorem. O

THEOREM 4. The operation of a parallel machine (with time data
transfer) in polynomial time can be modeled by a conventional Turing
machine with polynomial memory.
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PROOF. The reverse statement follows from the fact that the operation
of such a parallel machine can be modeled on a conventional Turing
machine using polynomial memory. This is achieved by sequentially
executing all launched processes, as they do not interact with each other.
Since the total parallel time of the modeled machine is polynomially
bounded, the depth of subprocess calls is also polynomially bounded. Thus,
the total memory volume for modeling also remains polynomial. This
proves the theorem. O

9. Direct Access to Input Data

In this section, we modify the model of our machine by adding the
capability to work with large data through direct access to the cells of the
input tape. By large data, we mean data that cannot be sequentially
examined within the current time constraints. The direct access mechanism
allows for quick access to remote cells, overcoming the specified limitation.
This is achieved as follows: a special address tape is introduced, on which
the binary representation of the cell number on the input tape is recorded.
The input tape head instantly moves to the specified cell. No other
mechanisms for moving this head are provided. We assume that all
launched subprocesses work with the same input data. Thus, we have
defined a parallel machine with time data transfer and direct access to
input data.

If we replace PSPACE with LOGSPACE in the previous section, we
obtain the following theorem.

THEOREM 5. On a parallel machine with time data transfer and direct
access to input data, the operation of a conventional Turing machine with
logarithmic memory (LOGSPACE) can be modeled in logarithmic time
(LOGTIME).

PROOF. It is similar to the proof of Theorem 3, but with the replace-
ment of polynomial constraints with logarithmic ones. Since access to
input data occurs in constant time, the total execution time remains
logarithmic. O

The reverse statement is problematic since direct modeling of logarithmic
time on our machine using a conventional Turing machine requires a memory
volume polynomial in the logarithm of the size of the original data. However,
a similar approach can be used to prove the following theorem.
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THEOREM 6. The class POLYLOGTIME on a parallel machine with
time data transfer and direct access to input data coincides with the class
POLYLOGSPACE for conventional Turing machines.

PRrROOF. The proof is based on the fact that the operation of our
machine with direct access can be modeled on a conventional Turing
machine using polylogarithmic memory. Thus, the total modeling time
remains polylogarithmic. O

Conclusion

This work presents a fundamentally new computational model that
expands classical representations of computational processes through the
mechanism of transferring data across different moments in time. The main

results of the research are as follows:

(1) Complexity Classes and Time Constraints: It has been proven
that a machine with data transfer from the future, without time
constraints, recognizes exactly the decidable sets with a constant
response delay. Under polynomial time constraints, the model
corresponds to the class of problems in the intersection of NP and
co-NP. These results demonstrate how controlled violations of causal
order can assist computations.

(2) Parallelization and Space Complexity: The extension of the model to
allow the launching of subprocesses that inherit input data enables
the coverage of the PSPACE class in polynomial time, demonstrating
how time complexity transforms into space complexity.

(3) Direct Access and Data Processing Efficiency: The modification with
addressable access to the input tape and logarithmic time complexity
ensures compliance with the LOGSPACE class, which is particularly
relevant for large data processing tasks. This result is supported
by the mechanism of instant movement of the input tape head,
eliminating linear delays.

(4) Practical Implementation: Two approaches to the practical implemen-
tation of the model are proposed:

o Deterministic Backtracking — a systematic search for self-
consistent computational trajectories;
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» Annealing Methods (including quantum systems) — searching
for states with minimal energy of contradictions.

Experiments with quantum annealers, such as D-Wave, could be the
next step in assessing the physical realizability of the model.

The prospects for further research encompass both theoretical and
practical aspects:

« Optimization of the volume of transmitted data to reduce computa-
tional load;

» Development of specialized programming languages with operators
for time data transfer;

« Analysis of the connection with quantum computing.

This work is relevant not only for theoretical computer science but also
for interdisciplinary research. It demonstrates that the connection of states
in time may be the key to solving problems inaccessible to traditional
systems. The proposed model could serve as a bridge between complexity
theory and physical realizations, opening new possibilities for algorithms.
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30 M. JI>kvaAku3Ane, A.Il. BEAbTIOKOB RUmEN;
Beepenne

B namnnoii crarbe MBI paccMaTpUBaeM HEOOBIYHBIH B3IVIS]] HA BBIUUCIIN-
TeJIbHBIE MIPOIECCHI. UTO MOJIydaeTcs, eCJIi MAIIHE PA3PEeIaTh 3arIsAIbIBATh
B CBOE COOCTBEHHOE Oy/IyIlee U MCIOJIb30BaTh 3Ty WHMOPMAIUIO JJIs IPUHATHSI
pertenuit B HacTosemM? DTa ujest, KoTopasi Ha [EePBBII B3I KayKeTC st
BHYTPEHHE IIPOTUBOPEYNBOMA, JIE2KUT B OCHOBE HCCJIEIyeMON BBIYUCIUTEIbHOI
MOJIeJIn — MaIMUHbI ThIOPUHTA ¢ KAHAJOM IMEPeIadn JAHHBIX IPOTUB TEUEHUS
BpeMeHU. DTa MOJIEJb He TOJIBKO [IePEOCMBICIUBAET IOHUMAHNE BPEMEHU
B BBIYHCJIEHUSX, HO U IIOJHUMAET PyHIAMEHTAIbHBIE BOIIPOCHI O IPUYUHHOCTA U
B3aMMOJIEHCTBUN MEXK/Ty MPONLIBIM U OYIyIIUM B BBIUUCIUTETHHBIX TPOIECCAX.

Harra mammmaa onpejiesieHa TaKUM 00Pa30M, ITO OHA, MOXKET IMOJIYIATh
uHOOPMAINIO U3 OYILYIUX COCTOSHUN CBOErO BBIYMCIUTE]BHOIO IMPOIECca. ITa
MOJIEJIb [IPEJICTAB/ISIeT CODON TEOPETUYIECKYI0 KOHCTPYKIIUIO, BBOJISIILYIO HOBBIE
crrocobb! oprann3anuu Beraucsaernii. OHa M03BOJISIET MOy YUTh PE3YIbTAT
CJIO2KHOT'O BBIYUCJIEHUSI JIO €0 3aBEPIICHUs U MCHIOIH30BATH 3TY HHMOOPMAIIHIO.
Kaxk u B j11000M 1yTelecTBUU BO BPEMEHU, 3/1€Ch BOSHUKAIOT CJIOYKHOCTH:
rnepeada JAHHBIX U3 OYIyIIero MOYXKET MIPUBECTH K MPOTUBOPEYUSIM U
HEO/THO3HATHOCTSIM.

B nannoit ctarhe MBI cocpeloTavunBaeMcCd Ha CIydasdX, KOIJIa TaKUX
mpobJsieM MOXKHO n306eKaTh, U JEMOHCTPUPYEM, KaK 3TY MOJEIb MOXKHO
peasIm30BaTh U MPUMEHUTDH [JIsi PEIIeHUs CJIOXKHBIX 3a/a9. DTOT MOJIXO,
IpeJicTaBiisieT co00# aJIbTEPHATUBHYIO BHIYUCIUTEBHYIO TAPAIUTMY, KOTOPast
CBSI3BbIBAET BpeMs, IPUYUHHOCTD U BBIYUCJICHUS, II03BOJIASA IPUMEHATH HOBbIE
CTpaTeruu pelnieHus 3ajad.

OsHUM U3 Pe3yJIBTATOB SBJSETCH TO, UYTO TAKAs MAIINHA MOXKET BBIIUCIUTH
3HAYEHHUE JIIOO0r0 PEKYPCUBHO PA3PEIINMOro IPEeIUKaTa 38 ITOCTOSHHOE
BpeMsi. DTO O3HAYAET, YTO 3a/a4K, TpeOyolue 3HaUYnTe/IbHONO BPEMEHN
B KJIACCHYECKUX MOJEJSX, MOTYT OBbITH PEIIEHBI MIPAKTUYECKH MIHOBEHHO (XOTsI
caM BBIYUCIUTENBHBIN MPOIECC JOIKEH POJIOIZKATHCI U 00IIee ero BpeMst
MOKET OKa3aThCd BEChMa 3HAYUTEJIbHBIM).

Mpr foKa3bIBaEM TaK2Ke, 9YTO eCiu 00Inee BpeMsi PaOOThI TAKUX MAITHH
OrPaHUYUBATH [TOJIMHOMAMHU OT Pa3Mepa BXOJHBIX JAHHBIX, TO 3TU MAIUHBI
CMOT'YT PACIIO3HABATL BCE sA3bIKK U3 nepecedenns kaaccoB NP u co-NP.
OTU pe3yJIbTaThl TOBOPST O TOM, 9TO IIPEJJIOKEHHAS MOJEJb HE TOJBKO
TEOPEeTUYECKN NHTEPECHA, HO U 00J/1a/1aeT 3HAYUTE/IbHON BBIYUC/IUTE/IBHOM
MOIIIHOCTBIO.

Mpr Takzke paccMaTpuBaeM MOAMMUKAIAIO MAITHHBI, KOTOPast MO3BOJISET
OCYIIECTBJISATDH HapasIebHyo 00paboTKy gaHubx. [lokazaHo, YTO B 9TOM
cilydae KJIacc 3a/1ad, pelraeMblX TAKUMHU MAITHHAMUA 33 MOJUHOMHAAJIBHOE
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Bpems, coorsercrByer PSPACE (To ecth nosmmuHoMuaibHOe BpeMsi Ha HOBBIX
MarnuHax SkBuBaseHTHO PSPACE na 06bruHbIX MamuHax Teiopunra).

Hpyras moauduKarms TpearnoaaraeT 100aBIeHne MEXaHN3Ma, IIPSIMOTO
JOCTYTIa KO BXOJAHBIM JAHHBIM Yepe3 aJ[PeCaIlfio sT9eeK BXOJIHON JICHTHI
C MIOMOITIBIO CIEIUAILHON aJIpecHoil JeHThl. B 9TOM ciIydae, mpu orpaHnvIeHun
BpeMeHu paboThl JlorapudMOM OT padMepa BXOJHBIX JIAHHBIX, KJIACC 3a/1ad,
pelaeMbIX HAIIUM paciapaJjuieleHHbIM KoMIbioTepoM, Briodaer LOGSPACE
(3uecs LOGTIME Takke npeobpa3yercs B COOTBETCTBYIOILYI0 €MKOCTHYIO
CJIOKHOCTH ). CTOMT OTMETUTD, YTO TAKOH PezKUM PabOThI He BJICYET IPE3MEPHO
BBICOKOH CJIOKHOCTH W SIBJISIETCS PEAN3yeMbIM Ha OOBIIHBIX KOMIIBIOTEpaX MpU
Pa3yMHBIX pa3Mepax BXOJIHBIX JAHHBIX.

C mpakTuvIecKoll TOYKHU 3PEHMs, HAIlla padOTa BBOAUT HOBBIE MEXAHM3MbI
IPOTrPaMMUPOBAHUsI. BMECTO CJIOXKHBIX HEJIETEPMUHUPOBAHHBIX BHIOOPOB,
KOTOpBIE MOT'YT OBITH TPYIHBI JJIsi [IOHUMAHUS, MbI IIPEJJIATAeM HCIOJIb30BATh
JaHHBIE U3 OYIYIIEro, YTO JeIaeT MPOIECC BBIUYNC/IEHNN NHTYUTUBHO DoJiee
MOHATHBIM. MBI TaKKe MccIeyeM BO3MOYKHBIE PeasTM3aIlun 3TON MOJIEJIH,
BKJIIOYas JeTEPMUHUPOBAHHBII ITOMCK C BO3BPATOM M KBAHTOBBII OTKHI.

B mepBoMm mozmxome cucreMaTHYeCKUi MMOMCK C BO3BpATaMK HA3aJ TapaHTH-
pyeT, 9TO BCe BO3MOXKHBIE IIYyTH OYIyT MCCIEIOBAHDI IJIsl IIPEIOTBPAIICHIST
mapagoKcoB. Bo BTOpOM I0/IX0ie KBAHTOBBIE aIMabaATHICCKUE MAaITHHBI
OJHOBPEMEHHO HUCCJICAYIOT MHOXKECTBO COCTOAHUN BBIYUCIUTEILHOIO IIPOLIECCa,
BBIOMpAasi CAMOCOIIACOBAHHYIO MTOCJIEI0BATEILHOCTD JIEHCTBHIA.

