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Abstract

The fundamental principles of quantum mechanics (QM) and the structure of spacetime
in the theory of relativity (TR) are traditionally formulated against the backdrop of real
or complex numbers, regarded as a passive, universal, and infinitely precise mathematical
continuum. This paper proposes and investigates the hypothesis that such a view might
be incomplete, particularly at the ultimate, Planck scales. We suggest that the number
system itself, characterized by the choice of base B, ceases to be a mere convention
and acquires properties of an active observer or measurement context. This aspect
is formalized through the introduction of a hypothetical Number System Operator
(NSO), Ons(B). The central hypothesis posits that the complete determination of all
digits in the numerical representation N = 3" d; B’ of some fundamental quantity in a
fixed base B might be fundamentally impossible at the micro-level. Any interaction or
“measurement” associated with the context B might only reliably determine a finite
number (k + 1) of least significant digits (dp, ..., dx), leaving the most significant digits
in a state of inherent “mathematical uncertainty”. This uncertainty, we argue, could
be the primary source of quantum uncertainty and might influence the geometry of
spacetime, offering a unified mechanism to explain contextuality in both QM and TR.
The hypothesis is supported by the analysis of quantum-like structures in number
systems (exemplified by Pythagorean triples [1]), where the possibility of preserving a
“digital tail” is observed, and contrasted with the behavior of more complex structures
(e.g., cubic equations), where the NSO projection might be unique for each basis,
highlighting the universality yet non-triviality of base dependence. The hypothesis
is extended to the relativistic interval, where coordinates and time are interpreted
as abstract “numerical states”. The non-commutativity [Ons(B1),Ong(B2)] # 0 is
discussed. The NSO model is positioned as a conceptual bridge between QM and TR.
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Connections to p-adic analysis, NCQG, topos theory, information theory are considered,
and possible physical manifestations and research directions are discussed.

Keywords: Number system, number base, uncertainty principle, quantum mechanics,
relativity, spacetime, Minkowski interval, observer operator, numerical state, mathematical
uncertainty, quantization, last digits, Pythagorean triples, cubic equations, data visualization,
p-adic numbers, noncommutative geometry, information theory, unification of physics, physical
realizability, numerical examples, Dedenko, Klykov, Marinin.
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1 Introduction

1.1 The Standard Paradigm and Its Limitations

The fundamental description of nature in modern physics is divided between two extremely
successful but conceptually distinct theories: quantum mechanics (QM), which governs the
behavior of matter and energy at the microscopic level, and general relativity (GR), which
describes gravity as the geometry of curved spacetime, governing the dynamics of planets,
stars, and the universe at large. Despite the phenomenal success of each theory within its
domain of applicability, their unification into a single theory of quantum gravity remains one
of the most pressing and challenging problems in theoretical physics [10].

Both theories, despite their differences, implicitly rely on a common mathematical founda-
tion—the use of the fields of real (R) or complex (C) numbers to represent physical quantities:
coordinates, time, momenta, energies, fields, state parameters [3]. The numerical continuum
is treated as a universal, passive, and absolute background against which physical processes
unfold. The method of representing numbers, for instance, in a positional number system
with base B (N = X" d;B"), is regarded as merely a technical convention that does not affect
the physical essence. The choice of base (decimal, binary, natural) is dictated by convenience
or tradition. Physical laws are formulated to be invariant or covariant under transformations
(coordinate, gauge) that act over this number field, without touching its internal structure.

Even the revolutionary concepts of the 20th century did not challenge this view of
numbers. In QM, uncertainty arises from the non-commutativity of operators for observables
([A, B] # 0) acting in a Hilbert space over C, not from the properties of the numbers
themselves that are the results of measurements (eigenvalues) [6]. In GR, the curvature of
spacetime is described using methods of differential geometry over R, where coordinates are
just convenient labels for points on a smooth manifold.

1.2 The NSO Hypothesis: The Number System as an Active
Observer

However, one might question the universality and passivity of numerical representation at
the most fundamental scales, near the Planck length Lp ~ 1.6 x 1072® m and Planck time
Tp ~ 10~ s, where quantum gravity effects are expected to manifest, and the concept of
smooth spacetime might break down. At these scales, the very procedure of measurement
and assigning a numerical value to a physical quantity could face principal limitations related
not only to physical interactions (as in the standard Heisenberg uncertainty relations) but
also to the immanent properties of the numerical representation system itself.

