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The old coding theory is complete. Our prospects
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Abstract. All the main results of the Optimization Theory (OT) of noise-resistant coding
obtained during 50 years are considered. It is shown that OT completely solved the Shannon’s
problem for all classical channels and for another 40 years it replaced the previous CT coding
theory in all applied aspects. It is indicated that OT algorithms provide the best possible
characteristics according to a single quality criterion of error correction algorithms
NVC="noiseproofness-veracity-complexity". Decoders created using OT technologies have the
best even theoretically possible characteristics. The simplest practically optimal decoders from
are built on the basis of methods and technologies of the theories of the search for the global
extremum of the functional (SGEF).

Our also patented block versions of the Viterbi algorithm (BVA) also have the minimum
complexity at the moment corresponding to the convolutional VA.
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1. Introduction.

In 1948, K. Shannon wrote one of his best works [1], which marked the
beginning of the development of the theory of noiseproof coding. However, we
believe that after useful results of 1960 in algebraic theory and the invention of the
Viterbi algorithm (VA) for convolutional codes in 1967 [2] in subsequent years
and up to the present time, there were no significant applied achievements in
coding theory (CT) that would lead to solving the problem of efficient decoding
in noisy channels near the border of their bandwidth. To date, our scientific school
of a fundamentally new theory of noise-resistant coding has published 11 mono-
graphs, as well as 4 more books and 2 reference books that provide a complete
solution to all applied problems of coding theory with error correction, based on
fundamentally different methods, namely, technologies and theories of searching
for global functional extremes (sGEF), which we called Optimization Theory
(OT). Below it is a complete presentation of the entire OT, which was published
in 2006 in the Russian Federation in a monograph [16], and also described in detail
in English in books [3-5]. We also offer our new monograph of 2021 for detailed
study [17]. All of them are freely available [8] and, like all articles with our main
results, are easily accessible by hyperlinks. If necessary, we will also indicate
specific page numbers in these publications.

All basic OT algorithms have a minimum complexity N that increases
linearly with the code length n, N~n. And at the same time, our methods do not
differ _in reliability from the characteristics of the optimal (with a total
search!!!) decoding (OD). Decoders created by OT methods also retain these
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properties directly near the Shannon boundary, which, as is known, is absolutely
elastic, as a result of which it is completely unattainable, as is the speed of light for
material bodies.

And pay attention! Although we have published software from almost
everything and even for a very long time, we are still leaders, to the level of which
no one has reached! Why? The whole world has remained at a distance of 15+25
years from us, and perhaps even more (?). Our system is completely different from
the previous unsuccessful and extremely "mathematical" CT, which, however, has
not learned to count anything important and useful for the design of decoders.
Therefore, we believe, like many of our most qualified colleagues, that our OT is
indeed a great world achievement of Russian science, absolutely and
unconditionally worthy of the Nobel Prize. Well, the fact that we won't get it is
absolutely unimportant (?). Nevertheless, it is only we who have created all the
conditions so that our digital information civilization can always conveniently,
simply and quickly create, transmit, store and control, and if necessary, restore all
its highly reliable information, which, as we very much hope, will be used only for
the benefit of humanity.

And we are confident that our decisive contribution to the very successful
solution of all problems of reliability in digital exchange will never be forgotten
by the scientific community.

Only for the sake of brevity of the main idea of the new applied coding
theory (CT), as we call it "quantum mechanics" of information theory — our OT -
we omit all pictures and graphs with the characteristics of algorithms here, because
this article is exclusively of a system-philosophical nature. In the case of your first
acquaintance with OT, we recommend that you have our_scientific-popular
booklet [S] or _its English counterpart [Sa] nearby at the same time with this
article. It is very important, as well as many serious references to strict
monographs on the subject of OT, also placed in it. But still, we suggest focusing
more on the actual text of this article, which helps to understand the revolution of
scientific thought in the field of applied CT that took place ~40 vears ago.
However, it is still completely ignored by almost all the "servants of science", who
should have already perceived this extremely unexpected turn of the most
important science of the digital world right then and brought it home to thousands
of implementations in hardware and software. This situation seems even more
strange if we point out that the new CT has become approximately 1000 times
more compact and, of course, extremely simple. Moreover, even a cursory review
of all, especially the latest books on OT, shows that there are very few formulas in
our OT, whereas all the mathematical expressions necessary for estimating and
forming the boundaries of the parameters of coding systems are always in the right
places everywhere. This should even more convince all researchers and future
creators of digital data transmission and storage systems that this is indeed a
fundamentally new philosophy in information theory. And all the consequences
that follow from it, technologies, mathematical results and the possibilities of
surprisingly simple, but incredibly effective algorithms are only the consequences
of the formation of a truly completely new philosophy in applied coding theory. So
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first we suggest turning specifically to the study of this text, the system-
philosophical meaning of which will determine the development of the entire
modern applied CT for many years to come. And specific numerical results for OT
algorithms, as well as for others, including non-our methods, are always available
to all specialists in hundreds of our publications, reviews and monographs for
more _than 50 years. But they are already concrete consequences of a new and
unusual, although now not very young philosophy.

So, may be, is it time to put it into practice? For example, in remote sensing,
in "drones", in satellite communications, and in the Space, finally!?!
So, let's get started!

2. The initial situation. The First Revolution.

We should immediately note that English analogues of this article, similar in
content, are published in [27] at five pages and in [28] - on 4. They are even more
concise and also useful. Their perception will be more difficult due to their
extreme compactness. But —read them!

As you know, the previous coding theory (CT) is not able to calculate any
parameters of a single NVC criterion at a high noise level. This means that for 60
years of its existence, that CT has done nothing to solve the Shannon’s problem.
It follows that CT is not a mathematical problem at all. It is a pity that the
theorists did not agree with this! Perhaps none of them are familiar with such
publications as [5, 21], from which it follows that analytically presented results for
large-scale scientific problems almost never exist. There i1s a rigid philosophy in
science, based on millennia of experience: only the simplest tasks have answers
in the form of formulas.

Let's consider the initial situation with which it all started in OT. Let's
describe the most important properties of the digital system and codes. They were
proved by us ~50 vears ago. But a full understanding of the theoretical and
experimental results we have obtained over the years, including new paradigms of
OT, almost 40 patents, ~100 "know-how" and the properties of SGEF methods for
real meaningful CT, i.e. for our OT, can come to some specialists only after long
and painstaking work with our monographs. However, we emphasize that our
results are quite unexpected, but they are always extremely simple!

So, we drew attention to the fact that for any linear binary system convolutional
or block (n,k) code C, defined by its verification matrix H, which, for example,
was used to transmit over the BSC channel some message of length n, received by
the decoder as Q=(Qy,Q;), , r=n - k, and for an arbitrary code word of this code
A=(AyA,), represented by their information and check parts, Lemma 1 holds:

For the selected code, there is a ratio:

(A+Q)=(D,H*(D+Qi,Qy)), (1)

where D=A,+Qy 1is a vector of length k. The meaning of the lemma is that the
component-by-component difference (in the binary case it is also the sum) of
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vectors A and Q is determined by the difference vector D of length k and the result
of multiplying the test matrix H by the vector (Ay,Q,).

Let's denote this multiplication result as a vector S. Then the expression (1)
in the lemma is briefly written as

(A+Q)=(D.,S). (2)
In OT is the Lemma 1 [3, 4, 16, 17]. It 1s clear that if A;=Q, then the result of
such a calculation is the usual syndrome of the accepted vector Q [3, 4, 13, 16]. It
follows that by changing D, they can find the minimum weight of the sum |[(A+Q)|.
Then the corresponding vector A will be the desired solution of the optimal
decoder (OD). But this is a difficult way.

Let's look at a simpler solution next. Let the C code also be a majoritarily
decoded self-orthogonal code (SOC) with a code distance d=2t+1 [4,14,15]. Let
the threshold element (TE) in the corresponding threshold decoder, as in the usual
decoder of J. Massey[13], always sums up J=2t code checks, but at the same time
also adds to this sum the component d; of the difference vector D, which refers to
the next decoded character i; of the received message. This means that the total
number of checks received at the TE mputs 1s d. Let TE change the symbol 1;, all 2t
checks of the syndrome vector and the symbol d; if this total sum of d checks at its
inputs is greater than d/2. But if this happens for some initial vector A, then,
obviously, the sum of all d checks for TE will become less than d/2, and the set of
new vectors (D,,S,) with checks changed due to the correction of the symbol 1; and
the symbol d; will become the difference already for vectors (A,+Q). This means
that with the change of the symbol i;, a more plausible vector A, was found, and
the new state of vectors A,, D, and S, again corresponds to Lemma 1. And,
therefore, it is possible to decode the following characters again, and many times in
accordance with this rule, so that with all changes in the controlled characters, such
a multithreshold decoder (MTD) will always move to more and more strictly
plausible solutions. These are the absolute and complete solution to Shannon's
problem. This means that the whole coding theory (CT) as a problem is thus
absolutely completed. Further - already only the technologies of the scientific
school OT. So it is almost impossible to calculate anything in real applied CT, i.e.
in our OT when it estimates any decoders ! Almost everything else is the tasks of
computational mathematics, its very powerful section of the searching for
global extremes. And with such intentions, experience and goals — come to us!
This is our OT. We ask you to love and favor!

In OT, this i1s a simple key and immediately final mathematically
formulated solution - the Main Theorem of Multithreshold Decoding

(MTMTD), since MTD can have many attempts to correct characters, i.e.
iterations, up to I ~ 50 = 200. And here they can immediately apply many new
technologies.

Further, since in the SOC the nearest code words differ only by one
information symbol, in the BSC, as the experiment also quite clearly showed, for
the OD, the achievable lower estimate of the error probability per Py(e) bit is
naturally determined by the simplest binomial distributions for the occurrence of
more than d/2 errors for the decoded symbol in those d positions in which two such
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code words differ [3, p. 249; 17, p. 242]. No other algorithms have such useful and
understandable properties. With a small probability of error in the BSC, as the
simplest experiments showed many years ago, the solutions of the MTD actually
do not differ at all from the OD already for [ =2 [4,16]. But for now, just recall
that the purpose of OT is highly reliable decoding near the Shannon’s bound, at a
very high noise level, i.e. with a high probability of error in the BSC.

When switching to a binary Gaussian channel (AWGN), for example, at
M = 16 quantization levels of the input signal for the decoder, the limiting
capabilities of the MTD are improved in the same way as in the case of VA, by
~2 dB, which, of course, is a very significant value. In such an MTD, when
decoding, the TE calculates already weighted sums of checks with small integer
coefficients. For this channel, which is the most important in practice, the
complexity N of the MTD also remains linear with respect to the length of the
code n, and the reliability result is the same as for the OD [3, p. 249; 17, p. 242].