Takum obpazom, MBI IIpejiaraeM MO/IE/Ib, KOTOPas PACIINPSET HAaIlle
IIOHNMAaHHNe BbIYUCIUTEJIBHBIX IPOIECCOB U IIPEIOCTABIISET HOBbBIE I10JIXO/IbI
K IIPOT'PAMMHUPOBAHUIO.

1. Css3aHHble paboTbi

3a mocjeHUE HECKOJIBKO NECATUIETUR Ues UCIOIb30BAHUS BPEMEH-
HBIX [1aPaJIOKCOB U IIepelady JAHHBIX BO BPEMEHHU IIPDUBJIEK/Ia BHUMAHUE
B TeopeTudeckoil nHdopMaTuKe U pusnke. MHOrne ucciesoBaren u3y4dain
BO3MOKHOCTD PACIIMPEHUS KJIACCHYECKUX BBIYUCIUTEIbHBIX Mofesell 3a cuéT
BKJIIOUEHUs MEXaHU3MOB, IO3BOJISIIOMINX II0JIy4aTh MHQPOPMANUIO U3 Oy LyIIero,
9TO, KK IIPEIIOJIAraeTCs, MOXKeT [IePEOIPEIe/INTh TPAUINOHHbBIE B3TJISIbI
Ha BBIYHUCJINTE/IbHBIE DECYPCHI U CJI02KHOCTD.

B ocuosonomararomeii padore Kyka [1] 6bu10 BBegeno nousarue NP-
IIOJTHOTBHI, 3aJI07KUBIIIEE OCHOBY J1JIsl JTAJIbHEUIIIX NUCCIJIEIOBAHNN B 00/1acTU
BBIYHCJIUTEILHOM CJI0KHOCTH U CBOJUMOCTH PA3/INYHBIX 3324 K YHUBEPCAJIBHON
npobueme. Passubas stu unen, P. M. Kapn [2] npoananusnpoBas cBOIEMOCTD
KOMOMHATOPHBIX 33/1a4, I0Ka3aB, YTO MHOT'UE Ha II€PBBIi B3IVIsL] Pa3/IMUHbIe
33/1a41 B3aUMOCBSI3aHbI.
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Kunaccuueckas pabora I'spu u Txkoncona [3] crana dyHniaMenTaabHbIM
CIIPABOYHUKOM [IJIsI UCCJIEIOBATEIIEH, N3y IAIOIINX BBIIUCIUTEIHHYIO CII0XKHOCTD,
npejcraBuB mupokuii criekTp NP-1motHBIX 38789 1 TTOCIy?KUB OTIIPABHOM
TOYKOI JIJIsI aHAN3a, OTPAHUYEHU TPAJUIIMOHHBIX BBIYUCIUTEIBHBIX MOJEIEH.

B nocsiegame ropl 3HaMNTEIBHOE BHUMAHUE YIEIAETCS MOJIENSIM, UCIIOIb3Y-
fomuM duzngeckue 3HMEKTHI s PEITEHNs] CJI0XKHBIX BBIYUCIUTEIBHBIX 3a/a4.
Aaponcon [4] uccsreioBas moTeHInA KBAHTOBBIX BBIYMCJIEHUN JIJisI PEIeHns]
TPAJUIMOHHO CJIOXKHBIX 3a/1a4, IIPOJEMOHCTPUPOBAB, YTO KBAHTOBbIE METO/IbI
MOT'YT IIPE/IOCTABUTH CYIeCTBEHHbIE IPEUMYIIECTBa Ilepe]] KJIaCCUIeCKIMUI
aJITOPUTMAaMH.

Joita [5] BBEJI KOHIIENIUIO YHUBEPCAIBHOTO KBAHTOBOI'O KOMIIBIOTEPA, ITO
CTaJIO BayKHOI BeXO B KBAHTOBBIX BBIUNMCJIEHUAX U MOBJIUSJIO Ha JaJibHeNIIne
WCCJIEIOBAHNS THOPUIHBIX BBIYUCIUTEIHHBIX MOJIEIEH.

Yro KacaeTcs MOfee, HApYIIAIOMHIX KIACCHIECKYIO IIPUINHHOCTD,
CYIIECTBEHHBIH BKJIaJ1 ObLT CIGTAH B UCCJIEJOBAHUAX, CBA3AHHBIX ¢ 3aMKHYTHIMH
spemennnono6ubvMu Kpusbivu (3BK). Bpyn [6] mokasas, uro ucmosnb3oBaHue
3BK moxker 3HAUNTEIHLHO YCKOPHUTH perrerne 3a1a4d. Kpome Toro, Aaponcon
u Yorpyc [7] yCTaHOBHIN 9KBHBAJEHTHOCTH KBAHTOBBIX M KJIACCHICCKIX
BbrancIeHnit B npucyterBun 3BK, 101MepKHYB MOTEHIMA TAKAX MOJIEJEH J1Ist
PACIIMPEHNs BBEIYUCIUTENbHBIX BO3MOXKHOCTEI!.

[ToMUMO KJTACCHIECKUX MTOJIXOJIOB, WJIes NHTErPAIMY TIePETATN JTAHHBIX
Ha OCHOBE IIyTEIIeCTBUIl BO BPDEMEH! ¢ KOHIEIIUAMA TEOPHH CJOKHOCTH
BbI3Basia uHTepec. Paborer IManamumurpuy [8] u Apopsr u Bapaka [9]
[IPEIOCTABJISAIOT TWIyOOKUI aHAJM3 CTPYKTYPbI BHIYUCTUTENbHBIX 38144,
BKJTIOYas ¢Ba3b Mexk ity Kiaaccamu NP u co-NP. D1u uccnemoBanus ciryxar
OCHOBOI1 JIJIsT aHAJIM3a TOTO, KaK HECTAHIAPTHBIE BBIYUCIUTETHHBIE MO,
HCIIOIL3YIONIHE TIepeiady JaHHbIX U3 OyJIyIIero, MOTyT pellaTh 3aJatdu,
¢ KOTOPBIMH TPaJIUIUOHHBIE MOJIEJIU CIPABJISIOTCS C TPYJ/IOM.

Kiaccuaeckne paboThI IO KBAHTOBBIM BBIYUCJIEHUSIM, TAKNE KAK KHUTA
Hunbcena n Yanra [10], a takke anropurmbl I'posepa [11] u Ilopa [12],
MJLTIOCTPUPYIOT, KaK KBAHTOBBIE METOJBI MOTYT 3HAYUTEIBLHO YCKOPUTH
pellleHne ONpeIeIEHHBIX KJIACCOB 3a/1ad.

Bomee nmosgaume nccmenoBanms, Takue Kak paborsl Xappoy n Monramna-
po [13] u uccnenosanus Nkbasa u ap. [14], HoarBepKIai0T IPAKTUIECKYIO
3HAYUMOCTH KBAHTOBBIX AJTOPUTMOB JIJIl PEHICHU CJIOXKHBIX BBHIMHCIUTEILHBIX
3a/1a4.

BasKHBIM aCIIEKTOM 3TO¥ 0BJIACTH ABJISAETCS KOHIENIUA MEPEIavn JAHHBIX
HA OCHOBE ITyTEIIECTBUH BO BPEMEHH, TO3BOJIAIONAs MAITMHAM TIPEJICKA3BIBATE
cBou OyjIyIue COCTOSIHUS U MCIIOJIb30BATh 3Ty MH(MOPMAIMIO I KOPPEKTHPOB-
KU TeKyIMUX BbIYUCJIeHnH. B sroM KoHTeKcTe padora Opiuuknu [15] uccaenyer



RUmEN; CJI0»KHOCTb BBIYMCJIEHWIM C MYTEIECTBUSIMU BO BPEMEHU 33

MO/IeJIb MAIIUH C IIyTEIIECTBUSAMI BO BPEMEHH U PACCMATPHUBAET IIPOOJIEMY
CaMOCOTJIACOBAHHON OCTAHOBKU. DTOT IMOJIXOJI PACIIUPSIET TPAIUIMOHHBIE
MOJIEJIH, TIpeJjiaras HOBbIE B3IVISIbI Ha B3aMMOJEHCTBAE BPEMEHHBIX TIOTOKOB
B BBIUHCJICHUSX.

Kpowme Toro, srian I'énesst [16] mpomeMOHCTPHPOBAI TEOPETHIECKY O
BO3MOYXKHOCTb 3aMKHYTBIX BPEMEHUIIOIOOHBIX KPUBBIX B KOCMOJIOTHIECKUX
peIleHusIX, MPeIOCTABUB TOIOJHATEIFHOE (PU3NIECKOe ODOCHOBAHUE ISt
BBIUUCJIUTEIHHBIX MOJIeJIEll, BKIIIOYAIOIINX IepeIady JaHHbIX U3 OYIyIIero.

Vccnenosanus Bskona [17] u Bosbnepra [18] yKa3bBaOT Ha TO, ITO
(usmIecKre OrpaHuYIeHUs Ha, IpeacKa3anne OymayIero u oOpaTHyio CBI3b
MeXK/1y BPEMEHHBIMU COCTOSHUASIME 3HAYUTEIHHO BIMAIOT HA BBIYHCIUTEIHHBIE
[IPOIIECCHI.

Haxomer, sxcepuMeHTaIbHBIE UCCIEI0BAHAS, TakKue KaK pabora Kunra u
Zp. [19], MOKa3BIBAIOT, YTO KBAHTOBBIE CHCTEMBI C THICSTIAMU KyOUTOB yiKe
MOTYT MOJIEJIUPOBATH CJIOKHBIE (DU3MUECKIEe SIBJIEHUs, YTO BCEJISET HaJIEXK b
HA IPAKTUIECKYIO PEATN3yeMOCTb BHIUUCIUTEbHBIX MOJIE/IEl, UCIIOJIb3Y FOIIIX
3¢ EKTHI Iy TemecTBuil BO BpEMEHN.

Taxum 06pa3om, 3T pabOTHI WIIIOCTPUPYIOT, UTO KUJIes MTePeIadn JAHHBIX
u3 Oyymero u 3p@GeKTOB BPEMEHHbBIX IETE/Ib B BEIYUCIEHUSX UMEET [TPOIHBIE
TEOPETUYIECKUE U MMPAKTUIEeCKNe OCHOBaHUsA. Hala MOne/b BhIYUCIEHU
C IYTEIeCTBUSIMA BO BPEMEHHU €CTECTBEHHBIM 00PA30M BIIMCHIBAETCS B 9TOT
KOHTEKCT, IIpeJijIaras HOBBIA B3IV HA BBIYUCIUTEIBHYIO CJI0XKHOCTH U
[TO3BOJISIST PEIIATH 3a/Ia4U, HEJOCTYIIHBIE JIJIsI TPAUIIMOHHBIX MOJIEIeit.

2. CrpykTypa n ocobeHHOCTU MalwmnHbl TbOPUHra C KaHaaoM
nepefayv gaHHbIX BO BPEMEHM

B namnom pa3zjiesie onmmchIiBaeTCs KOHCTPYKITUST MaIUHbI ThIOpUHTA,
OCHAITEHHOI KAHAJIOM TIE€PEIavi JJAHHBIX BO BPEMEHH. DTa MOJEJIb PACIIUPSIET
KJIACCHYIECKYI0 MaIuHy ThIOPHHTA 38 CUET BKJIIOYCHUS] MEXAHU3MA, MO3BOJISIO-
IIero IiepejlaBaTh JaHHbIe Ha paHee BLIIIOJHEHHBIE ITaru BBIYUCIUTEILHOTO
IIpollecca M IOJIyYaTh JNaHHbIe, epeanHble u3 Oymymux maros. PaccMoTpum
CTPYKTYPY U OCOOEHHOCTH TaKOW MAIUHBI.

2.1. OcHOBHble KOMMNOHEHTbI MalUUHbI

Mamuna ThlopuHTa ¢ KaHAJIOM Iepefaddl JaHHLIX BO BPEMEHH SABJISETCA
MHOI'OJIEHTOYHOI MAIIMHON (C OIHOMN IOJIOBKOII HA KAXKIYIO JIEHTY) U BKJIIOYAET
CJICJTIYTOIIHEC STIEMEHTDI:

Bxoodnas aenwma: Ha 3Toii JIeHTe COOEPXKUTCA BXOIHOE CJIOBO, KOTOPOE
HeobxoauMo obpaboraTh. B Hatase paboThl MaITUHBI BXOIHBIE JTAHHDIE
3AIMCHIBAIOTCS HA, ITY JIEHTY.
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Buzodnas aenma: Ha 9roil TeHTe 3annCBIBAcTCS pE3yabTaT paboThl Mallli-
HbL. JIJIsl paciosHaoleil MAIMHBL PE3YJIbTAT MOXKET OBITh IIPEJICTABIIEH
B Bujie Gunapuoro 3nadenus: 0 (mer) mam 1 (1a).