In this paper, we propose and investigate the hypothesis that the standard view of the role
of numbers in physics is incomplete. We suggest that at the fundamental level, the number
system (base B) ceases to be a passive convention and acquires properties of
an active observer or measurement context. We formalize this aspect through the
introduction of a hypothetical Number System Operator (NSO), Ons(B).

The main postulates of the NSO hypothesis are:

1. Abstract Numerical State (|Vnum)): The fundamental description of a physical
quantity before its “measurement” or representation in a specific number system is given
not by a number from R or C, but by an abstract element |U,,,,) of some mathematical
space N. This state potentially contains information about all possible numerical
manifestations of the quantity.

2. Number System Operator (Ons(B)): For each measurement context, characterized



(at least partially) by a base B, there exists an operator ONS(B) : N'— S, mapping
the abstract state |W,.m) to the space of observable numerical representations Sy (a
subspace of the space of digit sequences in base B, Sg).

3. Limited Digit Observability: The action of ONS(B) on |Wpoum) does not reveal the
complete digital record of the number. It allows for the reliable determination of only a
finite number (k + 1) of least significant digits {dy,ds, ..., dx}s. The parameter
k (determining the “depth” or “resolution” of the numerical observation) might depend
on the base B, the state |W,,u,), and the physical context (e.g., interaction energy,
available information).

4. Immanent Mathematical Uncertainty: The most significant digits (dy.1, dx12, - .)
remain fundamentally uncertain or exist in a state analogous to quantum superposi-
tion relative to the given observation basis B. This uncertainty is not a consequence of
measurement inaccuracy but an intrinsic property of the numerical observation process
postulated by the NSO model.

5. Non-commutativity of Bases: NSO operators for different bases may not commute:
[Ons(B1), Oxs(Bs)] # 0. This means the result of an observation in base B, depends
on whether a prior observation was made in base By, and vice versa. This leads to an
uncertainty relation for numerical representations in different bases.

6. Source of Physical Uncertainty: This immanent “mathematical uncertainty” could
be the fundamental source of observed quantum uncertainty and contextuality, and
might also influence the perceived structure of spacetime at small scales.

It is crucial to emphasize: we do not necessarily assume “different” mathematics for the
micro- and macro-worlds. Rather, we consider that a unified mathematical apparatus
(e.g., the arithmetic of integers or real numbers) possesses hidden properties (limited
digital observability, base dependence) that become physically relevant and dominant only
at fundamental scales, while their influence can be neglected in the macro-world. This is
analogous to how relativistic effects, described by a unified theory, become noticeable only at
high velocities.

1.3 An Intuitive Metaphor: The Tower and the Spotlight

To make the idea more intuitive, let us imagine the numerical state |¥,,,) as a very
tall, potentially infinite tower, whose floors correspond to the digital places. An observation
ONS(B) is like illuminating this tower with a spotlight from the ground. We can clearly see
only a few lower floors (dp, ..., d). The higher the floor, the more it is lost in the darkness
(uncertainty). Furthermore, if we change the “color” of the spotlight (switch to a different
base B’), we might see a different number of floors or even notice details on the lower floors
that were invisible with the first light, while losing sight of something else. The very act of
“illuminating” in base B; might affect what we see later in base Bs.



1.4 Goals and Structure of the Article

The goal of this work is to develop the NSO concept in detail, explore its formal properties
(including non-commutativity and base dependence), apply it to the description of spacetime
and the relativistic interval, discuss its potential as a unifying link between QM and TR,
analyze connections with existing theories, and outline possible consequences and avenues for
verification. An important aspect is the inclusion of concrete numerical examples illustrating
the key postulates of the hypothesis and the discussion of the differing behavior of NSO
projections for different mathematical structures (e.g., Pythagorean triples versus higher-
degree equations).

The article is structured as follows: Section 2 recalls the motivation from the study of
Pythagorean triples, introduces the formalization of recurrence, and discusses the contrast
with higher-degree equations. Section 3 delves into the NSO formalism, including numerical
examples of uncertainty and non-commutativity. Section 4 is devoted to applying NSO
to spacetime, with a calculation example for the relativistic interval. Section 5 analyzes
connections with p-adics, NCG, topos theory, and information theory. Section 6 considers
consequences and predictions, including a discussion of physical realizability and statistical
aspects. Section 7 develops the hypothesis of NSO as a bridge between QM and TR. Section
8 summarizes the findings.