Why is the Shannon problem theoretically completely solved already at this
stage for the binary channels of BSC and AWGN? According to the NVC
criterion, the complexity of the MTD algorithm is proportional to n, namely, does
not exceed N=2nIRd, and all operations are only the simplest additions and
comparisons for small integers. And the reliability, as noted above, even with a
significant noise level corresponds to the level of OD for SOC codes. This became
clear in ~1975 from the very first modeling experiments. But in those years, in
principle, there was simply no experimental basis for creating really powerful
decoding methods, because computers were too slow at that time, and the CT
problem — let's repeat this — was not a purely mathematical problem at all.
It almost immediately becames computational, optimizational, for which only the
limits for the permissible values of decoder parameters were known.

Recall once again that even now no one knows how to calculate any error
probabilities of a particular decoder of good long codes at a high noise level. This
means that modeling alone is always the only way to determine the final validity of
complexity decoding (!) a specific algorithm in the CT. So, firstly, we found that
from the point of view of complexity and reliability, the MTD immediately has
theoretically the best parameters of the NVC criterion with a small relative noise
level. But how to improve the main parameter here - noise immunity, i.e. the
distance of the MTD working area to the Shannon’s bound?

3. The theory of error propagation. The Second Revolution

This problem was also solved only by our scientific school OT, but only
after the creation of a complete theory of error propagation (EP) for majority
decoded codes [4, 16]. And then, in a few years, software was developed to search
for codes with an extremely low EP level. In such codes, with one of the ways to
solve the EP problem for all possible pairs of checks, the number of which has the
order (nR)*/2, the total number of common checks in all such pairs of checks is
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brought to the minimum possible number. It is precisely such codes with low
exposure to the EP effect that have now allowed all the capabilities of the MTD to
manifest in all their splendor. And besides, over time, the speed of computer
modeling has gradually increased significantly. This has greatly increased the
effectiveness of our research, which dynamically uses the possibilities of both
fine theory and large-scale experiment.

Other software packages of our school now provide a demonstration of noise
immunity, reliability, complexity and parameter settings of MTD algorithms.
Many years ago, they also almost immediately demonstrated in various
experiments the best possible, even theoretically, characteristics of the MTD,
including near the Shannon’s bound [3,17]. This software created by us has
remained the only way to determine the parameters of any decoders of the OT
school at high relative noise levels according to the NVC criterion. There are no
other methods, and for a long time, and most likely, there will never be at all!

MTD in accordance with these completely objective parameters are always
the best according to the triune criterion of NVC, if the codes are selected in
accordance with the requirements of the theory of EP [4, 16].

It is important that the complexity of MTD methods is almost always
several orders of magnitude less than that of other algorithms [3,6,7-10]. And in
order for all researchers to be able to correctly compare the complexity of decoding
methods, we have created calibration programs in C++, which are available on our
portals for everyone [8]. This allows, for example, on a computer with a Core-17
processor and a clock frequency of ~3 GHz for a code with d~9 at I= 10, to
perform optimal decoding of the MPD-based SOC in a Gaussian channel at a speed
of ~ 6 Mbit/s without using any additional methods, for example, parallelization.
In fact, this example shows the speed of the MTD, which performs ~ 100 simple
operations of addition and comparison of integers when decoding each character of
the code. Hence, the recalculation of the MTD performance by another number of
iterations I and the values d of the code distance is obvious. These calibration
tools allow specialists to compare the speeds of different decoders very accurately.

But the most important property of OT algorithms is that the MTD always
accurately measures the distance of the entire sequence of its decisions to the
received message. This means that the MTD is an algorithm for searching for the
global extremum of functionals (SGEF) in arrays with self-correction properties
and with an exponentially growing set of potential solutions. And the choice of
code with a small number of errors actually became the only technological
contribution of the former CT to the theory of OT and to the tasks of global
optimization of functionals. And the problem of achieving OD is currently being
solved by methods of various theories of the search for the global extremum of
functionals (SGEF), for which many software packages based on these theories
have been developed [3, 17]. Optimization is carried out according to many
parameters of the MTD: the values of thresholds in TE, the weights of checks, etc.
And then the actual modeling of the MTD is performed, when in a few minutes all
the parameters of the NVC criterion are usually determined, which usually turn
out to be the best possible. But so far we have considered only the BSC and
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the Gaussian channel. We emphasize that here the characteristics of the MTD
according to the NVC criterion have long been out of competition [3, 5, 7, 8, 17].

4. Erasing channels.

Let's turn to channels with erasures (ErsC) [3,4,17]. In OT, estimates of the
probability of non-recovery of the first character in the MTD for SOC codes in
ErsC are proposed, as well as equally simple and achievable estimates of the
probabilities of errors per character for OD, which do not even need to be output.
The essence of the MTD algorithm, for example, for convolutional codes in this
channel, which is much simpler than even for BSC, is that the decoder quickly
looks for situations when there is a single erased information symbol in the check,
which in this case is immediately decoded by solving the simplest equation a+x=b,
where x is the desired but unknown value of the information symbol.
And that's all!

The lower estimate for the probability of non-recovery of the erased symbol
in the channel is simply and very quickly achieved by the MTD algorithm, even
directly near the bandwidth of the channel [3,5]. It is also very easy to output for
"one-touch" codes [3, 5, 17]. The algorithm was first published in 1983.
Its complexity N is also linear with respect to n, and it also allows making
decisions with the same confidence as OD [3, 17]. including at the Shannon’s
bound for these channels. This is absolutely the end of all research in ErsC — the
easiest channel with erasures for efficient and fast optimal decoding (OD). This
task is almost educational. And the enormous number of "methods" of decoding in
such a channel is extremely surprising for us, while the simplest, even trivial our
decoding method almost immediately gave an absolutely perfect result.

5. Symbolic (non-binary) codes. The Third Revolution

The MTMTD theorem, as well as the EP theory, were the most important
results of OT and allowed the school to create MTD decoders that, according to the
NVC criterion, provide the best results even theoretically, even with the maximum
possible relative noise levels in the Gaussian and erasing channels. These two
results are considered by some experts as truly Nobel achievements in the
digital world. And in fact, nothing comparable to the MPD algorithms according
to the NVC criterion is unknown to the scientific school from. The leadership of
OT and MTD methods for these codes is completely unprecedented.

But the OT scientific school also has a_third, no less, and perhaps even
more important achievement of such a Nobel level. By ~1985, we eliminated the
60-year-old crisis (!) in decoding algorithms for non-binary codes, which is still
ongoing. To encode non-binary data so far (except for the OT methods!), only
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short and therefore very weak Reed-Solomon codes (RS) available to engineers
can be used.

And the OT school adapted Lemma 1 about vectors in BSC for random
errors in g-ary symmetric channels (qSC) to such non-binary channels as well.
And according to this new Lemma 2. the equality is valid for the g-ary channel
and non-binary codes

(A-Q)=(D.S),

where the sign corresponds to the usual component-by-component subtraction,
for example, in any additional group, for example, modulo q [3, 4, 13, 16, 17]. And
based on this new lemma, an extremely simple gMTD algorithm was created for
non-binary majoritarian decoded codes, which we called symbolic codes. This
algorithm also strictly converges to the solution of OD and has linear complexity N
with respect to n: N~n [3, 4, 5, 16]. Such a complete and "instantaneous" even
theoretically the best possible decision for decoding symbolic codes, which has no
equal among others [18, 19], immediately solved all the problems for non-binary
codes after more than half a century of stagnation.

The lower simple achievable estimates for symbolic OD are presented in
[3,4,16,17]. Modeling has shown that the really optimal decoding (OD) at a very
high relative noise level of the qSC channel is implemented quite simply, and for
the error probabilities of the qSC channel many times higher than those at which
the RS codes are somehow still operable, which are - again, - weak because they
are usually short.

Symbolic MTDs are many orders of magnitude faster, more efficient and
simpler than all other methods [8-11,20]. With this, we can finally complete the
presentation of all the basics of the new complete OT, based on the theories of the
SGEF, the gMTMTD theorem and the theory EP, combined into a single theory by
the unique resources of our innovative software.

From the portals [8] you can download an informative color cartoon with
very simple instructions for the user https://decoders-zolotarev.ru by hyperlink
[23]. It demonstrates the MTD decoder the achievement OD decision even for
a not yet very long code in a BSC with a fairly high noise level. With each
correction of the symbol, as shown by the work of the MTD in the cartoon, the
decoder strictly improves its decision in accordance with the MTMTD theorem,
making them more and more plausible and thereby approaching the decision of
OD, and then achieving it.

Let us recall again that gMTD for symbolic codes was created more than
30 years ago, but even now, after the full publication of this algorithm and with
freely available qMTD modeling programs, it has been 60 years since the invention
of RS codes until now, no one has even been able to repeat it, that is extremely
strange for such an important for technologies and applications of the applied CT
field. It is possible that this is partly due to the extreme neglect of almost all
"specials" who believe that they are engaged in coding theory, experimental
moments of following and, which is also quite real, a strong drop in the level of
programming in the modern world, which has passed the point of maximum in the
level of its intelligence, hopefully (?), still the maximum local.

n_n
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6. The role of optimization theories in OT

Understanding OT as an optimization problem has allowed us to create
many new paradigms that further improve the convergence of solutions of all types
of MTD to OD. This is a divergence that increases the distance between codes
using methods unrelated to concatenation [3,17,24,25], decoders with direct metric
control (DDMC) [17], as well as parallel concatenation [3,17], etc.

Our new solutions for Viterbi block algorithms have also significantly
simplified the decoding of short block codes [12, 17, 26]. Our patented block VA
has the same exponent of complexity as convolutional VA, while for a number of
other block published OD decoders, the complexity corresponds to_a doubled
exponent [5, 17] (). It is here the time to say also that it is important to recall the
long-known opinion that the role of optimization theories in mathematics is as
great as the role of mathematics itself in science.

7. About decoding methods at a high noise level

In the near future, with a high relative noise level, most likely, no
analytical theoretical results will be obtained for specific error correction methods.
This is extremely difficult, which was proved by all the 60—year experience of
the relative activity of the previous CT, which quietly left the fields of computer
sciences ~40 years_ago.

By the way, the problem of polar codes [22], which we have considered
in detail and repeatedly in our various reviews, has become a complete and
extremely noisy catastrophe of the previous format of the theory, showing its
futility, inefficiency and absolute lack of evidence in all aspects, at least in the
clumsy speeches of our Russian "magicians" about "polar". The complete inability
of our "specials" in codes to engage in programming and modeling also aggravated
the huge problems of this absolutely dead-end direction of ideas in the CT.

Thus, real further results on approaching the Shannon’s bound are still
possible only in terms of technological optimization and settings. The main role
here has already been successfully played by such important paradigms of OT as
the divergence principle, which implements methods of increasing the code
distance unrelated to cascading, decoder element tuning technologies, parallel
cascading methods, as well as the principle of decoding with direct metric control
(DDMC) and some other technologies discussed in [3, 4]. All of them made it
possible to further approximate the area of effective operation of the MTD at the
Shannon’s bound, preserving linear complexity and achieving reliability of the OD
for the codes used.