Hecroavko pabovux Aenm st BBIIOJHEHHs HeOOXOJUMBIX BBIUUCIICHUH.

Kommynukayuornnas serma (aewma césasu): CrenuanbHas JeHTa, Tpe-
Ha3HaY€HHad JIJId IIepeJadu JaHHBbIX BO BPpEMEHU. MaH_II/IHa MO2KeT
3allACbIBaTh JaHHbIE Ha 9Ty JIEHTY JIJId OTIIPpaBKHU B IIPOMIJIOE U IIOJIyYaTb
JaHHbIe U3 Oymymiero. Jljisi OTIpaBKYU U MOy YeHUsT JAHHBIX MAIHHA,
JOJIZKHa HepeﬁTI/I B CIiellMaJIbHbIE€ COCTOAHUSA IlepeJadn 1 HpI/IéMa JaHHBIX
COOTBETCTBEHHO.

Adpecran senma oas nepedasaemur darnoir: Ha sToit enTe 3anmcbiba-
I0TCA METKH, KOTOPbIE IIO3BOJIAIOT U3BJICKATH JTaHHbIE, CChbl/IasgCh Ha 3THU
METKH B 3alIpocaxX. ﬂﬂﬂ nepegaid U U3BJICHCHUA JaHHBIX UCIIOJIB3YIOTCA
crnenuaJibHble COCTOAHMA MalllMHBI.

B cocrostiuu miepeiatinn coep;KuMoe KOMMYHUKAITMOHHOM JI€HTHI
BMECTE C METKOI OTIIPABJIAETCA B KaHaJI IepeaavIn JaHHbIX BO BPEMEHU.
EC.HI/I JaHHbIE C TaKOII METKOI1 yxe 6LIJII/I paHee OTIIpaBJIEHbI, TO CHUTACM,
9TO TIpu paboTe MAIUHBI BO3HUKJIA OIMTHOKA.

B COCTOAHNU HpHélVIa KOMMYHUKaIIUOHHAA JICHTa IIOJIy9IaeT JaHHbIE
"3 KaHaJla Iiepeiavdu, CBA3aHHbIe C SaﬂaHHOI'/JI METKOI. EC,HI/I TaKUX JaHHbIX
B 6yﬂym€M He OKa3aJloCb, TO TaKzKe CYUTaeM, 9TO IIpUu pa60Te MaIIIUHBI
BO3HUKJIa OH_II/I6Ka. ,HJ'IH penreHud 3ada9 pacClioO3HaBaHUd MaIOIWHBI, IIDU
pa60Te KOTOPBIX MOT'YT BO3HUKATb OIJ_H/I6KI/I7 HCIIOJIb30BAaTh 3allpETHUM.

Angasumo, senm: Kaxgas eHTa mMeer cBoii andasuT CUMBOJIOB, KOTOPbIE
MOT'YT OBITH 3AIMCAHBI HA HEE.

Vnpasaarowee ycmpoticmeo: Ha KaxkioM 1mare paboThl YIIPABJIAIOIIEE
YCTPOHCTBO MOXKET HAaXOIWTHhCA B OIHOM M3 COCTOSHUI aJsipaBura
COCTOSIHUIA. BI)I,HQJIHIOTCFI cjeiyromuye ClielinajibHbI€ COCTOAHUSA:

HAYANDHOE COCMOAHUE, B KOTOPOM MAllIMHA HAaUWHAET BBIUUC/IATE Ib-

HBI# IIpoIece;

3AKAMOYUMENDHOE COCTNOARUE, B KOTOPOM paboTa MAaIMHBI 3aBEPIIa-
eTcd;
cocmosarue nepeday, daHHbLT, TP Iepexole B KOTOPoe JaHHbIE Iepe-

JAIOTCH C YKa3aHHON MeTKOM B KaHAJ IEPeJIavdn JIAHHBIX;
COCMOAHUE NPUEME 0aHHBIT, TIPU HEPEX0Jie B KOTOPOE JAHHbIE IPUHU-

MaloTca U3 KaHaJla Iepeiavn JTAHHBIX C YKa3aHHONH METKOIL;
COCMOARUE 8bl600a, TIPU TIEPEXOJE B KOTOPOE COMEPIKUMOE BBIXOTHOM

JIEHTBI OTIIPpaBJIAE€TCA BO BHEMNIHU MUDP, IIOKa MalllMHa ITPO/I0JIZ2KaeT

CBOIO paboTy; CUNTAEM, UTO MAIMHA PabOTAET C OTHOKPATHOMN 3aIUCHIO

Ha BBIXO/JHYIO JICHTY, TO €CTb HOBTOprIﬁ IIepexo B COCTOAHUEe

BBIBOJA — OIINOKA B paboTe MAaITUHBI.

IIpoepamma: Dyuxuus (Tabimna), KOTOpas 0TOOPaXKAET COCTOTHIE MAIITHBL
1 CUMBOJIBI, BUIUMbIC I'OJIOBKaMMt Ha Ka,}K,ZLOﬁ JICHTE€, B HOBO€ COCTOAHUE,
HOBBI€ CUMBOJIBI, 3allUCbIBa€Mbl€ Ha JIEHTBHI, 1 HallpaBJICHUsA CABUI'OB
T'OJIOBOK.
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Bpemas svvucaernudi: TlocnenosareabHocTb maros. Kakiplil mar BbITOJIHS-
€T OHY KOMaH/Ay MalllUHbI NJIN Hepeﬂa.éT/HpI/IHI/IMaeT OJIUH CUMBOJI 9€pe3
KaHaJI IIepeadn JaHHbIX BO BPEMEHN (TO €CThb Ha IIepeaavy JJIUHHOI'O
CJIOBa B KaHaJI IIepeJavin JJTaHHbIX TPATUTCA CTOJIBKO IIIaroB, KaKoBa
JUIAHA 3TOT'O CJIOBa). st pacrio3Haroreit MaIiuHbl BpeMsi BhIYUCTIEHTT
JOJIZKHO OBITH KOHEYHBIM.

Ha nuarpamme pucyska 1 mokazas mporecc 00pabOTKM JAHHBIX C BO3MOXK-
HOCTBIO Ilepeiadn HHMOPMAIU U3 OyIyIIero B IpoILIoe Yepe3 BpeMeHHOH
CIBUT, peaJin3yeMbIii 3aMKHYThIMA BPEMEHUIIOI0OHBIMU KPUBLIMEI B METPUKE
Keppa.

Ob6parHas niepeada JTaHHBIX

B
w Bpewmennoit casur
|
Bxomubre JdHHbIE
‘ > O6paboTka
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|
|
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|
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|
|
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Bpems
IIpomtoe Bynymee

Pucvynok 1. Cxema paborbl MamuHbl ThOpUHTa ¢ 06paTHOM
BPEMEHHOII CBA3BIO

2.2. OcobeHHoCTU paboTblI MaLWUNHBI

Pabora mamuusr Teoputra ¢ KaHAJIOM TE€pPEadn JAHHBIX BO BPEMEHU
MMeeT HECKOJBKO OTIMIUTEIbHBIX OCODEHHOCTEI!:

Buwigod pesyavmama do 3asepuerus sviuucienuti: Mammaa MOXKeT BbI-
BECTH PE3YJIbTAT Ha BBIXOJIHYIO JIEHTY JI0 3aBEPINEHUs IIPOIECCa BbIYHCIIE-
HUl. DTO MPUBOJUT K PA3/ICJIEHUIO JIBYX [TOHSITUN BPEMEHN:

epems 3a0eparcky omeema,
obuiee pems GuUUCACHU.

O0nosHaHoCcmD U ONPEdeéHHOCMY SuiuucseHull: V3-3a BOBMOKHOCTH
TIIOJIy9eHud JTaHHbIX U3 6yﬂyﬂlefo pa60Ta MaIllIHbI MOXKET CTaThb HEOJIHO-
3HAYHON MM HeolpejieénHoi. HanpuMep, HEOHOZHAYHOCTD BO3HUKAET,
€CJIM MalllHa, OJIY9Y1UB HEKOTOPbIC TaHHBbIC U3 6y,ZLyH_[eI‘O, 3allUChbIBAECT TE
2Ke JIaHHBIE C TOH Ke METKOM, YTO MOXKET IPUBECTH K HeJIeTEPMUHUPOBAH-
HOCTH TIPOIIecca M, KaK CJIEJCTBHE, K PA3IMIHbIM KOHEYHBIM PE3YJILTaTaM,
B 3aBUCHUMOCTH OT TOI'O, KaKHe JaHHbI€ OKaKyTCA ITPOIYUTAHHBIMA
7 3aMuCaHHbIMU. Ecan Mammmna, MIpoYnTaB JaHHbIe ¢ OJHON METKOif,
3aTeM O6H3aTe.TIbHO 3allUChIBaECT OTJIMYIHbIC OT IIPOYUTAHHBIX JaHHBIE
C TOIt ¥Ke MEeTKOIi, TO BO3HUKAET IIPOTHBOPEeYne, Je/alolnee Ipoece
HEBO3MO>KHBIM, 9TO IIPUBOJUT K HeOHpeﬂeHéHHOCTI/I. MaIHI/IHa CYUTaETCA
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PACIO3HAIOMIEH HEKOTOPOE CBOICTBO BXOIHBIX JAHHBIX (T.€. BBIYUCIISIONIEH
XapaKTePUCTHIECKYIO (DYHKIUIO HEKOTOPOIO MHOXKECTBA), eciiu eé pabora
ompeJiesieHa NJId BCeX BXOAHBIX JAHHBIX U PE3yJIbTaT OJHO3HAYCH.

IIpoepammupyemocmsv: B KOHIIE CTATHY MBI OIUIIEM HUHCTPYMEHTHI aJIro-
PUTMUYECKUX SI3BIKOB, KOTOPBIE IMO3BOJISIT IPOrPAMMUPOBATH II0I00HBIE
JIEACTBUS HE TOJIHKO JIJIsT MaImuH THIOPUHTA, HO U JJIs JPYTUX KOMIIBIOTE-
POB.

2.3. BpemeHHble acnekTbl paboTbl MaLNHbI

KimroueBoit 0COGEHHOCTBIO MAIIMHEL ABJISIETCS BO3MOYXKHOCTD IIOJIy1eHUA

JAHHBIX U3 OYIYIIEro, YTO MPUBOJUT K CJAEAYIONINM BPEMEHHBIM dddeKTan:

Hocmosannoe epemsa sadepocku omeema: Biaaromaps MexaHU3My Tepejia-
91 JIAHHBIX BO BPEMEHU MAIIMHA MOXKET BBIBECTHU IIPOCTON PE3yJIbTAT
(JA wiu HET) 3a nocTosiHHOe BpeMsl, HE3ABUCUMO OT BBIYUCIUTEILHOMN
CJIO’KHOCTH.

Obwee epemsa sviuucrenuti: HecMoTpst Ha TIOCTOSTHHOE BPeMsl 38I€PyKKH
OTBeTa, 00IIIee BpeMsl BBHIUUCIEHUN MOXKET OBITh 3HAUUTEILHO OOJIbIIE,
TaK KaK BBIYUC/IUTEJBbHDIN IPONECC JOJIKEH IIPOJIOJIKATHCS JTaXKe [10CJIe
BBIBOJIA PE3YJIbTATA.