2 Quantum Analogies in Arithmetic and Formalization
of Recurrence

The study [2] provided empirical grounding for the NSO hypothesis by demonstrating
unexpected quantum-like patterns in the distribution of primitive Pythagorean triples (PPTs),
sets of integers (a, b, ¢) such that a* + b? = ¢ and ged(a, b, ¢) = 1. Key observations relevant
to NSO:

o Discreteness and Quantization: The observed values of the least significant digits,
¢ (mod B), took only discrete values (e.g., 1, 5, 9 for B=10; 1, 5, 9, D for B=16). This
is analogous to the quantization of an observable.

« Base Dependence/Contextuality: The structure of the distribution based on ¢
(mod B)A changed radically when switching base B = 10 to B = 16. This illustrates the
idea of Oxgs(B) as a context-dependent observation operator.

« Recurrence and “Tail” Preservation for PPTs: A key idea [2], inspired by
discussions on the dxdy.ru forum, was the possibility of generating new, larger triples
(@', b, ) from (a,b,c) while preserving the least significant digits:

Dpi(d') = Dpila), Dpir(t)) = Dpr(b), Dpir(c)= Dpx(c), (1)

where Dpi(x) = x (mod B*™!) is the operator extracting the last k + 1 digits. The
existence of transformation formulas ensuring this [1] can be interpreted within the
NSO framework as the possibility of finding a state transformation |¥,,,) — |[¢’) such
that its projection ONS(B , k) remains (partially) invariant. This resembles the stability
of certain quantum properties under evolution.



— Example (B=10): For (3, 4, 5) — Dioo = (3,4,5). We seek (a/,V, ") with
ad=3,0=4,¢ =5 (mod 10).

— Example (B=16): For (5, 12, 13) — D150 = (5,C, D). We seek (a”,b", ") with
a”=5,b"=12,¢" =13 (mod 16).

« Contrast with Higher-Degree Equations (Cubic Equations): As noted by S.
Klykov (private communication, reflected in [1]), for Diophantine equations of higher
degree, such as cubic analogues a® + b® + ¢ = d3, a similar simple recurrence and
preservation of the least significant digital “tails” when transitioning to new solutions
or changing the base is apparently not observed as clearly. Whereas for PPTs, the
NSO projection ONS(B , k) can exhibit stability under certain transformations, for cubic
equations, each NSO projection for a new solution or in a new base B’ might be unique
and unpredictable based on the previous one.

For a® +b° 4+ ¢® = d* and a” +0° + ¢® =d®, Dpy(d') # Dpi(a) (in general) (2)

This observation is critically important: it underscores that the behavior of the
numerical state under the action of ONS(B, k) is not universally trivial but depends on
the internal structure of the mathematical object itself (quadratic form for PPTs
vs. cubic form). This strengthens the argument that NSO reveals non-trivial, structure-
dependent properties of numerical states, and that base dependence is a fundamental,
not superficial, effect. The possibility of tail preservation for PPTs might be an analogue
of a “classical limit” or integrability, whereas the uniqueness of projections for cubic
equations might be analogous to “quantum chaos” or non-integrability at the numerical
level.

3 The Number System Operator (NSO) Model: For-
malism and Examples

3.1 The Space of Numerical States N

We postulate a space N whose elements | ¥} represent fundamental numerical states. N
must support arithmetic-like operations (&, ©, ®, (-)®?) and encode information for projections
Ons(B, k). Possible structures: adeles [7], NCG algebras [1], sheaves [0].

3.2 The Operator Ons(B, k) and Limited Observability

The operator Oxs(B, k) : N — S, performs a “measurement” with depth k. Tts action
yields:

ONS(B, E)|¥pum) — Outcomep , = ({do, d1, ..., dx} 5, |Uncertain) g 1) (3)

k defines the resolution, |Uncertain) g describes the uncertainty of higher digits (possibly
involving C, carrying phase info). & might depend on energy and information limits [3].