We emphasize that these so important results were obtained in the process
of unified development of a fine logical theory and large-scale experimental
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innovation based on hardware and software design and modeling of MTD
algorithms, as well as on expanding the area of decoder parameter optimization by
means of additionally created special software focused on the search for
extremums of functionals in the space of digital arrays with the properties of self-
correction of possible errors. And at the same time, as we understand, all these
issues have not even been formulated as current tasks of applied information
theory by any scientific group in the world.

8. About comparing algorithms

All MTD methods perform only operations with small integers, and also
have the best parameters of the NVC criterion in aggregate and separately. It is
clear that it directly follows from this that the hardware and software versions of
such decoders have the highest performance, including on FPGAs, which we have
already discussed for binary codes. Symbolic MTDs also have excellent
performance. In an hour, such a decoder on a Core-i7 processor can collect
statistics with a volume of ~10" bits, and sometimes a few more [3, 9, 17]. At the
moment, there are no methods comparable to our algorithms according to the
NVC criterion and for non-binary codes either.

Our reviews on the issues of applied CT, i.e. our OT, can be found
in [8, 22]. However, they cause disagreement with us among some individuals who
do not follow the results and technologies of the OT scientific school. We remind
you that our work has received the award of the Government of the Russian
Federation in the field of science and technology. The network portals of our
school are sometimes visited by up to 100 thousand readers a year [5, 17]. We have
also been awarded the EU Gold Medal "For Exceptional Achievements" in
Science. And we were awarded the Gold Medal of the International Salon of
Inventions for the super-fast MTD decoder on the ALTERA FPGA, created at the
SRI RAS according to the patent of the OT school and earned back in 2007
at a speed of more than 1 Gbit/s.

9. Conclusion.

The OT school has completed the creation of the best algorithms according
to the NVC criterion in all classical channels considered in the applied CT. It is
extremely difficult to significantly improve our results according to the PDS
criterion. The task set by Shannon was completely successfully solved
theoretically even before 1985, and all the various experimental tests of methods
and technologies from our new "quantum mechanics" in information theory ended
with complete success and were crowned with an unconditional triumph even
before 1995. Since then, up to the present time, OT research has been expanding,
aimed at further developing OT technologies, simplifying the design of MTD
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decoders and new modifications of Viterbi algorithms, reducing decision delays
and further increasing the speed of our decoders.
The ultra-complex work of the undoubtedly Nobel level has been successfully
and completely completed for all traditional types of communication channels in
the applied CT.

Proposals for the further development of OT technologies were made by us
in [3,5,17]. Of course, they will continuously expand and deepen. We offer
everyone our unconditional support in mastering applied OT achievements.
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OnrumuzannonHasi Teopusi pemmsia npoodaemy Hlennona.
Crapas Teopusi KogupoBaHus 3aBepiieHa. Hamm nepcnekTusBbl

B.B. 3onoTtapés
UKU PAH, Mockesa

Annomayun — PaccMaTpuBarOTCsI BCE OCHOBHBIE pe3ynbTarbl ONTHMH3ALMOHHON
Teopun (OT) nomexoycTOHYMBOro KoaupoBaHus, nosydeHHsle 3a 50 ner. Ilokazano, uro OT
HOJHOCTBIO pemuiia nmpobiemy llleHHoOHa U1 Beex KilaccMueckux kaHaioB M emé 40 et Haszai
3aMEHUJIa BO BCEX INPUKIAIHBIX ACIEKTax IPEKHIOW Teopuro koauposaHus TK. Ykaszano, 4To
anroput™Mbl  OT  obecrieunBarOT HaWIydllMe BO3MOXKHBIE XaPAKTEPUCTHKH II0 EIUHOMY
KPUTEPHIO KadecTBa alrOpuTMOB  Koppekuuu omubok IIJIC="momexoycTOWYMBOCTH-
JIOCTOBEPHOCTh-CJIOKHOCTE". Jlekonepnl, co3gaHHble 1Mo TexHoiorusm OT, 00J1a1ar0T
HAaWIy4lIMMHU JIaX€ TEOPETUYECKH BO3MOXKHBIMU XapakTepuctukamu. Camble IpOCThIE
IpakTU4YecKH onTuMaibHble Jekoaepbl OT mocTpoeHs! Ha 6a3e METOI0B M TEXHOJIOIUH TEOpHid
MOKCKa II100aIbHOTO 3KCTpeMyMma pyHknuoHana (IIIMND).

Hamm Ttaxke 3amareHTOBaHHBbIE OJ0KOBbIe Bepcun anroputma Burtepou (BAB) Toxe
MMEIOT MUHUMAJIbHYIO Ha TEKYIIHI MOMEHT CJI0KHOCTh, COOTBETCTBYIOLIYIO cBEpTOUHOMY AB.

Kniouegvie cnosa — rpannua lllennona, OnrumuzaunonHas Teopust (OT), nponyckHast
CHOCOOHOCTh KaHana, [BonYHbIN cumMmeTpuuHblil kaHai ([ICK), cloKHOCTh alropuTMOB, IOUCK
ro0anbHBIX  AKCTpeMyMoB  QyHKuuoHanoB (III'D®), xpurepmit "IIJIC", ontumanbHOe
nexoaupoBanue (O/l), Teopus ontumusanuu, O10koBbI anroputm Burepbu (BAB), Teopus
xkoaupoBanus (TK), muoromoporoseie aexonepsl (MII/]), mapamienpHOoe KackaaupoBaHUE,
JUBEPreHLus, 1eKOIephl ¢ IpsAMbIM KoHTpoJieM MeTpuku (JJITKM).

1. BBeagenue.

B 1948 rony K. lllenHoH Hamucan 0JHYy U3 CBOUX JIydlIuX padot [1], koTopas nonoxuia
HayaJio Pa3BUTHIO TEOPUHU TOMEXOYCTOMUYUBOr0O KOANPOBaHUs. OTHAKO MBI CYMTAEM, UYTO MOCTIE
MOJIE3HBIX pe3ynbTaToB 1960 rona B anredpanyeckoil TEOPUH U U300peTeHnn anroputma Butep-
ou (AB) mst cBEpTouHbIX K0/10B B 1967 rony [2] B mocneayromue ToAbl U BILIOTH 10 HACTOSIIIE-
o BPEMEHH He ObLII0 HUKAKUX CYIIEeCTBEHHbIX MPUKJIAAHBIX JOCTHKEHUH B TEOPHUH KOIM-
poBanusi (TK), koropbie nmpuBenu Obl K pemieHHI0 mpobiaemMbl 3(HHEKTHBHOTO TEKOIUPOBAHUS
B IIyMSIIMX KaHajaX BOJIM3M TpaHMIbl UX MPOMYCKHOW crocoOHocTu. Hamra Hay4Has mikosa
HNPUHYUNUATIGHO HOBOU _Meopul NOoMexoyCmouyugo2o Koouposanus ONyOIUKOBalIa Ha
ceromHsimHU neHb 11 MoHorpadmii, a Takxke eme 4 KHUTM U 2 CIPABOYHHMKA, KOTOPhIE
00ecrevynBaroT MOJIHOE PEIIEHUE BCeX MPUKIAIHBIX 3a7a4 TEOPUH KOJAUPOBAHUS C HCIIPABICHHU-
€M OIMOOK, OCHOBAaHHOE Ha TMPUHIMUIHUAILHO HHBIX METOJaX, a UMEHHO Ha TEXHOJOTHUSAX U
TEOpHUSAX TMOMCKA TMIOOATBHBIX JKCTpeMyMmoB ¢yHkimonana ([II'D®d), xoTtopble MBI Ha3Balu
Ontumuzanuonnoit Teopueit (OT). Huxke noanocTsio npeacrasiiena Bessi OT, kotopas emé B
2006r. omybnukoBaHa B P® B moHorpadum [16], a Taxke AeTadpbHO HW3JI0KEHAa 3aTeM Ha
AHTJIMCKOM B KHHUTaxX [3-5]. MBI Takke mpemjaraeM sl J€TATHHOTO U3YYEHUST HAIly HOBYIO
moHorpaduro 2021r. [17]. Bce oHn HaxoasaTcs B CBOOOJHOM focTyne [8] M Kak BCE CTAThbU C
HAIIMMU OCHOBHBIMU PE3YJIbTATaMU, J1€2K0 00cmynHbl no cunepccwlikam. Ilpu HeoOxoagumoctu
MBI TaKkke OyZieM yKa3bIBaTh KOHKPETHBIC HOMEpa CTPAHUI] B 3TUX MyOIUKALIHSX.

Bce 6a3zoBbie anroputmbel OT HUMEIOT MUHUMANbHYIO CIOXHOCTH N, JTUHEIHO BO3pac-
TAOIIYI0 C ATUHOM Koja n, N~n. W B TO ke BpeMsl Hallu METO/bl HE OTJIMYAIOTCS MO JAOCTO-
BEPHOCTH OT XapaKTEPHUCTHK ONTHMAIBHOTO (C MOJHBLIM mepedopom!) nexomupoBanus (O[]).
Hexonepsl, co3nanubie mMetonamu OT, cOXpaHSIOT 3TH CBOWCTBA TaKK€ HEMOCPEICTBEHHO




15

BOJMIM3K rpanuibl [IleHHOHA, KOTOpas, KaKk U3BECTHO, a0COIOTHO YNpyra, BCIEICTBHE YETro OHA
COBEPUICHHO HEOCTHKMMA, KaK U CKOPOCTh CBETA JUIsl MATEPHAIIBHBIX TEIL.

N odpatute BHuManue! Xots Mbl onyonukoBanu mo OT mpakTHdecku BCE M Jaxe
OYEHb JJaBHO, MBI MTO-NIPEKHEMY JIMAEPHI, O YPOBHS KOTOPBIX HUKTO Tak U He nowmeén! [louemy?
Bece Mup OT Hac Tak W ocTaics Ha paccTOSIHUM 15- 25 meT, a BO3MOXKHO, 4To U Oosbiie (?).
Hama OT — coBepiieHo apyras, 4em NpexHsAs HeyaawiuBas U KpaiiHe «Martematuyeckas» TK,
KOTOpasi, OAHAKO, HUYEro BaXKHOI'O U IOJIE3HOIO AJIS IPOEKTUPOBAHUS JEKOJEPOB CUUTATh Tak
U He Hayuwiack. [lo3ToMy Mbl mojaraeM, Kak M MHOTuMe HambOosee KBaIM(UIUPOBAHHBIE
Kosutery, yro Hama OT - nelcTBUTENBHO BEIMKOE MUPOBOE JIOCTH)KEHNUE POCCUIICKON HayKw,
abcomoTHO U 0Oe3ycinoBHO nocroifHoe Hobesesckoii npevun. Hy, a 1o, 4ro Mbl €€
He M0JIYYMM — 20COJTIOTHO HeBAXKHO. TeM HE MeHee, MMEHHO TOJIBKO MbI CO3/aJId BCE YCIIOBUS
JUld TOro, 4roObl Hama HH(oOpManuoHHas LU(poBas LUBHIX3ALMS BCerga Morya yaoOHO,
OpocTo U OBICTPO CO37aBaTh, NMEPEAaBaTh, XPAaHUTh U KOHTPOJIUPOBATh, & €CIM HAA0, TO U
BOCCTaHaBJIMBaTh BCIO CBOIO BBICOKOJIOCTOBEPHYIO HH(OpMalLMIO, KOTOpas, KaKk Mbl OYEHb
HazieeMcsi, Oy/IeT MCIOJb30BaHA TOJIBKO HA OJIaro YeIOBEUeCTBa.