2.4. O6bsicHeHMe HeoaHO3HAYHOCTU N Heonpeaen&HHOCTN

YT106bI TPOUJLIIOCTPUPOBATH HEOJHOZHAYHOCTH U HEOIIPEICIEHHOCTH
B paboTe MaIlluHBI, PACCMOTPUM cJeytonmuii mpumep. [Ipeamomoxum, aTo
MAIIMHA, 3alPAIINBaeT OJUH OUT U3 OyIyNIero u BIOUPAET BETBb BBIUUACIEHUI
Ha OCHOBE ero 3HadeHus. FKciam moaydeHo 3HadeHme O6mrTa 1, TO MamImHa
cJeyeT IO TepBOil BETBH; €CJU ToJiydeHo 3Hadenune (, TO oHa cjemayer
o BTOpO# BeTBU. HeomHO3HAYTHOCTH MPOIECCa BBLITUCICHUST BO3HUKAET,
ecIi B KayKJIO BETBU MAIMHA 3aIIMCBIBAET TOT K€ OUT C TOIl »Ke MeTKOit
HA KOMMYHHKAIMOHHYIO JIEHTY. DTO CO34a6T IBa BOSMOXKHBIX IIyTH BHIYHC/IEHH.
Cilenyer orindaTh HEOAHO3HAYHOCTDH BBIYUCJIEHUSI OT HEOIHO3HAYHOCTHU
pesyabraTa. [Ipy HEOTHO3HATHOM IIPOIECCEe BBIYUCIEHUST PE3YIbTAT MOYKET

OKa3aThbCd OJHUM N TEeM 2Ke.
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Ecan mamwnaa cauTbiBaeT OfMH OUT U3 OYIYIIEro U MbITAETCS 3aIuCaTh
MIPOTUBOPEYAIil eMy OUT Ha KOMMYHHUKAIIMOHHYIO JIEHTY C TOU 2Ke METKOH, TO
BO3HUKAET IIPOTUBOPEYNE, IIPUBOJISAIIEE K HEBO3MOXKHOCTH TAKOT'O BBIYHMCJIEHUS.

KOI\,I6I/IH34L[I/II/I ATUX CI/ITyaH,I/Iﬁ MOr'yT HPpUBOJUTH K TOMY, 9TO HEKOTODbIE
BETBH IIPOIIECCa BBIYUCJICHUA, BOSHUKINNE U3-3a BHyTPEHHeﬁ HEOJIHO3HAYHOCTH,
3aTeéM MOTYT OKa3aTbCd IMMPOTUBOPECYUBBIMU N 6bITb IO 3TOM IpuIuHe OTCEAHDBI.
Torma ocTamyTcsi TOJTBKO HEIPOTUBOpPEUUBBIE BETBU. MOXKET OKa3aThCs
TaK, 9YTO BCE€ OCTAaBIINECA HEIIPOTUBOPEYUBBIC BE€TBU TPUBOJAAT K OHOMY
OKOHYATEILHOMY pe3yabTaTy. Ecau Bceria mpoucxouT TakK, TO OyIeM CIUTATh
TaKyl0 MalllUHy KOPPEKTHON JIjIs pelleHnd 3a/1a9U PACIlO3HABAHUA.

Takum 06pa3oM, OIUCAHHBIE CUTYAITMA MOTYT MPUBECTH K CJIEIYIOMEMY:

%K HEOOHO3HAYWHOCTNAU, €CJIU HECKOJBKO BETBEl BBIYUCICHUN 3aBEPIIAIOTCA

Pa3HbIMU peE3yJibTaTaMu,

K HeOnPedeACHHOCU, €CJIU HU OJIHA BETBb HE MOXKET 3aBEepPIINThCA 0e3

IPOTUBOPEYNIA.

DTO JEMOHCTPUPYET, KAK HUCIOJIb30BaHUE JAHHBIX U3 OyJ/IyIIero MoXKer
MIOBJIUATH HA BBIYHUCJIATEJBHBIN ITPOIECC.

3. Bo3moxHOCTN MawuH c nepegayeit AaHHbIX BO BPEMEHU

CxeMma mepejiaun JIAHHBIX BO BpeMeHU B MaliuHe ThIOpHHTa ¢ 3aMKHYTHIMI
BPEMEHUNOMO0HBIMI KPUBBIME IIpEJICTaBIeHa Ha pucyHke 2. [lokazanbr
OCHOBHBIE STallbl 00pabOTKK WH(OPMAIK, MeEXaHU3M OOpPATHON CBsA3U depe3
BpeMEHHBIE NIeTJIN U HallpaBJIeHue IlepeJadn JaHHbIX.

BpeMeHHbIe neTJimn
—_— A

B
Ilepemaua maHHbIX npow.noe

Us
6ydyw,ezo

Bxomubre Y

JIaHHBbIE l IIponecc BbruucaeHuin

Y

Pesymbrar

PucyHok 2. Cxema BpeMeHHOIl HlepeJiadn JTaHHBIX B MAIIIIHE
TrropuHTa ¢ 3aMKHYTBIMU BPEMEHUTIONOOHBIMU KPUBBIMUI
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B narnHOM pasmeiie paccMaTpuBalOTCA BBIYUCIUTETBHBIE BO3MOXKHOCTU
MariuHbl ThIOpUHTA ¢ KAHAJOM IIepejadu JaHHBIX BO BpeMeHH. MbI IIpejicTaB-
JIsieM JIBe TeOpeMbl, KOTOPbIE JIEMOHCTPUPYIOT, KaK MCIIOJIb30BaHNE JTAHHBIX
n3 OYIyIIero BJIUsieT HA BBIYUCIUTEIbHYIO CJIOXKHOCTH M KJIACCHI 38184,
peIIaeMbIX TAKON MAIIMHON. DTU TEOPEMBI IIOKA3BIBAIOT, YTO MPEIJIOXKEHHAS
MOJIeSIb 00J181aeT CBOMCTBAMM, MTO3BOJISIIONINMI PEIIaTh 3aaH, HEIOCTYITHBIE
TS KJIACCUIECKUX BBIYUCUTEIbHBIX CUCTEM.

3.1. Pacno3snaBaHue pa3pewinMmbiX MHOXECTB

TEOPEMA 1. Mawuna Teropunrea ¢ xanarom nepedauu daHHbLT 60 8peMeEHU
PACNOZHAEM € NOCTNOAHHBIM BPEMEHEM 3A0EPHCKYU, OMBEMA 8 MOUYHOCTNU BCE
DEKYPCUBHO PA3PEULUMDLE MHOHCECTNEA.

JTOKABATEJILCTBO. Jloka3aTe/bCTBO OCHOBBIBACTCS HA CHOCOOHOCTH
MAIIIHBI UCIIOJIb30BATh JaHHBIE U3 OYIAYIIEro Jisi MPeJCKAa3aHus Pe3yIbTaTOB
BeruncieHuit. Ilycrs HaM HaJI0 paclo3HaTh PUHAJIEXKHOCTD BXOJHBIX CJIOB
K 33JIAHHOMY PEKYDPCHBHO Pa3peruMoOMy MHOXKeCTBY. [ljist 370ro MHOXKeECTBA
umMmeeTcss oObIYHAs pacno3Haronasa Maruia Teiopunra. 13 aToit MarmuHb
[IOCTPOUM TpebyeMyto MalluHy ThIOpUHIa C KAHAJIOM ITepelladn JAHHBIX BO
BpeMeHn, KOTopast OyJaeT paboTaTh CJIEIYIONIM 00Pa30M.

B mauasie paboThl MamnHa 3aIpAIUBaET COMEPKUMOE KOMMYHUKAITMOHHON
JIEHTBI ¢ MeTKOi (. DT0 3HaUeHUE U BbIIAETCS HA BBIXOJ B KaYeCTBe Pe3yJibTaTa
paboThI. 3aTeM 3aIyCKaeTCs MPOIECC paboThl OOLIYHON MaIuHbl ThlopuHTa,
pacIo3Haloneil IpUHA/JIEKHOCTD 3aJaHHOMY MHOXKecTBY. Korjia pacriosnasanue
3aKOHYUTCSI, €T0 PE3yJIbTaT mepenaéres B mpormioe ¢ Merkoit 0. Takum ob6pazom
00ecIeanBaeTCst, YTO B MPOIILIOM MAIHHA BBIJIAJIa BEPHBIH DE3yJbTar.

Ternepp mycTh MBI MMEEM HUCXOIHYIO MAIIMHY C KAHAJOM II€PENadn JAHHBIX
10 BPEMEHU, PACIIO3HAOIILYIO IIPUHAJIEZKHOCTD BXOJIHBIX CJIOB HEKOTOPOMY
mHOXKecTBy. [lo ompenenenuio, obiee BpeMsi pabOThI TAKON MAITWHBI BCETIa,
koHeuHO. [TocTponm HOByO 0OBIUHYO MaIUHy THIOPUHTa, PACIO3HAIOMLYIO
[IPUHAJIEKHOCTD 9TOMY MHOXKECTBY, KOTOpasl epedbupaeT BCce BO3MOXKHbBIE
CJIOBA, TMPETEHIYIONINE HA POJIb YACTHIHOIO IIPOTOKOJIA PAOOTHI NCXOTHOM
MaIuHbl ([IEMNOYKA MIHOBEHHBIX OIUCAHUIL), B HOPSIIKE UX VI INHEHUS.

Marmusa IpoBepsieT s KaXKJI0I'o CJIOBA, SIBJISETCS JIK OHO IPAaBUJIBHBIM
3aBEPIIEHHBIN IPOTOKOJIOM PAOOTHI UCXOMHON MaIMuHbl. Kak TOJIBKO TAKOH
IIPOTOKOJI Hafi/leH, Pe3yJIbTaT pabOThl MCXOJIHON MAIMHBI, BBIIAETCS B KAYECTBE
pe3ysibraTa HOBOM MamuHbl. [locKoJIbKY mporiecc paboThl MCXOIHONW MAITHHBI,
10 OTIPeJIETIEHNIO, ONPEeIEH M OJTHO3HAYEH, HOBAs MAIMHA BCET/Ia BBIIAET
[IPaBUJIbHBIN OTBET O IIPUHAJIEZKHOCTU BXOJIHOT'O CJIOBA 33/IAHHOMY MHOXKECTBY.

O
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3.2. Pacno3nasanue mHoxects 8 NP N co-NP

TEOPEMA 2. Mawuna Toropurea ¢ nocmosHHbM peMeHeMm 3a0eprHCK
omeema U NOAUHOMUAALHBLM OOUWUM BPEMEHEM BBIMUCAEHUTL PACNOZHAEM,
6 mourocmu ece muootcecmsa 6 NP M co-NP.

VNNEA TOKA3BATEJIBCTBA. UHTEPIPETUPYS HPUEM JaHHBIX U3 OYILyIIero
KaK BETBJIEHHE HA HECKOJIBKO IIyTell, Mbl CTPOMM MAaIlUHY, KOTOpas paboraer
3a MOJIMHOMUAJIBLHOE BPEMs U O0ECIIeYMBAET COIJIACOBAHHOCTD PE3YJILTATOB
Ha BCEX BETBAX BBIYMCJIEHUII.

4. [Noka3aTtenbCTBO TEOpembl 2

B namHOM pasjesie Mbl H3JI0:KUM JTOKA3aTEIbCTBO TEOPEMBI 2, chop-
MYJIIPOBAHHO# B IpeiblayieM paszese. CHadaaa Mbl epedOpMyInpyeM
paboTy Halleil MAITUHBI B TEDMUHAX HEJIETEPMUHUPOBAHHBIX BBIYUCICHUH. DTO
MMO3BOJINT HaM IIpeo0pa30BaTh PabOTy HAIEeil MAIUHBL B pabOTy OOBIYHBIX
HeJIeTEPMUHUPOBAHHBIX MamiuH ThopuHra u Hao60pot. [10CKOIbKY MeXaHu3M
[epexo/ia K MOCTOSTHHOMY BPEMEHU 3aJIEPKKHU OIHCAH IIPU JOKA3ATEHCTBE
IPEIBIAYINEl TEOPEMBI, TO JIJIsi HAYaJIa JTOCTATOYHO JI0KA3aTh TeopeMmy 2 6e3
YIOMUHAHUST 00 9TOM, ITO MBI U CIEIAEM.

4.1. MNepexop K HEAETEPMUHMPOBAHHBLIM BbI4YUCIEHUSIM

Wnes 3akaiodaeTcsa B TOM, 9TOOBI HHTEPIPETUPOBATDL YTEHHUE KaKJIOTO
CHMBOJIA JTAHHBIX HA KOMMYHUKAIMOHHON JIEHTE, [IOJIy9€HHOTO U3 Oy IyIero
10 HEKOTOPOI MeTKe, KaK BETBJICHHE IIpoliecca Bbrunciaennii. Kaxkmas BeTBb
COOTBETCTBYET OJTHOMY U3 BO3MOXKHBIX 3HAUEHUH 3TOro cuMBosia. Korma mammaa
JIOCTUTaeT MOMEHTA BPEMeHU, 0003HAYEHHOTO JAHHONW METKOM, OHA IPOBEPSIET,
COBIIAJI JIN [IPE/IIOJIATaeMbIil CINTAHHBII CHMBOJI C IiepegantbiM. Ecim 3Hadenne
CHUMBOJIa, 3aIllICAHHOTO B g4Ye€iiKe KOMMYHUKAITMOHHON JIEHTHI, COBIIa1aeT
C OXKHJaeMbIM 3HaUeHUEeM B TeKyIell BETBU, BBIUYNCIECHUS IIPOJIOJIZKAIOTCS.
B nporuBHOM Cilyyae BETBb BBIYMCJIEHUII 3aBEPIIAETCS N3-32 BOSHUKIIIETO
IIPOTUBOPEYHS.

KoppekTHast pacriosHaromiasi MaIlnHa JI0JIXKHA JABATH OJMHAKOBBIE OTBETHI
(6o 0 — HET, mm6o 1 — /TA) Ha Bcex HEIPOTUBOPEUNBO 3aBEPIIAOIIAXCSI
BETBSIX JJIsl TAHHOTO BXOJHOTO cjioBa. Jlastee MbI mipeobpasyem HaIly UCXOHYIO
MaIluHy ¢ Tepeaadeil JaHHbIX BO BDEMEHH B HEJETEPMUHUPOBAHHYIO, KAK
[TOKA3aHO BBIIIE, 8 3aTeM pPa3je/iuM e€ Ha J[Be HeJeTePMUHUPOBAHHBIE MAITHHbI
Triopunra, 06paboTaB, YIIOMIHYThIE BBIIIE MPOTUBOPEUUS CJIEYIONIMM 00PA30M.
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(1) TlepBas MaInMHa IPUHAMAET PACIO3HABACMOE MHOXKECTBO, Bo3Bpamasd 1,
KOTJIa MCXOMHAS MAIIMHA BBIBOJUT 1, a BO BCEX OCTAJIBHBIX CJIydasX
(BrJIOUas npoTuBOpeYns) Bo3Bparaer 0.

(2) Bropas MammHa IpUHEMAET JOIOJHEHHE 9TOr0 MHOXKECTBa, BO3BpAIlast
1, Korma mexomHas MamuHa BHIBOAUT 0, a BO BCEX OCTAJBHBIX CJIydasX
(BrJIIOUAs npoTHBOpeYns) Bo3Bpamaer 0.

Takum obpa3oM, ecii UCXOJHAS MAIlUHA C [epejiadeil JaHHBIX BO BpeMeHU
BBIJIAET J1a, TO TepBas U3 TOJYIEHHBIX MAIIMH HA HEKOTOPBIX BETBAX BBIUUCIIC-
nus Beimaér A, a sropas — Bcerma HET. Haobopor, ecim ncxoaHast MalimHa,
BoiaéT HET, To nepas Bcerpa BoimaéT HET, a Bropast — Ha HEKOTOPBIX
BeTBsX Bbruncjenus Bopiaér JJA. Takum oOpasom, mepBasi u3 MOCTPOEHHBIX
JICTEPMUHAPOBAHHBIX IPUHUMAET CAMO PACIIO3HABAEMOE MHOYKECTBO, & BTOPAast
— ero gornoyiHenue. HeTpyaHo BUETH, YTO MOJMHOMHUATIHLHOE OIPAHUYEHNE BpE-
MEHU TIPU YKA3aHHOM IPe0OPA30BAHUN COXPAHSIETCS, TAK KaK BCE IIPOBEJIEHHBIE
IepecTpoiiKy JatoT He DoJiee, YeM MOJIUHOMUAIBHOE 3aMejieHne. Tak Iro,
€CJIM UCXOMIHAS MAIIWHA PACIO3HABAIA JIAHHOE MHOXKECTBO 33 MOJTMHOMHUATIHLHOE
BpeMsi, TO TAKOE 2Ke BpeMs pabOTAIOT M BHOBb IMOCTPOEHHBIE MAITAHBI. DTO
03HAYAET, UTO UCXOHO PACIO3HABAEMOE MHOXKECTBO npuHaiexxut NP N

co-NP.

4.2. MocTpoeHne mMawuHbl C NepegaYeil JaHHbIX BO BpeMeHn
13 HefeTepMUHUPOBAHHbIX MaLUWH

O6paTHoe yTBEpKJIeHNEe TaKyKe BEPHO: €CJIU CYMECTBYIOT JIBE HEJIeTEePMU-
HUPOBaHHBIE MAIIMHBI, OTPAHUIECHHBIE TOJTMHOMUAJIBHBIM BPEMEHEM, OTHA
13 KOTOPBIX MPUHUMAET HEKOTOPOE MHOXKECTBO, & JIpyrasi IPUHUMAET ero
JIONOJTHEHHUE, MBI MOYKEM M3 HUX [OCTPOUTH OJHY MAIIWHY C repejadeil JaHHbIX
u3 OY/IyIIero, paco3HAIOILYI0 9TO MHOXKECTBO U PabOTAIONIYIO TOJHHOMHIAILHOE
BpeMsl. DTa MallliHa paboTaeT CJIELYIINUM 00pa3oM:

(1) B magaJie mporecca oHa yraJibIBaeT, KaKyio U3 JBYX HEJICTCPMUHUPOBAH-
HBIX MAaIlUH 3aIlyCTUTh.

(2) 3aTem OHa BBINIOJIHSIET BHIOPAHHYIO MAIIUHY.

(3) Eciu nepBast BbIOpaHHas MAITMHA BBIBOJUT 1, BETBb BBIYUCICHUI
3aBepIIaeTCsl C pe3ysbTaToM 1.

(4) Eciu mepBast BbIOpaHHasi MAIInHA BBIBOAUT (), BETBb BBIYUCICHUI
IIPUBOJIUTCA K IIPOTUBOPEUUIO.

(5) Eciu BTOpasi BbIOpaHHasi MAIINHA BBIBOJUT 1, BETBb BBIYUCICHUI
3aBeplIaeTcs ¢ pe3yapraToM 0.
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(6) Eciu BTOpasi BbiOpaHHasi MamnHa BHIBOAUT (), BETBb BBIYUCICHUI
IIPABOJINUTCA K IIPOTUBOPEUNIO.

ITo yc/ioBHIO, POBHO OJHA M3 3THX MAIIUH JIOJIZKHA JATh [OJIOKUTEIbHBIN
b)
pesysbrar. Takum oOpa3oM, Hallla MAIIMHA BCETJa TaT ONPEEe/IEHHBIN OTBET:
6o 1, aubo 0.

4.3. TocTosiHHOE BpeMs 3a4epXXKX OTBETA

IlocTrossnnoe Bpemsi 3ajiep2KK1 OTBETA JOCTUrAETCS OJIaroapsi TOMY,
YTO PENICHUEe O Pe3YJILTATE BBIYUCICHUII NTPUHUMAETCS B CAMOM HavaJie
nporiecca. MarnHa 3ampalinBaer JaHHble U3 OYAYIINEro U UCIIOJIb3yeT UX
JIJIsT HEMEJIJIEHHOTO BBIBOJIA OTBeTa. [Ipu 3TOM MpoIece BHIYUCIEHUN JT0I2KEH
ITPOJIOJI2KATHCS. ([l

5. Bonpocbl Bo3MoXxHOW peanusauumn

B nmamnHOM pasjese 06CyKIAI0TCS BOZMOYKHBIE MOXObI K TPAKTHIECKON
peam3aruu MamuHbl THIOPUHTA ¢ KAHAJIOM [I€PeIadn JAHHBIX BO BDEMEHHU.
XoTst Takasi MAIWHA SIBJISIETCST TEOPETHIECKON KOHCTPYKIHEH, €€ MOXKHO
SMYJIMPOBATH C UCIIOJIH30BAHUEM CYIIECTBYIONINX BBIUYUCIUTETHHBIX METOIOB U
rexHojioruit. OCHOBHBIE ITOJIXO/IbI K PeajIM3allii BKJIFOUAI0T JIeTePMUHIPOBAH-
HBI MMOMCK C BO3BPATOM, METOJIBI OTKUTA, B YACTHOCTH, KBAHTOBBIM OTKHT.
Kaxibrit u3 5TUX METOJ0B MMEET CBOM OCOOEHHOCTH W OIDAHUYIEHHs, KOTOPHIE
00CYK/TAI0TCST HUAXKE.

5.1. [leTepmMMHNPOBaHHbIA NOUCK C BO3BPAaTOM

OpuH 13 caMbIX MPOCTBIX CIIOCOOOB PEaJIN3AIMN MAIIUHBL C IIepepadeit
JIAHHBIX U3 OY/IyIINero 3aK/II0YaeTcsl B UCIOJIb30BAHUH J€TEPMUHUPOBAHHOI'O
IIONCKa C BO3BPATOM Ha OOBITHOM KOMIIbIOTEpE. B 9TOM TOJIX0/1e MPOoIiece
BBIUUCJIEHUI MOJIEJIMPYETCsT KaK JIEPEBO BO3MOXKHBIX COCTOSIHUI, Tjle KarXKIast
BETBb COOTBETCTBYET OJHOMY W3 BO3MOXKHBIX 3HAUEHUI CHMBOJIA, IOJIYIEHHOTO
u3 OyIyIIero.

Hpuryun pabomao.:

(1) Ha xaxk/iom 1mrare BBIMHUCJIEHUN, TPU YTEHUN CAMBOJIA JIAHHBIX C KOMMY-
HUKAIIMOHHOI JIEHTHI, MaIllMHA IIPOBEPSET BCE BO3MOXKHbBIE 3HAYEHUST
3TOTO CUMBOJIA.

(2) Eciu Boibpannoe 3HaY€HNE IPUBOIUT K IPOTHBOPEYIUIO, CHCTEMA BO3BPAa-
MAETCsT K TOYKE [IPUHSITHS PEIIeHns U MPOoOyeT CJIeIyIoliee 3HAUCHHE.

(3) Ilporecc mpoomKaeTcs 10 TeX I1Op, MOKa He Oy/IeT HalIeHO COTJIACOBAH-
HOe peIlleHre WU He OyAyT MCYePIaHbl BCe BO3MOXKHbBIE 3HAYECHMUSI.
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IIpeumyuecmea:

« I[Ipocrora peajm3amnuu Ha CyIIECTBYIONINX BBIYUCIUTEIBHBIX IIAT(OPMAX.

» Bo3MOKHOCTD MCIOJIB30BaHUS CTAHJAPTHBIX aJITOPUTMOB IIOUCKA C BO3-
BPaTOM.

Hedocmamxu:
+ BricoKkas BBIUUC/INTENLHA CJI0KHOCTL, OCOOEHHO IS 3a4a49 ¢ OOJILIIAM
KOJINYIECTBOM BETBJICHUIL.

o DKCIOHEHIUAIBHBIA POCT BPEMEHU BBIYUCJICHU C YBEJIUMIEHUEM TJIyOUHBI
JepeBa pEeNIeHui.

5.2. Metoabl oTXxura

MeToapl OTKHUTa MPEICTABISIOT co00it 6oJtee CTIOMKHBIN MOIXOI K peasin3a-
U MAIUHBI C TIepeadeil JJaHHbIX BO Bpemenu. B aToMm cirywae mportecc
BBIYUCJIEHU PACCMATPUBAETCSA KaK IEeJIOCTHAs CTPYKTYpa (BpeMsi pa3Bo-
paduBaeTCdg B HpOCTpaHCTBe). SaTeM BBIIIOJIHAETCSI IOUCK COCTOAHUS dTOMN
CTPYKTYPBI C HAUMEHbIIEell SHepTHuell, Iie SHepTrusl COOTBETCTBYET KOJIMIECTBY
TPOTUBOPEYN B CUCTEME.

Ipunyun pabomu.:
(1) zHauanbHO cucTeMa HAXOUTCsI B BO30YKIEHHOM COCTOSIHUU C BbI-

COKHM YPOBHEM 3HEPI'UU, YTO COOTBETCTBYET HAJIUYIUIO MHOXKECTBA
IIPOTUBOPEYUil.

(2) Ilocrenento cucrema OXJIAXKIAETCH, IEPEXOS B COCTOAHUS C MEHBIIEH
SHEPruei.

(3) Ecin B mponiecce 0TzKura, JJOCTHIaeTcs COCTOSTHIE ¢ HauMeHbIIIeli sHeprueii
(6e3 mpoTHBOpEUNit), IPOIECC CIMTAETCS YCIIETTHBIM.

(4) Ecsiu HaumMeHbIast SHEPrust JOCTUrAeTCsl TOJIBKO s oaHoro orsera (0
uin 1), pe3yjbraT CUuTaeTCs OKOHYATEIHHDBIM.