W MBI yBEpEHBI, YTO Halll peLIAIOIIMK BKJIAJ B OYEHb YCIIEHIHOE PEIIEHUE BCEX 3a1ay
JOCTOBEPHOCTH TpY IH(PPOBOM OOMEHE HHKOTr/IAa HEe Oy/eT 3a0bIT HAYYHBIM COOOIIECTBOM.

Tonpko JUI1 KpaTKOCTU H3JIOKEHUs TIJIaBHOW MJEW HOBOW MPUKIAJAHON TEOpUHU
koaupoBanus (TK), kak Mbl €€ Ha3bplBaeM «KBAHTOBOW MEXaHHKH» TEOpPUU HHPOPMALUU —
Hameit OT - Bce KapTMHKM U IpadUKH C XapaKTEpPUCTHKAM aIrOPUTMOB MbI 37€Ch OIyCKaeM,
T.K. 9Ta CTaThsl HOCUT UCKIIOUUTEIFHO CUCTEMHO-(PHIOCOPCKUI Xapakrep. B ciydae Bamiero
nepBoro 3HakomMcTBa ¢ OT MbI peKOMEHIyeT OJTHOBPEMEHHO C 3TOM CTaTbEW MMETh MOOIU30CTU
Halll HAYYHO-TIOYJISIpHBINA OyKieT [S] wunu ero anriuiickuil ananor [5a]. OH o4eHb BaxeH, KakK U
MHOXECTBO CEphE3HBIX CCHUIOK Ha cTporue MoHorpaduu no tematuke OT, Takxke noMeIEHHbIE
B HEM. Ho BcE e Mbl mpenaraeM OoJibllIE OPUEHTUPOBATHCS UMEHHO Ha COOCTBEHHO TEKCT
ATOU CTaThU, KOTOpas TMOMOTAeT MOHATh nepesopom HayYHOU Mblciu 6 chepe npuxnaonou TK,
ceepuuBIniics ~40 jer Hazaja. OgHAKO OH M IO CUX MOpP MOJHOCTBIO WUTHOPUPYETCS] MOUYTH
BCEMH «CIIY)KUTEIIIMH HayKW», KOTOpbIE JOJDKHBI OBUIM YK€ MPSIMO TOT/Aa BOCHIPHUHSATH 3TOT
KpailiHEe HEOXKUJAHHBIN MMOBOPOT BaXKHEHIIeH Hayku U(POBOro MUpPau JOBECTU €r0 JOMHOTIHMX
TeICAY peanu3anuii B anmaparype u I10. Drta curyanus kaxercs eme Oojiee CTpaHHOU, e€CiH
yKazath Ha To, yTo HoBas TK crama opuentupoBouno B 1000 pa3 Oosiee KOMIAKTHOM H,
0e3ycnoBHO, KpaiiHe pocToi. bonee Toro, naxe OerbIii MPOCMOTpP BCEX, 0COOCHHO HOBEHIIIMX
kHur no OT moxasbiBaeT, uto U Qopmyin-to B Hamed OT coBceM HEMHOro, Toria Kak Bce
HEoOXO/[uMBbIE JJIs1 OLEHOK M (OPMUPOBAHUS TpaHUI] MapaMeTPOB CHUCTEM KOAMPOBAHUS
MaTeMaTUYeCKHUEe BBIPAXKEHMsI BE3J€ B HYKHBIX MECTax Bcerja ecTb. JTO emé B Oojbliel
CTETEHHU JOJDKHO yOeauTh BceX HccienoBaresied m Oyaymux cosfareneil nudpoBBIX cUCTEM
nepefaud M XpaHeHUs JaHHbIX B ToM, uro OT geicTBUTENhHO NPUHLMIHWAIBLHO HOBAs
¢miocopus B Teopun uHpopmManmMu. A Bce CleAylOlIMe M3 He€ CIEACTBUS, TEXHOJIOIHUH,
MaTeMaTUYeCKUe pe3yibTaTbl U BO3MOXKHOCTH YIWMBUTEIBHO MPOCTBIX, HO HEBEPOSITHO
3 PEKTUBHBIX aITOPUTMOB — 3TO TOJIBKO CIEICTBUS (POPMHUPOBAHUS ACHCTBUTEIHLHO a0COIIOTHO
HOBOW (¢uiocopun B MPHUKIAAHON Teopuu KOAMpOBaHMs. Tak 4YTO CHayala MpeuiaraeMm
00paTUThCSI UMEHHO K H3YYEHHIO 3TOr0 TEKCTa, CUCTEMHO-(PHIOCOPCKUI CMBICI KOTOPOTO
OyZeT ompeAeNsaTh pa3BUTHE BCe coBpeMeHHoW mpukiaaaHod TK Ha MHOTHE TOCIETyroIne
roJpl. A KOHKPETHBIE YHCIECHHBIE pe3yibTaThl s anroputMoB OT, kak u u1d Ipyrux, B TOM
YyHClie U HE HAllUX METOJAOB, BCerjna JOCTYMHBI JJIs BCEX CIEUHAIMCTOB B COTHSX HaIIMX
ny6nukanuii, 0630poB U MoHorpaguit yxe 6osee 50 ner. Ho oHM — y’Ke KOHKPETHBIE CIIEJICTBUSA
HOBOMW M HEOOBIYHOM, XOTSI TEHepb YK€ U HE 0UEHb-TO I0HOU (husocopuu.

Tak, M.0., mopa Obl e€ mnpuMmeHuTb W Ha npaktuke? Hampumep, B /133, B
«OeCTTIIOTHUKAX», B CITyTHUKOBOW CBSI3H, J1a U B KOCMOCE, HaKoHeI ! ?!

Wrak, npuctynum!




16

2. Ucxonnas curyanus. IlepBasi peBosronusi.

Cpa3y oTMeTHM, 4YTO OJIM3KHE MO COJACPXKAHUIO AHTJIMICKUE aHAJOTH 3TOH CTaThH
onyOnrKoBaHbI B [27] Ha msATH cTpaHunax U B [28[ - Ha 4-X. Ouu emé Oojiee KpaTKue M TOXKE
noJje3Hsl. VX BocnpusaTHe U3-3a KpaitHel KoMIakTHOCTH OyneT cioxHee. Ho —uuraiite!

Kak n3BectHo, npexHss teopus koauposanus (TK) He cnocoOHa paccuuTaTh HHUKaKue
napametpsl equHoro kputepus [1J1C npu 6onbiiom ypoBre myma. 9to o3Hauaer, yto Ta TK 3a
60 JieT CBOEro CyIIECTBOBAaHUS HUYErO He cenana jis pemenus npodnemsl Illennona. Otcroaa
ciaenyer, uro TK BoBce He siBasiercd MareMaru4yeckou 3ajaaveil. JKaub, 4TO TEOPETUKH C
9THM TaK U He corlacwinch! BO3MOXXHO, HUKTO M3 HUX HE 3HAKOM C TaKMMHM IyOJIMKALUsAMH,
Kak [5, 21], U3 KOTOpBIX ClEIyeT, YTO AHAJIUTHUYECKHU IPEACTABISAEMBIX pE3YyJIbTaTOB MAJIs
KPYIMHOMACIITAOHBIX Hay4HBIX MPOOJEM MOYTH YTO HUKOI/Ia W HE CYyIIecTByeT. B Hayke ecTb
xEcTkasg pumocodusi, HACTOSHHAS HA THICSUEIETHEM YK€ ONBITE. TOJBKO Y CAMBIX MPOCTBIX
3a/1a4 eCTh OTBETHI B BHjie GopmMy.I.

PaccmoTpuM ncxoaHyro cuTyanuio, ¢ kotopoit Bc€ Hauanoch B OT. Onumiem HanOonee
Ba)KHbIE CBOMCTBA LU(POBBIX CHUCTEMbl U KO0B. OHU ObUIM 10Ka3aHbl HAMK ~50 JieT Ha3aj.
Ho nonHoe noHnMaHue TEOPETUUECKUX U SKCIIEPUMEHTAJIbHBIX PE3YJIbTAaTOB, MOIYYEHHBIX HAMU
3a 3T TOJpbl, BKItouYas HOBbIe napaaurmel OT, nouru 40 narentos, ~100 «HOy-Xay» 1 CBOMCTBa
MeToaoB [II'2® mnsa nnst peanbHOM conepkarensHoit TK, 1. e. mis nameit OT, MoxkeT npuiiTu K
HEKOTOPbIM CHELHAINCTaM TOJbKO IOCT€ JOJAroM M KpOMOTJIMBOM pabOThl ¢ HAlIUMU
MoHorpadusmu. OmHAKO MBI HOJYEpKUGAeM, YTO HAIIW pe3ylIbTaThl OBIBAIOT BEChbMa
HEOKUJAHHBIMU, HO BCEe OHM BCEI/Ia YPE3BbIYAMHO NPOCThI!

Wtak, Mbpl 00paTHJIi BHUMaHUE Ha TO, YTO JUIsl JIFOOOr0 JIMHEHHOTO IBOMYHOTO CUCTEMA-
TUYECKOT0 CBEPTOUHOro WM 6s0koBOro (n,k) koxa C, onpeaensieMoro ero NpoBEpoOYHON Mart-
puueit H, xoropslii, HanpuMmep, ucnosbp3oBajics st nepenaun no kaxHany JICK nHekoroporo
COOOIIeHNs JJIMHBI N, TPUHATOrO AekoaepoM Kak Q=(Qx,Q,), , =n - k, 1 U191 IpOU3BOJIBLHOTO
KOZOBOrO ciioBa 3TOro koa A=(Ag,A;), NpeICTaBICHHbIX WX HMHMOPMALMOHHBIMU U
IIPOBEPOYHBIMHU YacTSAMHM, crpaseinba Jlemma 1:

J51st BBIOpaHHOTO KOJ1a UMEET MECTO COOTHOIIIECHUE:!