IIpeumyuecmea:
« Bo3amMoXKHOCTD HAXO0XKIeHUS NT0OATBHOIO MUHIUMYMa, SHEPTHH J1aKe
B CJIOXKHBIX CHCTEMaX C MHOYKECTBOM JIOKAJIbHBIX MHHUMYMOB.

o Db DEeKTUBHOCTD I 33144, TJie IIPOTUBOPEUUs] MOI'YT OBITh CMSITIEHBI
WM YCTPAHEHBI B IIPOIECCE OIITUMUBAIINM.

Hedocmamxu:

« Tpebyer 3HAYNTEILHBIX PECYPCOB JJISI TOCTUKEHUS COCTOSHUS C MUHU-
MaJIbHOU 3Hepruei.

« He rapanTupyer Hax0oXKJ/eHUE ONTUMAJIHLHOTO PEIIEHUs 38 TOJTHHOMUAb-
HOe BpeMd.
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5.3. KBaHTOBbI OTXUr

KBaHTOBBIN OTKUT sIBJISIETCS IIEPCHEKTUBHBIM METOJIOM PeajIn3aliiu
MaIllUHBI C Hepejiadeil JaHHBIX U3 OyJIyIIero, OCHOBaHHBIM Ha HCIIOJIb30Ba-
HUHU KBAHTOBBIX YCTPOMCTB. DTOT METO/I UCIIOJIb3yeT 3(PPEKT KBAHTOBOIO

TYHHEJMPOBAHUS JJIsl HAXOXKICHNAS COCTOAHNN C HAaMMEHbIIell sHeprueit.
IIpeumywecmsa:

« [ToreHIMAJIBHO BBICOKAsI CKOPOCTb HAXOXKJIEHUsT PeIleHnii b1arogapst
KBAHTOBBIM dddeKTam.

« BoaMoxkHOCTE perienust 3a/1a4, CJIOXKHBIX JJIs KJIACCHIECKUX KOMITbIOTe-
pOB.

Hedocmamxu:

o CKOpPOCTH M BBIYUCTIATENbHAS 9PPEKTUBHOCTH KBAHTOBOI'O OTXKUTa €IIE
He JI0 KOHIIa U3yY€eHbI.

« CymiecTByIomne KBAHTOBBIE YCTPOWCTBA OIPAHUYIEHBI 110 00BEMY IMaMATH
7 YPOBHIO IIIyMa, YTO OCJIOYKHSET WX MCIIOJIb30BaHUE JJIA CJIOKHBIX 3a/1a4.

Iepcnexmuen,: HecMOTpst Ha TeKyIue OrpaHUYEHHsT, KBAHTOBBII OTXKUT
OCTABTCs TIEPCIIEKTHBHBIM HAIIPABJICHHEM Il 9KcrepuMenToB. CylecTByomue
MAIIMHBI JIJTsT KBAHTOBOTO OT?KUTa, TaKhe Kak ycrpoiicrsa Kommanun D-Wave
(eMm., mHanpumep, [19]), y2Ke MOAXOIAT JIst UCCIETOBAHUI U MOTYT OBITH
UCIIOJIB30BAHBI JIJTs H3Y9EHNsT BO3MOKHOCTE! pealu3alii MAIUH C [epeIadeil

JIAHHBIX 13 OYIyIIero.

5.4. Nvor

Peanuzanusa mamwuubr ThropuHra ¢ KaHaJloM mepejadu JIAHHBIX BO
BPEMEHU BO3MOXKHA C UCIIOJb30BaAHUEM Pa3JIMYHBIX II0JIXOJIOB, BKJIOYAs
JeTEepPMUHUPOBAHHBIN IIOMCK C BO3BPATOM, METOIbI OT?KUTa M, B YACTHOCTH,
KBAHTOBBIT oTKUT. KarK/Iplit U3 9TUX METO/I0B UMeeT CBOU IPENMYIIeCTBa 1
OI'PAHUYEHUS, U BHIOOP KOHKPETHOI'O IOJXO0/a 3aBUCUT OT XapaKTEPUCTUK
pemaeMoil 3aJla9n U JIOCTYITHBIX BBIYUCIUTEIBHBIX pecypcoB. KBaHTOBDIM
OTZKHT, B YaCTHOCTHU, OCTAETCS IIEPCHEKTUBHBIM HAIIPABJIEHUEM, XOTS €I0

npakTudeckas 3hOEeKTUBHOCTL TpeOyeT TaTbHENITEero N3y IeHus.
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6. KOHCprKTI/lBHbIe pacno3HaBaTeNnn: npumep peweHuna 3aaqm
Ha MauwunHe C nepe,qaqeﬁ AdHHbIX BO BpeMeHun

6.1. HekOHCTPYKTMBHOCTbL K/1IaCCUYECKMX pacno3HasaTeneii

Knaccuaeckne anropuTMbl paclio3HaBaHUsT OOBITHO HEKOHCTPYKTUBHBI:
OHM BBIIAIOT TOJLKO OuHapHbiii orBer (A miu HET) 6e3 ob6bsacuenus
pesysbrara. Hampuvep, Ha BOIIPOC OT TOM, CYIIECTBYET JIU Y, YAOBIETBOPSIOIIEe
yeqosuio P(x,y), Takue aJropuTMbl JIIID OATBEPKIAIOT UK ONPOBEPraioT
CYIIIECTBOBAHUE TAKOTO ¥, HE IPEJOCTABIIsAS CaM OOBEKT Y IIPH IIOJIOKUTETEHOM
OTBETE WJIN JOKA3aTEJIbCTBO €r0 OTCYTCTBHUsI IIPU OTPUIATEIBHOM. IJTO
OrpaHMYMBaEeT UX UCIIOJIb30BaHUE B 3aJa4ax, IJie Tpedyercs 000CHOBaHME
pereHus.

6.2. KoHcTpykTtusHble 3agayu B knacce NP N co-NP

Mamwmna ThopuHTa ¢ KAHAJIOM NEpeIadn JAHHBIX BO BPEMEHH MO3BOJISIET
peaM30BaTh KOHCTPYKTUBHBIE PACIIO3HABATE/IH, BBIAIONIAE HE TOJBKO OTBET,
HO ¥ CePTUMUKAT — JIOKA3ATEIHCTBO WU CBUAETEILCTBO Pe3ysbrara. Mbl
paccMmaTpuBaeM cuMMeTpudHble 3agadu Kiaacca NP N co-NP, rue csoiicrso
Q(z) ucrunno, ecim cyuecTByeT cepTUMUKAT Y Takoi, 4o (Q1(z,y), U JOKHO,
ec/m cymecTByer ceprudukar 2z Takoil, 9ro Qo(x, z), IpuIéM pasMepbl Y U 2
[OJIMHOMHAJIBHO ONPAHUYEHBI OTHOCUTEIBHO | |.

6.3. MNMpumep: npoBepka HaNM4YNA HETPUBMANLHOTO AENUTENS

Paccmorpum 3a1ay ONpeIeeHns, UMEET JIM YACIO0 T HEeTPUBHAIHHBIN
Jlesreb Yy Takoil, uro 1 < y < d (mopor d 3azan). D1o ceoiicto Q(d, x):

« Ecym Q(d, ) = 1, To ceprudpurar — jesmuress Y, IpOBepsieMblii JieJeHrneM
38 NOJIMHOMHAJILHOE BPEMAL.

« Eciin Q(d,z) = 0, To ceprudurar — GakTopusanust & Ha IPOCTHIE
MHOXKUTEJH, Bce > d, IpoBepsieMasi 3a II0JIMHOMUAJIbHOE BpeMst (Harpumep,
¢ ucnoJibzoBanueM recra Musutepa [20] upu ponyinennn 0606IIEHHON
runore3sl PuMana).

6.4. Peanusauyuns Ha MawmHe C nepejayeit AaHHbIX BO BPEMEHU

KoucTpykTuBHBI paciio3HaBaTe/ib Ha MaIllHe C [Iepeiadeil JaHHBIX BO
BpeMeHu paboTaeT CJeIyIoNuM 00pa30M:
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(1) Hoayuerue dannvix us 6ydyuLezo:

« Ha nepBom mare mamuna 3anpamusaer ¢ Merkoii 0 napy (b, C), rae
b e {0,1} — orser, a C' — ceprudukar (mesauresns uim GakTOpU3AINs).

« OTBer b HEMEJIEHHO 3AIUCHIBAETCS HA BBIXOAHYIO JIEHTY (€C/u He Tpe-
GyeTcst BblIada OTBETa ¢ (DUKCUPOBAHHOI 3a/I€PKKOil, TO MOYKHO BBIJIATH
u ceprudUKaT, TOrJa PACIIO3HABATE b IOy YUTCsI KOHCTPYKTUBHBIM ).

(2) Iposepxa cepmugurama:

e Ecoim b = 1, To mposepsiercst, uro C =y nemur x u 1 < y < d.

« Ecsin b = 0, To nposepsiercst, uro C' — dhakTopusanust £ HA TPOCTHIE
MHOXKUTEIN > d, U UX [IPOU3BEJIEHNE PABHO .

(3) Camocoenacosanue:

« [Tocsie posepku, eciu ceprudukar koppekrer, To (b, C') 3anuceiBaercs
Ha KOMMYHHKAIIMOHHYIO JIEHTY ¢ MeTKoii 0.

o IIpu HEKOPPEKTHOCTH CO3TAETCA MPOTUBOPEYNE, U BETBb BBIUUCJICHUI
0TOPACHIBAETCS.

Herpyzano Bugers, 94To 3Ta MalluHa paboTaeT HOJMHOMUAJILHOE BPEMSI.
IIpumepvr 6vinoanerus:
Bxod: x =15,d = 4.
Hlaz 1: Ummnopr (1,3) u3 6ymyiero, BHIBOL 1.

gz 2: Tlposepka: 15 +3 =5, 1 < 3 < 4, KOPPEKTHO.

Illaz 3: Tlepenava (1,3) ¢ merkoii 0, caMOCOIJIACOBAHUE BBIIOJIHEHO.
Bxod: x =17, d = 4.

Hlae 1: Nvmopr (0, {17}), BeIBOA 0.

Ilaz 2: Ilposepka: 17 — npocroe (rect Musuiepa), 17 > 4, KOppeKTHO.
Hlae 3: Tlepemaga (0,{17}), camocoriacoBaHue BBIIOHEHO.

6.5. OcobeHHocTu u npenmyuiecTsa

Jlunetinocma: Tlporece merepMUHAPOBAH.

Menosernviti omxauk: OTBET JTOCTYIIEH HA MEPBBIX IIarax OJarojaps
repeiade u3 OyIyIero.

IIpospaurocms: Ecnu BeLIaércst cepTuduKaT, TO 3TO JIEIAET PE3YIbTAT
MHTEPIPETUPYEMBIM, YCUINUBAs HATJISITHOCTH BBLIYUCJICHUIA.
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Ha pucynke 3 mpescraBiiena cxema paboThbl KOHCTPYKTHBHOI'O PACIIO3HA-
Barens: nanubie (b, C') mepenaioTcs U3 KOHIA BbIYUCICHUN B HAYAJIO JIJIst
HEMEJIJIEHHOT'O BBIBOJIA U TIOCJIEYIONIE TPOBEPKU. BItok-cxeMa mporecca ot
MMIIOPTa PE3YJIbTaTa, JI0 IMPOBEPKU U CAMOCOTJIACOBAHHON Iepeiadn JaHHBIX
JaHa Ha pucyHke 4.

Hagaso Komnern

(0,0)
IIposepka C

Brsox b Bpex

Pucvynok 3. Cxema paboTbl KOHCTPYKTHBHOI'O PACIIO3HABATEJIS

’ Wmmopr (b, C) H Beisox b ‘

By~
DOM;] ~

’ [Iposepka C' };ﬁ Iepenaga (b, C) ‘

PucyHok 4. Byok-cxema mporecca

7. HeiictBua pna nepepayn AaHHbIX BO BPEMEHU

st mpeobpa3oBaHus OOBITHOTO sI3bIKA IPOTPAMMUPOBAHUS B A3BIK,
IIO/IJIEPYKUBAIOIINIA TIepeJiady JaHHBIX BO BPEMEHHU, HEOOXOINMO JI00aBUTH JBE
HOBBIE OIEepaIliy: Tepeiada JAHHBIX B MPOILJIOe U MPUEM JAHHBIX U3 OYIIyIIero.
T JeHCTBUS MO3BOJISIIOT MAIINHE B3AMMOJIECTBOBATD KaK ¢ OY/IyIUMH, Tak U
C TPOILIBIMA COCTOSTHUSIMU BBIYHMCJIUTEILHOTO IIPOIIECCA, TIPEJIOCTABIIsIS HOBbIE
BO3MOYKHOCTH [[JIs IPOTPAMMUPOBaHUs. B JaHHOM pas/iesie Mbl PACCMOTPHM
3TH JEWCTBUS U UX POJIb B OPraHU3AIMK BBIYUCJIEHUI C Ilepejladeil JJaHHBIX BO
BPEMEHU.

7.1. [eiicTtBue nepepaym AaHHbIX B NpoOLUIOe

HeiicTBue mrepeatu JJAHHBIX B MIPOIILIOE TTO3BOJISIET MAIMHE 3aITUCATH
JTAHHBIE B OIPEIEIEHHBIT MOMEHT BPEMEHH, KOTOPbIE MOT'YT OBITH MCIIOIb30BAHBI
B IPOIIBIX BBIYACJICHUSX. DTO JieHcTBrIE (DOPMATUZYETCSI CIEYIONIM 00pa30M:
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@OpM(L/L’bHO@ onucarue:

o transfer(l,d): nepegaér 06beKT d B MOMEHT BPeMeHH .

e [ — MeTKa MOMEHTa BPEMEHHU, JIJIs1 KOTOPBIi IIepeIatoTCsl JIaHHBIE.
+ d — mepenaBaeMblit 00bEKT (HApUMED, OUT, YUCIO U CTPOKA).

Ipunyun pabomos:
(1) Mamuna 3anuceiBaeT 00beKT d B KaHAJ MEPeadn JAHHBIX BO BPEMEHU
C MeTKOI BpeMeHH [.

(2) ﬂaHHbIe CTaHOBATCA AOCTYIIHBIMHU JIJIgl MUCIIOJIb30BaHUA B IIPOIIJIBIX
niarax BBI‘II/IC.HGHI/IIU/I, CBA3aHHBIX C MOMEHTOM BpEMEHU l.

(3) Eciiz 3amuch ¢ MeTKoit [ yKe CyIecTByeT, BO3HUKAET OIUOKA.

Ipumep: Ecaun mammua Boinoauser feiicrsue transfer(1, 1), suayenue 1
nepeJlaéTes ¢ MeTKoi 1. B IponuIbIX BBIYUCIEHUSX, CBI3aHHBIX C 1, 9TO
3HaYEHUE MOMKET OBITH UCIIONL30BAHO JIsl IPUHATUSA PEIICHUI.

7.2. [eiicTeue npuéma gaHHbiX n3 byayuiero

JeiicTBue nmpuéma JaHHBIX U3 OyIyIIEro mo3BOJIAeT MAIIUHE Oy YATh
JIAHHBIE W3 OIPEJICJIEHHOIO MOMEHTa B OY/IYIIEM, UTO JIEJIAET BO3MOYKHBIM
UCIIOJIb30BaHue Oyrymeil HHMOPMAIUN B TEKYIINX BBIYUCICHUSX. JTO JeiicTBre
dopmMaTu3yeTcs CaeIyIONuM 00pa3oM:

QDOp.MCZ/LbHOe onucarue:

* accept(l): npuHEMaeT JaHHBIE U3 MOMEHTA BPEMEHU ¢ METKOIf [.

e | — ¥Ms MOMEHTA BPEMEHH, U3 KOTOPOTO 3AIPAITHBAIOTCS JAHHBIE.

Ipuruun pabomor:

(1) Mamuna 3anpamnBaer JaHHbIE U3 KAHAJA II€PeJIadll JAHHBIX BO BPEMEHI
C MEeTKOit BpemeHn [.

(2) Ecin nanmble cyImecTByIOT, OHA BO3BPAIIAIOTCH U MOTYT OBITH HCIIOJIB30-
BaHbl B TEKYIINX BBIYUCJICHUSAX.

(3) Ecnu mammbie oTCyTCTBYIOT, BO3HUKAET OMIUOKA.

Ipumep: Ecim mamuna Beioager jaeiicrsue accept(1), ona mosydaer
3HadeHue d, KOTOpoe ObLIO MepegaHo ¢ METKON 1 ¢ IMOMOIIbBIO JIefiCTBUSA
transfer(1,d). D10 3HAUEHHE 3aTE€M MOXKET GBITH HCIOIB30BAHO JIS IPUHATHS

peIlIeHI/Iﬁ B TEKYIIUX BbIYUCJICHUAX.
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7.3. B3anmopgeiictBue nepegay AaHHbIX

JleiicTBUs Tepegady U MpuéMa JAHHBIX pabOTAIOT COBMECTHO, 0OECTIeTNBAs
CBSI3b MEXKIY TeKYIUMHA 1 OYIYIIUMEI COCTOSTHUSIMU BHIYUCIUTEIHHOTO IIPOECCA.
DTO B3aMMOJIEHCTBYE [MO3BOJISIET MAIIUHE IOJIyYaTh JIaHHBIE U3 OYIIyIIEro
JJ1sl IPUHSTHUS PEIIeHNH B TeKyIUX BbIYNCIEHUAX. BaXKHO OTMETUTH, YTO
00bEM TAaHHBIX, ITEPEJABAEMbBIX BO BPEMEHM, sIBJISETCS BaXKHBIM IIOKA3aTEIEM
CJIOXKHOCTHU BBIYUC/IeHNs. HampuMep, Ipu peau3aiiii IPoIecca IIOUCKOM
C BO3BPATOM BpeMs pabOThl 3aMeJIsIeTCsl SKCIIOHEHIIUAIBHO C JBOMYHBIM
rmokasarejieM 00bEMa JAHHBIX B OMTaxX, TaK Kak JJIs KaXKJI0T0 OUTa JaHHBIX
aKTUIeCKH TPUXOIUTCS BBECTU JBE BeTBU BbramcjieHuii. [1o00HbIe ClI0XKHOCTH
BOBHUKAIOT U B METOJAaX OTKHUIA.

7.4. UNvtor

JlelicTBus TIepeiaun U MPUEMa JIAHHBIX BO BPEMEHU SIBJISIOTCS KJIIOYEBBIMU
3JIEMEHTaMU HAIlell BBIYUCINTEIHLHON MOean. B mpuHInie, Mbl MOYKEM
BKJIFOYUTH ITH BO3MOXKHOCTH B JIOOO# sI3bIK ITPOrPAMMUPOBAHUS, IPEBPATHB
€r0 B SI3bIK YIIPABJICHUS MAIIHOM ¢ Tiepeiadeil JAHHBIX U3 OYIYIIEro B IPOIILIOE.
ITH WHCTPYMEHTBI IIPEJIOCTABJIISIIOT HOBBbIE BO3MOXKHOCTHU JIJIsi CO3JIAHSI
UHTYUTUBHBIX BHIYUCIUTEIHLHBIX CUCTEM.

8. PacnapannenMBaHme BblHNCNINTENbLHOIO npouecca

B nannoMm pa3zzesie onuchIBaeTcsd napaJiiesibHas MallliHa C Ilepemadeit
JaHHBIX BO BpEMEHU — PAaCIIHPEeHNe HaIlell MaIluHbI C JIOTOJTHUTETHLHOMN
BO3MOKHOCTBIO, HAIIPABJIEHHON HA yBEJWYEHUE €€ BBIYUCINTEIBHON MOITHOCTH:
BBIIIOJIHEHUE JIPYTOro dK3eMILISIPa MAIIUHBI C OIIPEJe/IEHHBIMU BXOJIHBIMU
manabiMu. CTpoOKa BXOJHBIX JAHHBIX JIJIsi HOBOTO IIPOIECCa TIOMEIAeTCsT
Ha CIIeNMaJIbHYIO JIEHTY apryMeHToB. [lapasebHEIN mporece 3amycKaeTces
IIPU IIepexo/ie MAIINHBI B CIIeIINAJIbHOE COCTOsHUE 3allyCKa I1apaJsljIeIbHOIO
mporiecca. HoBblit miporecc HaUnHAETCS ¢ 0COOOTO HAYAIHLHOTO COCTOSTHUS
nosiporiecca. VM3HavaIbHO HOBBIN TTPOIIECC BBITOHAETCS JIO TeX TOp, TOKa He
JIOCTUTHET COCTOSIHUSI, B KOTOPOM BBIBOJIUT PE3yJIbTAT (B TO BPeMs KaK CTapbiii
[POIECC OKUJIAELT). DTOT PE3YJILTAT 3aTeM IIEPEIASTCs ¢ BBIXOIHOMN JIEHTDHI
HOBOT'O TIPOIECCa Ha JIEHTY apryMEHTOB CTaporo mporecca. 3aTeM oba Iporecca
IIPOJIO/IXKAIOT BBIIOJIHATHCS APAJIJIEIbHO, IIPU 3TOM CTapbIil mporecc 6oJibiie
He B3anMOJIEICTBYeT ¢ HOBBIM IPOIeccoM. [lapajurespHoe BBIIOJHEHNE HOBOIO
rporecca HeoOXOUMO JIJIsl TIepeiadn JTaHHBIX B IIPOIJIOe BHYTPU HETO, YTO
obecrieunBaeT KOPPEKTHOCTH PE3YJIbTaTa, IPOU3BOIMMOIO STUM IIPOIECCOM.
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Hosgwrit mporiecc MoxkeT OBITH 3aIyIeH CTOJIHKO Pa3, CKOJIbBKO HEOOXOINMO,
OCHOBHBIM TIPOIIECCOM, JTNOO TMOPOXKIAEHHBIMEA ToAIporieccamu. [IockoabKy
TIO/IITPOTIECCHI MOTYT 3aIyCKATH CBOM COOCTBEHHBIE IO/IITPOIIECCH TTAPAJLIETHHO
W HE3aBUCHMO, KOJIMYECTBO ITOITPOIECCOB MOYKET PACTU SKCIIOHEHIIHAJIHHO
I10 Mepe pa.6OTbI MAIIIUHBI B IIapa.H.HeJ'H)HONI pe)KI/IMe.

Ob6imee napaseabHOe BpeMst pabOThl MAITUHBI CAUTACTCS BPEMEHEM 10
3aBepIIeHNs BCEX IapaJsljIesIbHBIX IIPOIECCOB, KaK €C/Ii Obl OHU BBIIOJIHSIINCH
CUHXPOHHO, ITIar 3a IIaroM.

TEOPEMA 3. Ha napaasesvroli mawure ¢ nepedaueti 0aHHOLE 680 6PEMENU
MOIHCHO 3G MONUHOMUGABHOE BPEMSA NPOMOIEAUPOSAMD PAGOMY 06b14HOT
Mawunv, TolopuHza ¢ NOAUHOMUAALHOT NAMAMbBIO (WMo coomeemcmeyem
xaaccy caooicnocmu PSPACE).

JTOKABATEJILCTBO. Paccmorpum maruny Thiopunra ¢ u3BeCTHOM OIEH-
Kot eé emrocTHOM cioxkuoctu B Kiacce PSPACE. BeimoinuMm crieyroree.

(1) CHauasra OIeHUM BpeMsi pabOThl 9TO MAIHbI (IKCIOHEHIAIBHOE OT
00béMa, [IamMsITn).

(2) BamycTuM MOJIPONECe sl MOJICJINPOBAHNS PAOOTHI MAIIUHBI B Tede-
HUe TIOJIOBUHBI 9TOrO BPEMEHU (BPEMSsI MOJIEJUPOBAHNUSI TIEPEIaéTCs
HOJIIPOIIECCY BMECTE ¢ HAYAJbHON KOHMUrypalmeil mpouecca).

(3) IloryuuB pe3yIbTaT U MO3BOJIUB IIOJIITPOIECCY ITPOIOIKHATD JIJIsSI €70
dopmupoBaHusa B OyIyIIeM, HEMEJIEHHO 3aIlyCTUM HOBBIH ITOIITPOIIECC
JIUIsI MOJIESTUPOBAaHUs PAOOTHI MCXOIHON MAIIMHBI B T€UYE€HHE OCTABIIECS
BTOPO#1 TIOJIOBUHBI BBIJIEJIEHHOT'O BPEMEHU, IIEPEIAB ITOMY IIOJIITPOIIECCY
KOH(UTYPAIAIO, TIOJIyIEHHYIO OT IIEPBOrO MOJIIPOIIECCA.

BbIBeﬂeI\I pe3ysibTaT.