(A+Q)=(D,H*(D+Q:, Q) (1
rae D=Ay+Qx - Bektop anuHbl k. CMBICI JIEMMBI 3aKJIIOYAETCSl B TOM, YTO MOKOMIIOHEHTHast
Pa3sHOCTH (B JBOMYHOM CIIydae 3TO TaKXKe M cyMMa) BeKTOpoB A u QQ orpenensercst pa3HOCTHBIM
BekTOopoM D nnunbl k 1 pesynpTaToM yMHOXEHHMsI poBepouHoil Matpuiel H Ha BekTop (A, Qr).
O0603Ha4YKMM 3TOT pe3yabTaT yMHOXeHUs Kak BekTop S. Torna Belpaxkenue (1) B ieMMe KpaTko
3aMKChIBAETCs B BUJIE

(A+Q)=(D.S). 2)

B OT ato Jlemma 1 [3, 4, 16, 17]. ScHo, uto ecimin Ax=Qy, TO PE3yJIbTATOM TaKOTO BbI-
YHCIICHUS SIBISIETCS OOBIUHBIN CHHAPOM mpuHATOro Bektopa Q [3, 4, 13, 16]. Otcrona cnenyer,
yTO, U3MeHAs D, MOKHO HalTH MUHUMAaIbHBIN Bec cyMMbI [(A+Q)|. Toraa cooTBeTCTBYIOMUN
BEKTOp A OyJeT HCKOMBIM peleHreM ontumManbHoro aekoaepa (O1). Ho 5To cioxHbIi crioco6.

HaBaiite nmanee paccmorpum Oosee mpocroe pemerue. I[lycts ko C taxke sBIseTcs
Ma)KOpUTApHO JIEKOAUpPYeMbIM camoopToroHanbHbM kojgoM (COK) ¢ KOZOBBIM paccTOsSHHEM
d=2t+1 [4,14,15]. [1ycts moporossriii anemeHT (I13) B COOTBETCTBYIOIIEM IMOPOTOBOM JIEKOJIEPE,
Kak u B 00br4HOM nexojiepe Jx. Meccu [13], Bcerna cymmupyert J=2t mpoBepok Koja, HO IpH
3TOM emI€ J00aBIAeT B 3Ty CyMMy TakXkKe Ty cocTaBlsitomyro d; BekTopa pasHoctu D, koTopas
OTHOCHTCA K O4€peTHOMY JEKOAUPYEMOMY CUMBOJY 1 IPUHATOIO COOOIIEHUS. DTO 03HAYAET,
4TO 0011Iee KOJIMIECTBO MPOBEPOK, mocTynaromux Ha Bxoasl [19 paBuo d. Ilycts 1D uzmenser
CHMBOII ij, Bce 2t IPOBEPOK BEKTOPA CHHAPOMA U cuMBOII dj, eciu 3Ta obmas cymma d IpoBepok
Ha ero Bxojax Oosbie, yem d/2. Ho ecnu 3T0 MpoU30HAET J1si HEKOTOPOTO HA4YaaIbHOTO BEKTOpa
Aj, To, oueBUAHO, cymma Bcex d mpoBepok Ha [1D craner menbiie, yem d/2, u HabOp HOBBIX
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BeKTOpoB (D»,S,) ¢ mpoBepkaMu, U3MEHUBIIMMHUCA U3-3a KOPPEKIMU CUMBOJIA ij U cuMBoja dj,
CTaHET PAa3HOCTBIO yXke Ul BEKTOPOB (Ax+Q). DTo 03HAayaeT, YTO C U3MEHEHUEM CHUMBOJIA I
ObLT HalifieH Ooyiee MPaBIONOMOOHBIN BEKTOp A,, U HOBOE COCTOSHUE BEKTOPOB Ay, Dy m S;
cHoBa cootBeTcTByeT Jlemme 1. U, cienoBaTenbHO, MOKHO CHOBA JIEKOJUPOBAThH yKe JIOOBE
CJIEIYIOIIE CUMBOJIbI, TPUYEM, MHOTO Pa3 B COOTBETCTBUM C 3TUM IPABUIIOM, TaK YTO MPHU BCEX
U3MEHEHUSAX B KOHTPOJHMPYEMBIX CHMBOJAX TakOW MHoromoporobwiid nekonep (MII) Bcernma
OyIeT mepexoauTh KO Bce Ooyiee W Oojee CTPOro MpaBIONOJOOHBIM pPEHICHHSIM. DTH U €CTh
a0co1I0THOE M _10JIHOe pemieHue npodJembl IlleHHOHA. 3HAYUT, TEM CaMbIM COBEPILIEHHO
3aBepuaercss M Besi Teopus koaupoBanusi (TK) kak mpodaema. Jlamee yxe — mosibko
mexnoa02uu_ Hayunou wikoawst OT. Tak 4TO MOYTH HUYETO BBIYMCIATH B peanbHOi TK, T. €. u
B Hameil OT HeBo3moxkHo! Iloutu BooOIIE BCE OCTANBHOE - 3a/1a4M BEIYMCIUTEIILHON MaTeMa-
TUKH, €€ OYEHb MOIIHOTO pa3jielia MOUCKa II00aIbHBIX SKCTPeMyMOB. M BOT ¢ TakuMu Hamepe-
HHSIMH, OIILITOM M HeasaMu — K HaM! Oto 1 ecth Hama OT. Ilpocum JIlOOUTH M 3KAJIOBATH!

B OT »T0 mpocToe Kiro4eBoe U cpa3y KOHEUHOE MaTeMaTUYECKU CPOPMYITUPOBAHHOE
pemenue - OcHoBHast Teopema mHoromoporoBoro aekogupoBanusi (OTMTD), nockoabky y
MII/] MOXeT OBITH MHOTO IOIBITOK UCIIPABJICHUS CHMBOJIOB, T.€. HTE€palluid, BIUIOTh 10 [ ~ 50 +
200. U TyT cpa3zy MOKHO IPUMEHSATH MHOTHE HOBBIE TEXHOJIOTHUHU.

Hanee, nockonbky B COK Onumxaiiiive KOAOBbIE CIIOBa OTIMYAIOTCS TOJBKO OJHUM
uHpopmanmoHabiM cuMBosioM, B JICK, kak BHoJiHE SCHO TMOKa3zal M 3KcmepuMeHT, it OJ]
JIOCTMDKMMAsi HIDKHSSL OIEHKa BEpPOSTHOCTH OIIMOKKM Ha OMT Py(e) ecrecTBeHHBIM 00pazom
OTpeIeIeTCss MPOCTEUIIMME OMHOMUATIBHBIMU PACTIPECICHUSIMU VISl TIOSIBJICHUS Oo0Jiee ueM
d/2 ommbok g AeKoaupyeMoro cuMBosia B TeX d MO3UIUAX, B KOTOPHIX JBA TAKHX KOJIOBBIX
cioBa pasnmyarotes [3, ¢. 249; 17,c. 242]. Hukakue npyrue alropuTMbl He 00IaJar0T TaKUMU
MOJIC3HBIMU U MOHSATHBIMU cBoicTBamu. [Ipu HeGomnbioi BepostHocTu omubku B JICK, kak
MHOTO JIET Ha3aJ MOKa3aJId MpocTerime sKcnepuMenTsl, pemenust MITJl gaxTruueckn BooOmIe
He orinuyatorcsa ot O] yxe s =2 [4,16]. Ho noka Tonpko HamomMHuM, uto neinpto OT
SIBJISIETCSI BBICOKOHAJISKHOE JIeKOaupoBaHue BOMM3M rpanuilbl [IleHHOHA, Mpu OYeHb BBHICOKOM
YpOBHE IIIyMa, T. €. IpH Oonbioi BeposiTHocTH ormubku B JICK.

[Ipu nepexone k aABonyHoMy rayccosckomy kanajuy (ABI'I), nanpumep, npu M=16
YPOBHSIX KBAaHTOBaHUS BXOJHOIO CUTHAJIa MJIA JEKOAEpa, MpeaeiabHble Bo3MokHOCTH MIIJ]
YIIYUIIAtOTCS TaK ke, Kak U B ciydae AB, Ha ~2 1b, 4T0, KOHEUHO, BeChbMa 3HAUYMMAasl BEIMYHUHA.
B Takom MIIJl npu nexoaupoBanuu [1O BBMHCIAET yKe B3BEIIEHHBIE CyMMBI IPOBEPOK C
HEOOJIBIIUMHU HEeNbIMU KodpuimenTamu. s sToro Hambosee BaXXKHOTO HAa MPAKTHKE KaHala
cnoxHocTh N 'y MIIJ] ocTaercst Takke TMHEWHOW MO OTHOLLIEHUIO K JUIMHE KOJAA N, a Pe3yJbTaT
0 JIOCTOBEPHOCTH TMOJTy4YaeTcsi Takou xe, kak u 11t O] [3, c. 249; 17, c. 242].

[Touemy mpobnema IlleHHOHa TEOpETHUYECKH TMOJHOCTHIO PEIlIeHa YK€ Ha 3TOM dTare
st neonunbix  kaHaoB JICK m ABI'II? Cormacuo xputeputo I1JC, crnoxxHOCTh anroputrma
MII/] mponopimoHanbHa n, a UMEHHO, He npeBbimaeT N=2nlIRd, u Bce onepaiuu npeacTaBisoT
c000¥ JINIITF TPOCTEUIITHE CTOKEHHSI U CPABHEHUS JJIT HEOOJBITUX ETbIX YUCeN. A JTIOCTOBEP-
HOCTb, KaK OTMEYAJIOCh BBINIE, JIaXX€ M IPU 3HAUYUTEIBHOM YpPOBHE IIIyMa COOTBETCTBYET
ypoBHio O/l st COK komoB. D10 cTano sicHO npuMepHO B 1975 rony yke U3 caMbIX MEPBBIX
OKCIIEPUMEHTOB TIO MOjenupoBaHuio. Ho B Te roiasl mMpocTo B NpPHUHIHUIE €mE He ObLIOo
AKCTIEPUMEHTAIBHONW 0a3bl JUIsl CO3/IaHUs JEHCTBUTEIHLHO MOIIHBIX METOJIOB JCKOIMPOBAHWS,
MOCKOJIbKY KOMIBIOTEPHI OBUTH TOT/Ia CIUIIKOM MeJJIeHHbIMH, a npobiema TK — moBTopuM 310
— He OblIa _4YHMCTO _MATEeMATH4YeCKOHM _3aJaauveil. OHa mnpakTHYeCKH cpa3y craja
BBIUMCIUTENHHON, ONTUMHU3AIMOHHONW, NS KOTOPOH OBLIM M3BECTHBI TOJNBKO TPAHUIIBI IS
JIOTTYCTUMBIX 3HaUYE€HUH MapaMeTPOB JIEKOICPOB.

HamomauMm eme pa3, 4To W ceiiyac HUKTO HE 3HAET, KaK BBIYUCIATH KaKUe-THOO
BEPOSITHOCTH ONTMOKM KOHKPETHOTO JEKOJAepa XOPOIIUX JUIMHHBIX KOJIOB TIPH BBICOKOM YPOBHE
nrymMa. JTO 03HA4aeT, YTO TOJIHKO MOJEIMPOBAHUE BCETJA SBISETCS €AMHCTBEHHBIM CIOCOOOM
orpezieNieHUs] OKOHYATEeNbHOM TOCTOBEPHOCTH AEKOJUPOBAHUS CIOXHOCTH (!) KOHKpPETHOIO
anmroputma B TK. Tak 4TO MBI, BO-IEPBBIX, OOHAPYKUIU, YTO C TOYKHU 3PEHUS CIOKHOCTH U
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HagexxHoctu MIIJI cpa3y ke 00/1a1aeT TeopeTHuYecKy HANIYYIIMMU apaMeTpaMu KpUTepus
I[TAC npu HeOOJBIIOM OTHOCHTEIBHOM YpOBHE Imyma. Ho kax _mym __ yayuwumos 2nasHulil
napamemp - nomMexoycmouyugocms, T.€. paccTossHue padoyeit 30Hpl MIIJl 10 TpaHUIEI
[llennona?

3. Teopusi pasMHoOkeHHus omnOOK. Bropasi peBosronus

Ora mpobiieMa Takke OblIa pelnieHa ToidbKo Hamed HaydHoi mkonoi OT, HO TombKO
[I0CJI€ CO3/1aHus MOJIHOM Teopuu pa3MHokeHHst omnook (PO) 11 MaxXopuTapHO 1€KOAUPYEMbIX
KoZoB [4, 16]. A manee 3a HECKOJIBKO JIeT OBUIO pa3paboTaHO MPOTpaMMHOE OOeCTieueHUe st
IIOKCKA KOJIOB C 4pe3BbluaiiHO HU3KUM ypoBHeM PO. B Takux xojxax mpu oJHOM U3 CIIOCOOOB
pemerns npobiaemsl PO 1 BceX BO3MOXKHBIX Map MPOBEPOK, YUCIO KOTOPBIX UMEET MOPSIAO0K
(nR)*/2, cymMMapHOE KOJTHYECTBO OOILIMX MPOBEPOK BO BCEX TAKMX MAPax IPOBEPOK TOBOTHTCS
0 MMHHMMAJIBHO BO3MOXKHOrO uucia. VIMEHHO Takue KOJbl C HHU3KOH I0/ABEPKEHHOCTHIO
s dexty PO mosonmnu Ttemepb yxe BceM BO3MOKHOCTAM MIIJl mposBasThCs BO BCEM HX
BEJIMKOJIENIUU. A K TOMY €, CO BpEMEHEM U CKOPOCTU KOMIIBIOTEPHOI'O MOJEIUPOBAHUS [10CTE-
IIEHHO 3HAYUTENIBHO BBIPOCIU. DTO YPE3BbIYATHO MOBBICUIIO PE3YJIbTATUBHOCTD HAIIMX UCCIIENO-
BaHWM, AMHAMMYHO MCHOJb3VIOINIMX BO3MOKHOCTH M TOHKOW TEOpHH, M MacIITa0HOro
JKCIIePHUMEHTA.

Jlpyrue nporpamMMHbI€ MaKeThl Hallel IMIKOJbl 00ECHeUnBalOT celvac JAEMOHCTPALUIO
IIOMEXOYCTOMYMBOCTH, JTOCTOBEPHOCTH, CJIOKHOCTM M HACTPOWKHM IapaMETPOB aJITOPUTMOB
MII/JI. MHoro ner Ha3aJg OHM TOXE€ IOYTU Cpa3y IPOJEMOHCTPUPOBAINA B PA3IUYHBIX
9KCIIEPUMEHTAX HaWIy4dlllie BO3MOXHBIE Jake TeopeTndyecku xapakrepuctuku MIIJI, B Tom
guciie BOnm3u rpanunbl [llennona [3,17]. Oto co3mannoe Hamu IO Tak m ocraiock
€IMHCTBEHHBIM CIIOCOOOM ONpeAeTeHHUs MapaMeTpoB JHOObIX JekoaepoB mikoiasl OT mpu
0OJBIIMX OTHOCUTENBHBIX ypoBHSX Iryma no kputeputo IIJIC. Jlpyrux MeToioB HET, U elle
JONITO, a CKOpee BCero, BOoOIIe HMKOI/Ia U He OyaeT!

MII/I B COOTBETCTBHH C 3TUMHU COBEPIIEHHO OOBEKTUBHBIMU MTapaMeTPaMU BCET/Aa SIBJIS-
IOTCSl HAMJIYYIIMMH 110 TpuenuHoMy kputeputo I1JIC, ecnu koabl BBIOpaHbl B COOTBETCTBHH C
TpedoBanusimu Teopun PO [4, 16].

Baxno, uro cnoxHocTe MeronoB MIIJ[ mpakTuueckn Bcerja Ha HECKOJIBKO MOPSIKOB
MEHBIIIE, YEM Y IPYTHX adroput™MoB [3,6,7-10]. A yToOBI y Bcex HccieaoBaresnei Obliia BO3MOX-
HOCTb IIPAaBWJIBHO CPABHHUBATh CIOKHOCTb METOJOB JEKOAMPOBAHMS, Mbl CO3AAIU MPOTPaMMBbl
kanuOpoBku Ha C++, KOTOpBIE NOCTYIHBI Ha HalIMX MOpTajax Ajs Bcex xenaromux [8]. Oto
MO3BOJIIET, HAIPUMEP, Ha KOMIbIOTepe ¢ mpoieccopom Core-i7 u TakToBoM yacToToil ~3 T
st koga ¢ d~9 mpu [=10 BemmosHuTh ontuManbHoe AekogaupoBanne COK na ocnoBe MIIJ] B
rayCCOBCKOM KaHajie €O CKOpOCTbIO ~6 MOUT/c 6e3 MCIONb30BaHMUs KaKUX-JIMOO JIOTIOJIHU-
TeIbHBIX METOJOB, HalpuMep, pacnapauienuBaHus. DaKTUYECKH STOT NPUMEpP MOKa3bIBAET
ckopocthb padotsr MIIJI, Bemonsstomero ~100 npocreiimux onepanuii ClI0XXeHUs U CpaBHEHUS
LENbIX YHUCell Ipu  JEKOAMPOBAaHMM KaXIoro cuMBoia koja. Ortcroma mepecyeér
npoussogurenbHocty MIIJ] Ha npyroe umcno urepaumii I w 3Havenuin d KOZOBOIO
paccTosHUSL OYEBUJIEH. OTHU Cpe/ICTBAa KaJMOpPOBKM TIO3BOJISIOT CHEHUAINCTAM OY€Hb TOYHO
CpaBHUBATh CKOPOCTH PabOThI Pa3IMYHbBIX JEKOJEPOB.

Ho cambiM BaxknsIM cBoiicTBOM anroputmoB OT cramo To, uro MIIJ] Bcerna TouHO
U3MepseT pacCcTOSIHUE BCEW MOCIEOBATEIIbHOCTH CBOMX PEIICHUH O MPUHATOrO COOOIEHHUS.
Oto u o3Havaet, yro MIIJI - 3T0 anropuT™m moucka riodasbHOro 3KCTpeMyMa (hyHKIIHOHAIOB
(II'®) B maccuBax CO CBOMCTBAMHM CAMOKOPPEKIMHM M C SKCIHOHEHIMAJIbHO pacTyIIUM
HaObOpOM NOTEeHUHUaNbHBIX pemeHuid. M Be16op kona ¢ HebonpmmM PO omubok Ha camoM jene
CTaJl €IMHCTBEHHBIM TEXHOJIOTHUYECKUM BKianoMm npexHed TK B teoputo OT um B 3agaun
robanbHOM onTuMH3anuu (GyHKIIMOHANOB. A mpoOiema goctmwkenust O]l B HacTosiee BpeMs
pemiaeTcss METOJaMH pa3HbIX TEOpUH TMOMCKAa IIOOATbHOTO SKCTpeMyMa (YHKIIMOHAJIOB
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(III'®), ans yero ObUIO pa3pabOTAHO MHOKECTBO MPOTPAMMHBIX IAaKETOB, OCHOBAHHBIX Ha
3TuX Teopusx [3, 17]. Ontumuzamuss TpoBOAUTCS MO MHOTUM mapamerpam MIIJl: 3HaueHusIM
noporoB B IID, Becam mpoBepoK M T.A. A 3aTeM BBINOIHACTCS (PaKTUYECKOE MOJEIMPOBAHUE
pabotsl MIIJ], xorga 3a HECKOJIBKO MUHYT OOBIYHO ONPENENISIOTCS BCE MapaMeTpbl KpUTepus
ITJC, xoTOpble OOBIYHO OKa3bIBAIOTCS CAMBIMH JIYYILIMMHU K3 BO3MOXKHBIX. Ho 10 cux mop mbl
paccmatpuBanu Tosibko JICK u rayccoBckuil kanai. [loguepkHéM, 4TO 34€Ch XapaKTEPUCTUKHU
MIIJ no xputeputo I11C yxxe naBHO BHe KOHKypeHuuH [3, 5, 7, 8, 17].

4. Ctupawoniue KaHaJIbI.

Oo6patumcs k kaHaam co ctupanusmu (ErsC) [3,4,17]. B OT mpemioxeHsl ONEHKH
BEPOATHOCTH HeBOccTaHOBIIeHUs nepBoro cumBosia B MIIJL nins COK konoB B ErsC, a Takxke
CTOJIb JK€ MIPOCTBIC U JIOCTHKUMBIE OIEHKH BEPOSITHOCTEH ommOoK Ha cuMBod st O], koTopsie
JIake He HY»XHO BbIBOAUTH. Cyth anroputma MIIJ, nanpumep, a1 CBEPTOUYHBIX KOJAOB B 3TOM
KaHalle, KOTOpbIi HamHOro mpome, yeM gaxe s JICK, 3akiodaercs B TOM, YTO JCKOJAEP
OBICTPO HIIET CUTYaI[MH, KOTJla B MPOBEPKE €CTh €AMHCTBEHHBIH CTEPThI MH(DOPMALMOHHBIN
CHMBOJI, KOTOPBIH B 3TOM CIllydae HEMEJICHHO NIEKOJIUPYETCS MyTEM PEIICHUs] MPOCTEUIIEro
ypaBHEHHUA a+Xx=b, I/ie X — UCKOMOE 3HaueHne HHPOopMaOHHOTO cuMBoja. U 3To BooOe Bee!