—
BN
—

(5) Ioamporeccbl TPOAOIKAIOT PAOOTY AHAJIOIUYHBIM OOPA30M, ITOKA
BBIJIEJIEHHOE BpeMs He COUJIETCS K 3apaHee OIpeIeI€HHO KOHCTAHTE.

Herpyaao BugeTs, 9To riiyOnHa BBI30BOB IOIIPOIECCOB 3/1€CH TOJTMHOMI-
aJbHa, W 00IIee mapaJiiesbHOe BpeMs pabOThl TaK:Ke MOJUHOMHUAIbHO. [

TEOPEMA 4. Paboma napaaieivhoti mawuts (¢ nepedauets 0annbix
60 BPEMEHU) 34 NOAUHOMUGABHOE BPEMA MOIHCEM GbIMb NPOMOOEAUPOBAHE
00v1urot mawurot Tovlopurea ¢ NOAUHOMUAALHBIM 06BEMOM NAMATNU.

JTOKABATEJIbCTBO. O6parHoe yTBEpKIEHNE CJIeyeT U3 TOr0, 9TO pabory
TaKOl MapasiieJIbHON MAITMHBI MOYKHO ITPOMOJIEINPOBATE Ha OOBITHON MAIHE
ThiopuHra ¢ UCHOJIB30BAaHUEM MOJHHOMHUAJIBHOIO OObEMa MaMATH. JTO
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JIOCTUTAETCSI 38 CUET MMOCJIEOBATEILHOTO BBIMTOJHEHUS BCEX 3AILYIIIEHHBIX
IIPOIIECCOB, TaK KAaK OHM He B3aUMOJIEHCTBYIOT IpyT ¢ ApyroM. [lockoiibKy obiree
apaJyIeIbHoe BpeMsi MOIEJINPYEMOl MAITMHBI OTPAHNIEHO TOJUHOMUAATIHLHO,
IJIyOMHA BBI30BOB HOJIIPOIECCOB TaKXKEe OrPAHUYEHA MOJUHOMUAIHHO. TakmMm
obpaszom, obmuit 06HEM MAMATH JJIsT MOJIETUPOBAHUS TaKXKe OCTASTCS
[IOJIMHOMHUAJIEHBIM. O

9. MNpsamoii gocTyn K BXOAHBLIM AaHHbIM

B nmanHOM paszmesie Mbl MOAMMUIIIPYEM MOJIEIh HAIEH MAIWHBI, 100aBUB
BO3MOXKHOCTBH PabOThI C OOJIBIIMMU JIAHHBIMA YePEe3 MPSIMOil JOCTYI K sueiikam
BXOmHOM JieHTHI. [lo/ GOIbIIUMI TAHHBIME TOHUMAIOTCH JAHHBIE, KOTOPBIE
HEBO3MOZKHO IIOCJIEIOBATEIbHO IPOCMOTPETh B PaMKaxX TEKYyIIAX BPEMEHHBIX
orpanmdenunit. MexaHu3M MmpsiMoro JIOCTYIIa TO3BOJIAET OBICTPO O0PAIIATHCS
K yJIaJE€HHBIM S9efKaM, ITO ITO3BOJISET IIPEO0JIeTh YKa3aHHOEe OTpaHUIEHNE.
DTO JOCTUTAETCH CJIELYIOMIM 00PA30M: BBOIUTCS CIEIUAIbHAS IPECHas
JIEHTa, Ha KOTOPOI 3alliChIBaeTCsl JJBOMYHOE IIPEJICTABJIEHNE HOMepa Sueiikn
Ha BXOIHOI JieHTe. ['0JIOBKA BXOJIHOM JIEHTHI MI'HOBEHHO II€PEMEINIAETCs
K YKazaHHOU s4eiike. /Ipyrme MeXxaHU3MBbI ITIepEeMENeHNs 9TOi TOJIOBKHA HE
perycMoTpenbl. Mbl ipemosiaraeM, 9To BCe 3allyIeHHbIE TTOAIPOIIECCh
paboTaAIOT ¢ OJIHUMU W TEMU K€ BXOIHBIMHU JAHHBIMHU. TaKuM 00pa3oM, MbI
OLIpEJIEJINIIN ITapaJIIeJIbHYIO MAIINHY C Iepefadeil JaHHBIX BO BDEMEHU 1
C IPAMBIM JIOCTYIIOM KO BXOJHBIM JaHHBIM.

Ecnu zamenunrs PSPACE na LOGSPACE B nipeabiyiiemM pasjesie, Mbl
MIOJIY UM CJIEJIYOIIYE0 TEOPEMY.

TEOPEMA 5. Ha napansesvroti mawune ¢ nepedaseti daHHBIT 60 8peMeny
U ¢ NPAMBIM AOCMYNOM K 8LOOHBIM JaHHbIM Paboma 0661t MAWUNHDL
Toropunea ¢ aoeapupmuseckum o6sémom namamu (LOGSPACE) moorcem
6vims npomodesuposana 3a sozapupmuneckoe epems (LOGTIME).

JTOKABATEJILCTBO. PaccyXaeHne aHaJorndHO JO0Ka3aTeIbCTBY Teope-
MBI 3, HO C 3aMEHO ITOJIMHOMUAJIBHBIX OTPAHUYIEHUN Ha JOrapudMUAIECKHUE.
TlockoJibKy TOCTYI K BXOJHBIM JIAHHBIM ITPOUCXOJIUT 38 IOCTOSHHOE BPEMs I,
ob11iee BpeMsI BBITTOJTHEHUST OCTAETCs JIOTAPUPMUTECKIM. O

Ob6paTHOe yTBepKIeHNE TPOOIEMATHIHO, TOCKOJIBKY IIPSIMOE MOJIETHPO-
BaHUe JIOrapudMUIECKOTO BpeMeHH Ha HaIllell MAIUHE C UCHOJIH30BaHUEM
00br9HOI MaIMuHbl ThopuHra Tpedyer 00bEMa MaAMSITH, TOJHHOMUAAILHOTO OT
JlorapudMa pa3Mepa UCXOMHBIX JaHHbIX. OIHAKO aHAJOTUYHBIN MOIXOM MOXKET
OBITH UCHOJB30BAH [IJIsl JIOKA3ATEILCTBA CJIEJIYIONIEl TEOPEMBI.
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TEOPEMA 6. Kaacc POLYLOGTIME wa napasresvroti mawure ¢ ne-
pedanets aHHVIT 80 8PEMEHU U C NPAMBIM JOCTNYNOM K STOOHBIM OGHHDIM
cosnadaem ¢ xaaccom POLYLOGSPACE odasn ob6viunvir mawun Toropunea.

JIOKA3BATEJIbCTBO. YTBepKJeHNe OCHOBAHO Ha TOM, YTO paboTra Harei
MAIIUHBI ¢ TPAMBIM JIOCTYIIOM MOXKET OBITH IIPOMOJIETUPOBAHA, Ha, OOBIYHOM
Marae ThIOpUHTa ¢ UCIIOIB30BAHIEM IIOJUIOrapudMIIecKoil namstu. Takum
obpaszomM, obIree BpeMst MOAEIUPOBAHIS OCTAETCS HOJmIorapudMudeckuM. [

3aknoyeHne

B mammoit pabore mpesokena IPUHIUINAILHO HOBAs BBHIYUCIUTEIHHAS
MO/I€JIb, PACHINPLAIONIas K/IACCUYeCKUe IIPEeJICTABICHNAS O BBIYUCIUTEIbHbBIX
IIpoleccax 3a CUET MeXaHU3Ma IIepeadl JIAHHBIX COCTOSHUSIMHU MAIlIUHBI
B pazJ/inyHble MOMeHTHI BpeMmeHu. OCHOBHBIE PE3YJIBTATHI UCCJIEI0BAHUS

3aKJ/II0O9aX0TCs B CJIEAYIOIIEeM:

(1) Kanacco, caoorcnocmu v apemenmvie oeparudenus: JJokazano, 4To MaIimHa
¢ mepejadell JAHHBIX U3 Oy/IyIiero, 6e3 orpaHuvYeHuil Mo BPEMEHH,
PACIIO3HAET B TOYHOCTH PA3PEIINMbIE MHOYXKECTBA C IIOCTOSHHOMN 3a-
JIEep2KKOi oTBeTa. [1pu MOJIMHOMUAJIBHBIX OIDAHUYEHHUSX 110 BPEMEHH
MOJIeJIb COOTBETCTBYET KJtaccy 3ajad n3 mnepecedernst NP u co-NP. D1u
Pe3yJIbTaThl TIOKA3BIBAIOT, KAK KOHTPOJIMPYEMbIe HAPYIIEHUs IIPUIMHHOTO
MTOPSIJIKA MOTYT ITOMOTATh BBIYUC/IEHUSIM.

(2) Pacnapanseausarue u emrocmuas caoocnocmsy: Pacnmpenne Mojen
BO3MOXKHOCTBIO 3aITyCKa MOJIIPOIIECCOB, HACIEIYIONINX BXOHbBIE JaHHBIE,
mo3BoJisieT oxBaTuTh Kjiacc PSPACE 3a mosmaOMuabHOE BpeMsi, 9TO
JIEMOHCTPHUPYET, KaK BPEMEHHAsI CJI0XKHOCTh ITPeodpa3yeTcsi B eMKOCTHYIO.

Hpamoti docmyn u adexmusrnocmo obpabomxy dannovix: Momudukanus
C aJIpeCcyeMbIM JOCTYIIOM KO BXOJHOW JIEHTE M JIorapudMU4ecKOit
BPEMEHHOI CJIOKHOCTBIO obecrieunBaer coorBercTBre Kiaccy LOGSPACE,
9TO 0COOEHHO aKTYAJBHO JJIs 3a7a9 00pabOTKU OOJIBINMNX JAHHBIX. JTOT
PE3YIBTAT HOAEPIKUBACTCA MEXAHU3MOM MIHOBEHHOTO MEPEMENIeHUs
FOJIOBKY BXOJIHOM JIEHTBI, YCTPAHSIIOIIAM JIMHEHHBIE 3aI6PKKU.

—
[&N)
~

(4) IIpaxmuueckas pearusayus: Ilpeamokensr qBa MOAX0MA K TPAKTHIECKON
peau3auy MOJIEJIN:

o Jlemepmunuposartvili NOUCK ¢ 6038PAMOM — CACTEMATHIECKUI
IIONCK CaMOCOIJIACOBAHHBIX BBIYHUCJIATEIHHBIX TPAEKTOPUI;
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o Memodv, omotcuza (BKJIIOYAs KBAHTOBBIE CUCTEMbI) — IIOUCK
COCTOAHUII C MUHUMAJIBHON SHEPrueil IIpOTUBOPEYNid.

DKCHEePUMEHTBI ¢ KBAHTOBBIMU OT?KUTATE IsIMU, TaKnMHu Kak D-Wave,

MOI'YT CTaTh CJIELYIOIIUM IIArOM JIJIsl OIEHKU (PU3UIECKON peasin3yeMocTn
MOJIEJIN.

HepCHeKTI/IBLI rILaJII)HeI;'IHII/IX I/ICCJIG,HOBaHI/If/'I OXBaTbIBAaIOT KaK T€OPETUYIECCKUE,
TaK U IIPAKTUICCKHE aCIICKTDbI:

o Orrumusanus 06béMa mepeIaBaeMbIX JAHHBIX JJIsI CHUYKEHUST BHITUCITH-
TEeJIbHOIT HAI'DY3KH;

« PazpaboTka crenuajn3upoBaHHBIX A3BIKOB POIPAMMIPOBAHUS C OII€Pa-
TOpaMU /Il IIepeiavn JIAHHBIX BO BPDEMEHH;

L AHaJII/IB CB4A3U C KBAaHTOBLIMU BbIYUCJ/ICHUAMMU.

Jlannas paboTa akTyaJbHa He TOJBKO JJIsI TEOPETUIECKOH MH(MOPMATHKH,
HO U JIyIsl MEXKIUCIUIINHAPHBIX uccaeoBannil. OHaA IEMOHCTPUPYET, 9TO CBSI3b
COCTOSIHUIT BO BPEMEHH MOYKET CTaTh KJIIOYOM K DEIIeHUIO 33189, HeJOCTYITHBIX
JUTST TPAJIUIIHOHHBIX cucTeM. [IpeyioyKeHHast MOJIesIb MOXKET CJIy?KUTh MOCTOM
MEXKJIy TeOpHheil CJIOKHOCTH U (PU3MIECKUMHI PEaJIN3aIusIMU, OTKPBIBasi HOBbIE
BO3MOXKHOCTH JIJIsI AJITOPUTMOB.
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