HwxHsisi onileHKka 1718 BEPOATHOCTH HEBOCCTAHOBJICHHUS CTEPTOTO B KaHajle CHMBOJIA
IPOCTO U OYeHb ObIcTpo aocturaercs amroputmMoM MTD paxke HemocpencTBeHHO BOIM3U
IPOIYyCKHOW crocobHocTu kaHana [3,5]. OHa taxke oueHb Jerko BeiBoauTcs st COK konoB
«B omHO kacanue» [3, 5, 17].. Anroput™m Obul BHepBbie onyouaukoBan B _1983r.. Ero
CIOKHOCTH N TOXK€ JIMHEWHA OTHOCUTEIBHO N, U OH TaKXe MO3BOJSET MPUHUMATH PEIICHUS
C TOM k€ J0CTOBEpHOCTHIO, uTo U O/ [3, 17]. B TOM umncne u y rpanuusl lllenHoHa ns 3THX
KaHaJoB. JTUM a0COJIOTHO W 3aBEpIIAIOTCS COBEPIICHHO Bce wuccienoBanus B ErsC —
Haubosee JIErkoM A 3(G(HEKTHBHOTO U OBICTPOTO ONTHMATBHOTO JEKOAWPOBAHMS KaHAlle CO
CTUpaHUsIMU. JTa 3a7a4a — Mo4YTH yuyeOHas. M kpaiiHe yauBIsSeT TpaHIn03HOE YUCIIO «METOJIOBY
JIEKOJMPOBAHUsl B TAKOM KaHaje, B TO BpeMs KaK MaKCUMaJbHO MPOCTOH, JAake TPUBHUAJIbHBII
croco0 JEKOAMPOBAHUS TIOUTH Cpa3y J1ajl IOUTH UJeaTbHBIN pe3ysbTarT.

5. CuMBoJIbHBIC (HeABOMYHBIC) KOABI . TpeThbsl peBoIIOnHs

Teopema OTMTD, a takxe teopust PO siBunucs Hanbosee BaxHbIMHU pe3ynbratamu OT
u no3Bosimiu mkojie OT co3mate MIIJ] nexomepsl, KOTOpbIE B TAyCCOBCKOM M CTHPAIOIIEM
KaHanax, cornacHo kputeputo [1/IC, oOecieunBaroT HamIy4IlIne J1a)ke TEOPETUUECKU pe3yiibTa-
ThI JlaXKe MPU MAaKCHUMaJbHO BO3MOXXHOM OTHOCHUTEIBHOM YpOBHE IIyMa. JTH ABa pe3yJibTaTa
paccMaTpUBAIOTCS HEKOTOPBIMU JKCIIEpTaMH KaK HMCTUHHO HoOeJdeBCKHMe JIOCTHKCHUSI B
undposom mupe. I B camoM fiene, HUYEro cornocraBuMoro ¢ aniroputMamu MII/I mo kpureputo
ITAC nayunoit mkone OT neusBectHo. JIupepctBo OT um metomoB MIIJL st 3TMX KOZIOB
COBEpIIEHHO OECIpereIEHTHO.

Ho y nayunoit mkonsl OT ecTh elie U TpeTbe, HE MEHEe, a BO3MOXKHO, Jlaxke enlé Oonee
BOXHOE JOCTIDKCHHE TaKOro HOOEJIEBCKOTO YpPOBHS. Mbl nukBUAMpoBaIM K ~1985 romy
npodoicaruiuiica ewé u ceityac yxe 60-1eTHUI KPM3HMC B alrOpUTMax JEKOAWPOBAHMS
JUTSL HEJIBOMYHBIX KOAOB. J[J1s1 KOIMPOBaHMSI HEJJBOMYHBIX JAHHBIX JO CUX MOp (KpOMe METOOB
OT!) Moryr npuMeHSTHCS TOJIBKO €IMHCTBEHHO JOCTYIHBIE MH)XXEHEpAM KOPOTKHE U IOITOMY
BecbMa cnadwie koabl Puga-Comnomona (PC).

A mxona OT ans ciydaliHBIX OMIMOOK B -MUHBIX CUMMeTpUYHbIX KaHanax (qCK) aman-
trpoBana Jlemmy 1 mpo Bektopsl B JICK emé u kK TakuM HeABOMYHBIM KaHasaM. M cormacHo
3TOM HOBOU Jlemme 2, /U1 q-MUHOTO KaHaJla ¥ HEABOMYHBIX KOJIOB CIIPAaBEAJINBO PABEHCTBO

(A-Q)=(D.S),
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rze 3HaK "—" COOTBETCTBYET OOBIYHOMY ITOKOMIIOHEHTHOMY BBIYMTAHUIO, HAIPUMED, B KOTOPOI

rpymnmne Mo CJIOKEeHUI0, HanpuMmep, o Moayiwo q [3, 4, 13, 16, 17]. 1 na ocHOBe 3TOM HOBOU
JEMMBbI JUIsI HEABOMYHBIX MA)KOPUTAPHO JIEKOJUPYEMBIX  KOJIOB, KOTOpPBhIE MbI Ha3Balld
CHMBOJILHBIMM_KOJIaMHU, ObUI CO37aH Ype3BbIYaiiHO mpocToi anroputMm qMIIJl. DtoT ainro-
PUTM TaKXe CTPOro cxoaurcss K pemeHnio O/l u HMeeT JIMHEHHYIO CJI0KHOCTH N
oTHOCHTENbHO n: N ~n [3, 4, 5, 16]. CToyiib NOJHOE U «MICHOBEHHO BO3HHKIIEE» JIaXe
TEOPETUYECKH HAWJIy4lllee BO3MOXHOE pEIIeHHE Ul JIEKOAUPOBAHUS CHUMBOJIBHBIX KOJIOB,
KOTOPOMY HET paBHBIX cpenu aApyrux [18, 19], cpasy pemmuio Bce mpoOsieMbl AT HEIBOMYHBIX
KOJIOB 1ocJie 6oJiee, YeM MOJTyBEeKOBOTO 3aCTOs.

HuxHue npocThle AOCTHKUMBIE OLICHKHU ISl cuMBOJbHOrO O/l mpeacTasiensl B [3,4,16,
17]. MonenupoBaHue MOKa3ajao, 4TO AEHCTBUTENBHO ONTHUMalbHOE Aekoauposanue (OJ]) mpu
OYEHb BBICOKOM OTHOCUTEIBHOM ypoBHE ImyMa kaHaia qCK peanusyercss BHOJHE MPOCTO,
npu4éM MpH BeposTHOCTAX omuoOku kaHama qCK kpaTHO 6ojee BHICOKHX, YeM Te, IPU KOTOPBIX
XOTh Kak-To emé paborocnocoOHbl koAbl PC, KoTopble. MOBTOpUM, cladble T. K. OOBIYHO OHH
KOPOTKHE.

CumBonsabeie MIIJ[ Ha MHOro mopsiakoB OwicTpee, 3¢ ¢deKkTHUBHEe W MpOIle, YeM BCE
npyrue metonabl [8-11,20]. DTUM M MOXKHO, HAKOHEI, 3aBEPIUIUTh H3JIOKEHHE BOOOIIE BCEX
ocHOB HOBOH noiHoi OT, ocHoBanHOU Ha Teopusax [II'2D, teopeme OTMII/ u na Teopun PO,
00beAMHEHHBIX B eIMHYI0 Teoputo OT yHUKaIbHBIMU pecypcamMy Hallero nHHoBaunoHsoro I10.

C mnopranoB [8] MOXHO cKadaThb MH()OPMATHBHBIA IBETHOW MYIbTHUIBM C OYEHb
IPOCTOM MHCTPYKIMEN ans monb3oBarens https://decoders-zolotarev.ru mo runepcceuike [23].
On nemoHctpupyer noctuxenue MIIJ nexonepom pewmenus O/l gaxe st emié HE OYEHb
nuHHOTO Kona B JICK ¢ 10BOJIBHO BBICOKMM ypoBHEM miyma. C KaX0i KOppeKIMel CUMBOJIA,
Kak rnokasasa padora MIIJ[ B mynbTuke, nexonep B coorserctBur ¢ OTMTD ctporo yiydmaer
CBOM pelIeHHUs, Jesas ux BcE Oosiee MpaBaonol00HBIMU U TEM CaMbIM MPUOINKASICH K PELLICHUIO
O/l, a 3aTem nocturas ero.

Hamomuum cHoBa, yto qMII/] n1st cuMBOJIBHBIX KOJIOB co3aH 6osee 30 jeT Hazaa, HO
U ceifuac, mociie MOJHOW MyOIHUKaIMU 3TOTO ajlropuTMa M MPHU HAJTUYUK B CBOOOJHOM JIOCTYIE
nporpamMm MojenupoBanus padotsl qMIIL/L, ero yxe 60 ner nocne nzodperenust konoB PC no
CHU3 MOP HUKTO HE CMOT JJaXKe MPOCTO MOBTOPUTh, YTO KpalHE CTPAHHO JIJIsl TAKOM CTOJIb BaKHOU
JUISL TEXHOJIOTUH U NpuiioxkeHuit o0nactu npukiagHoil TK. Bo3moxkHO, 4To oT4acTH 3TO CBA3aHO
C KpailHUM TpeHeOpeKEHHEM IMOYTH BCEX «CMEIOBY», MOJAraloluX, YTO OHH 3aHUMAIOTCS
Teopuel KOAUPOBAHUS, SKCIEPUMEHTAIbHBIMU MOMEHTAMHU CJIEJOBAaHUN U, YTO TOXKE BIIOJIHE
peanbHO, CHJIbHBIM MaJ€HUEM YPOBHS IPOTrPaMMHUPOBAHUS B COBPEMEHHOM MHpE, KOTOPBIU
MUHOBaJI TOYKY MakCMMyMa B YPOBHE CBOEr0 HHTEIUIEKTa, OyJIeM HaAesThCs, BCE-TaKu
MaKCHUMyMa JIOKaJIbHOTO.

6. Posb Teopuii ontummuzanuu B OT

[Tonnmanne OT kak 3a1auv ONTUMHU3ALMHU TTO3BOJIMIIO HaM CO3/1aTh MHOXKECTBO HOBBIX
napajurM, KOTopble emie OoJblle YIydlIaloT CXOAUMOCTh pemeHui Bcex tunoB MIIJ x OZ.
OTO AUBEPreHIMs, KOTOpas yBEIWYHBAET PACCTOSIHHME MEXIY KOJIaMU C MOMOIIBIO METOOB,
HE CBSI3aHHBIX C KackanupoBaHueM [3,17,24,25], nekonepbl ¢ NPSMbIM KOHTPOJIEM METPUKU
(AITKM) [17], a Taxxe mapauienbHOE KackaaupoBanue [3,17] u T.1.

Hamm HOBble pemieHHst Uit OJIOKOBBIX alrOpUTMOB Butepbu Takxke 3HAYUTEIHHO
YOPOCTUIIN JIEKOJIMPOBAHUE KOPOTKHUX OJOYHBIX KoaoB [12, 17, 26]. Ham 3amaTeHTOBaHHBII
6510KkOBBI AB nMeeT Ty e 9KCIIOHEHTY CI0KHOCTH, YTO M CBEPTOUHBINM VA, B TO BpeMs Kak
UIsL psiga Opyrux OJIOKOBBIX — OnmyOiauMKoBaHHBIX OJ] CI0XKHOCTH COOTBETCTBYET YABOEHHOWM
skcnoHeHTe [5, 17] (!). UMeHHO 3/1€ech BaXKHO HAIIOMHUTH U JaBHO U3BECTHEE MHEHUE, YTO POJIb
TEOpUI ONITUMHU3ALMN B MATEMATHKE CTOJIb XKE BEJIMKA, KaK ¥ POJIb CAMOW MaTEMAaTHKHU B HaYyKe.


https://decoders-zolotarev.ru/
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7. O MmeTonax 1eKOAMPOBAHUS NP 00JILIIIOM YPOBHE IIymMa

B Onmukaiimem OyayiieM TNpu BBICOKOM OTHOCHUTEIBHOM YPOBHE IIIyMa, CKOpPEe BCEro,
He OyJeT MOJIy4eHO HUKAKUX aHAIUTUYECKHX TEOPETUYECKUX PE3YJIbTaTOB AJIi KOHKPETHBIX
METO0B KOPPEKIUH OMHOOK. ITO — KpaiiHe TPyIHO, YTO U OBLIO Jokazano ecem 60-nemmuum
onvlmom_omuocumenvHou _axkmugnocmu _npeovioyuiei TK, oagno, 40 nem nazad muxo
yuiedweit ¢ _nonen nayku. Kcratu, u mnpoOiema MNOJISPHBIX KOAOB [22], KOTOPYIO MbI
noJIpOOHO W HEOJHOKPATHO pacCMAaTPUBAIM B CBOMX pa3HbIX 0030pax, cTaja MOJHON U KpaiHe
HIYyMHOH  KatacTpodoil  mpexapinymero ¢opmata TeOpHH, T[IOKa3aB €€  TIIETHOCTb,
Hed(p(EKTUBHOCTH U a0COIIOTHYIO 0€3/10Ka3aTeNIbHOCTh BO BCEX acMEKTax, [0 MEHBIIIEeH Mepe, B
HEYKJIFO)KUX BBICTYIUICHUSAX HAIIMX POCCUHCKUX «(POKYCHHKOB» NpO «moisipbl». Ilonnas
HECMOCOOHOCTh M HAIIMX «CHEIOB» IO KOJaM  3aHUMAaThCs MPOTPAMMHUPOBAHHEM U
MOJICIMPOBAHUE TaKXKE YCYryOmsia OrpoOMHBIE MPOOJEMBI 3TOrO  a0COJIIOTHO TYIMHKOBOTO
HanpasyieHus uaeu B TK.

Takum 00pazom, peanbHbIe NANbHEHIINE PE3ylbTaThl MO MPUOIMKEHUIO K TpaHUIIE
[llenHoHa MOKa YTO BO3MOYKHBI TOJBKO B IUIAHE TEXHOJOTMYECKON ONTHUMHU3ALMHU U HACTPOEK.
['maBHYIO pOJb 371€Ch YK€ YCHEIIHO ChIrpajii Takue BakHble napagurmbl OT, Kak mpUHLHMI
JUBEPreHIMU, KOTOPBIA peaju3yeT METOJbl HECBSI3aHHOI'O C KaCKaJUpPOBAHUEM YBEIMYECHMS
KOJZIOBOT'O PAacCTOSIHUS, TEXHOJOTUU HACTPOMKHU AJIEMEHTOB JIEKOJEpa, METOJIbl MapalIebHOIO
KacKaJIMPOBaHUS, a TAK)Ke MPUHIIUI JEKOJAUPOBAHUS C MPAMBIM KOHTposieM MeTpuku (JIIKM) u
HEKOTOpBIE IPYTrUe TEXHOJOTUH, pacCMOTpeHHbIE B [3, 4]. Bce oHM MO3BOJIMIN JOTOIHUTEIBHO
npuban3uTh 06nacth 3ddextuBHON padotel MII/] Ha rpanure lllenHOHa, COXpaHUB JTMHEWHYIO
CJIOKHOCTB U IOCTUTHYB HaJiexHocTH O/ /U1 HCIoib3yeMbIX KO/IOB.

MsbI mouepKuBaeM, U4TO 3TH CTOJb BaKHbIE pe3yJbTaThl ObUIM MOJYYEHBI B MpoLiecce
€AVHON pa3padoTKN _TOHKOH JIOTMYHOW TEeOpHM ¥ _MACIUTA0HON )JKCNepMMeHTAIbHOM
MHHOBAIIMOHHOM JeATEeJbHOCTH, OCHOBAaHHOM Ha alapaTHOM M NPOTPaMMHOM IPOEKTH-
pOBaHMM M MOAENUpPOBaHUU pPaboThl anroputMoB MTD, a Taxke Ha pacuMpeHun o0JacTH
ONTUMH3ALMH T1APAaMETPOB JEKOJEPA CPEACTBAMU JONOIHUTEIBHO CO3JAaHHOIO CHELUAIbHOIO
[1O, opueHTUPOBaHHOTO Ha MOUCK IKCTPEMYMOB (YHKIIMOHAJIOB B IMPOCTPAHCTBE LM(PPOBBIX
MacCHBOB CO CBOICTBaMH CaMOKOPPEKLHMH BO3MOXXHBIX OMIMOOK. M mpu 3TOM, Kak MBI
MOHMMAEM, BCE 3TU BOIPOCHI ellle azke U He ObLIM c(hopMYJIMPOBAHBI B KaUecTBe TEKYIIHX
3a/1a4 MPUKJIAJHON TeOpUH MHPOPMALIMY HU O/IHOI HAYYHOI IPYIINOI B MUpe.

8. O cpaBHeHHM AJITOPUTMOB

Bce metonbt MIT/] BBIMOJHSIOT TOJBKO ONEPALMHU ¢ MAJIBIMU LEIBIMU YUCIIAMH, a TAKKE
UMEIOT Haunydiue napametpsl kputepust [1JIC B COBOKYNTHOCTH U MO OTAEIBHOCTH. SICHO, YTO
W3 3TOr0 HEMOCPEACTBEHHO CIIEIYET, YTO anmnapaTHbIE ¥ IPOrPpaMMHBIE BEPCUU TaKUX JAEKOJE-
POB 00JIaA0T caMO¥ BBICOKOI MPON3BOAUTEIHHOCTEIO, B ToM uucie Ha [IJINC, koTopeie mist
JIBOMYHBIX KOJIOB MBI yke obcyxaamu. CumBonumdeckue MIIJ] Takke 001amar0T OTIWYHOM
MIPOU3BOUTENLHOCTHIO. 32 Yac Takoi Jekozaep Ha mporeccope Core-i7 MOXKeT coOpaTh cTaTHC-
Tky oobemom ~10"" GuToB, a MHOrIA M HECKOIBKO GOJBLIE. [3, 9, 17]. Ha maHHBII MOMEHT
HUKAaKHUX METOA0B, CONOCTAaBUMBIX C HamuMu anroputMamu no kputeputro [IJIC u mnsa
HEJIBOMYHBIX KOJIOB TAK:Ke He CYIIeCTBYeT.

Hamm 0630ps! o Bonpocam npuknagnoit TK, T. e. Hamelt OT, moxHo Haiitu B [8, 22].
OIIHaKO OHU BBI3BIBAIOT HECOTJIACHE C HAMHU Y HEKOTOPBIX MHIWBUAYYMOB, KOTOPbIE HE CIIECIAT
3a pe3yabTaraMd W TexHojorusiMu HaydHoi mkosnsl OT. Hamomuum, uto Hama pabota
noyuwmia npemuto [IpaButensctBa P® B o6mactu Hayku 1 TexHUKH. CeTeBble MOPTaIbl HAIIEH
mkonsl OT nocemator uHoraa 10 100 Teicsta untareneid B rof [S, 17]. Mbl Takke HarpaxaeHbl
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3onoroit menansto EC "3a ucknwuumensvnwvie docmudwcenusa" B Hayke. VI Ham BpyueHa
3oa0Tast Meaanb MexIyHapoaHOTO cajloHa n300peTeHui 3a cynepObicTpoiii MITJI nexoaep Ha
IIVIMC ALTERA, co3mannsii B UKW PAH cornacHo marenty mkonst OT 1 3apa®otaBiimii
emi€ B 2007 r. Ha ckopocTu 6osee 1 ['out/c.

9. 3akJoueHue.

[kona OT 3aBepuiniia co3gaHve HaWIydux anroputmoB no kputeputo I1JIC Bo Bcex
KJIACCUYECKHUX KaHajax, paccMarpuBaeMbix B npukiagHoi TK. CylllecTBeHHO yaydlIuTh HALN
pesynbTathl 10 Kpureputo [IJIC upes3BbuaiiHo TpyaHo. 3angava, mocrabiieHHas lllenHoHOM,
MOJIHOCTHIO YCHENIHO pellieHa TeopeTudecku emé g0 1985r., a Bce pa3HOOOpazHbIC
AKCIIEPUMEHTAJIbHBIE HCTBITAHUS METON0B M TexHosiornit OT, Hamei HOBOM «KBAaHTOBOM
MEXaHUKH» B TeOpUH UHGOPMAIlMU, 3aBEPIIMJIUCH TIOJTHBIM YCIEXOM U YBEHYAIHUCh
0e3ycnoBHbIM TpuyMpoMm emé a0 1995 roga. C Tex mop BIUIOTH JO HACTOSIIETO BPEMEHU
pacmmpsitorcs: uccnenoBanua OT, HanpaBieHHblE Ha nanbHelee pa3utue TexHoioruid OT,
ynpoiieane npoektuposanusi MII/] nexonepoB 1 HOBBIX Moau(puUKanuii anroputMoB Burtep6ow,
CHUYKEHUE 3a/IepKEK MIPUHATUSA PEIICHUHN U TajJbHEUIIUN POCT CKOPOCTU HAIIUX JIEKOJIEPOB.

VYabTpacnoxkHas paboTa HECOMHEHHO HOOeJeBCKOI0 VPOBHSI YCHEIIHO U IOJIHOCTbIO
BBIIIOJIHEHA JIJIs1 BCeX TpaauUunoHHbIX B TK TUIIOB KaHANOB CBS3H.

[Ipemnoxenus nmo nanpHeimemMy pa3Butuio TexHojgorui OT OblIM BbICKa3aHbI HAMU B
pabotax [3,5,17]. Pazymeercs, oHu OynyT HEMPEPHIBHO PACIIUPATHCS U YIIIyOnsThes. Mbl mpea-
JaraeM BceM Hallly 0€3yCJI0BHYIO NOJIEPKKY B OCBOEHUU MPUKIAAHBIX focTHkeHui OT.
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