Example of Observable Uncertainty (7): (from [1], section 2) Let | ¥, correspond



to m = 3.14159....
Ons(10,k = 3)|0,) — ({3,.,1,4,1}10, |U)r103) = Obs. = 3.141

Ons(3,k = 3)|¥,) — ({1,0,.,0,1,0}3, |U)r33) = Obs. = 10.0105 ~ 3.111
The observable values differ, illustrating the base dependence of the NSO projection.

3.3 Non-commutativity and Numerical Uncertainty

Hypothesis:

2

[Ons(Bu, k1), Oxs(Ba, k2)] # 0 (4)

leads to an uncertainty relation:
Ap, (k1) - Ap,(k2) = C(Br, Bz, [Wum)) (5)

This is a numerical analogue of the Heisenberg principle, limiting simultaneous precision in
different bases.

Example of Basis Incompatibility (17): (from [I], section 4)
Ons(2,k = 2)[¥17) — ({0,0,1}, [U)1722) = Obs. =1

Ons(3,k = 1)[¥17) — ({2,2}s,|U)1751) = Obs. =8

The results are incompatible, illustrating the non-commutativity of numerical observations.

4 NSO Applied to Spacetime: The Relativistic Interval

4.1 Coordinates and Time as Numerical States |V,um)

Interpret x,y, z,t as labels for [W,),...,|¥;). The interval equation (6) becomes relation
(7).

s* = Az® + Ay + A2 — FAE (6)

(1) = ([Pac)®* @ - © ((19e)™* @ (|War)®?) (7)

4.2 Observation of Spacetime and a Calculation Example of Inter-
val Distortion

Observation via ONS(B , k) yields base-dependent components related approximately:
(sp)” = (Azp)* + (Ayp)® + (Azp)* — *(Atp)® (8)

Calculation Example of Interval Distortion: (from [l], section 3) Let x = 3.1415,
t = 1.772, ¢ = 1. True s* ~ 6.729. Observation in B = 3,k = 2: xp ~ 3.111 (10.013),



tp ~ 1.778 (1.213). Observed s% ~ 6.517. The difference s* — s% ~ 0.212 is a numerical
analogy of relativistic distortion due to NSO.

4.3 Lorentz Invariance and NSO

Reconciling s? invariance with observable sz dependence requires that invariance holds
at the level of abstract states |¥V,um), while any observation involves a context-dependent
projection via Oys(B).

4.4 Non-commutativity of Space and Time

Non-commutativity [Oxs(B,), Oxs(B;)] # 0 could provide a numerical origin for the
metric signature.

5 Connections to Existing Theories

« p-adic Numbers and Adeles [5, 7]: NSO generalizes the focus on least significant
digits to base B and introduces non-commutativity.

« Noncommutative Geometry [4, 9]: NSO as phenomenology of [z, %,] # 0.

+ Topos Theory and Quantum Logic [6, 10]: NSO models contextuality (|¥pum) as
sheaf, Ong as stalk).

o Information Theory and Holography [&]: Finite k relates to finite information
density.

6 Implications, Predictions, and Open Questions

6.1 Reinterpreting QM

NSO as numerical source of uncertainty.

6.2 Nature of Fundamental Constants

Possible limited precision and base dependence.

6.3 Quantum Computing and Information

New precision limits, “numerical qudits”.



6.4 Mathematical Challenges

Develop algebra of Oxs and space N.

6.5 Physical Realizability and Experimental Signatures

How could NSO effects manifest?

o Fundamental Limits on Precision: Minimum length/time as limit of numerical
resolution k.

» Spectral Effects: Fine structure depending on arithmetic properties of levels.

» Modification of Interference: Anomalies depending on numerical properties of setup
parameters.

o “Numerical Noise” of Spacetime: Fundamental noise from fluctuating k£ or B.

o Context Dependence in Precision Measurements: Influence of how parameters
are set (e.g., DAC resolution).

o Search for a Privileged Basis: Special simplicity of laws in some basis By.

« Statistical Analysis and Structural Dependence: Comparing the “digital texture”
for different systems (e.g., PPTs vs. cubic equations, see Section 2) might reveal how
the stability of the tail depends on the algebraic structure, confirming the non-triviality
of NSO projection.

Searching requires extreme precision and specific predictions.

7 Hypothesis: NSO as a Bridge Between QM and Rel-
ativity

The NSO model offers a mechanism to unify the contextuality of QM and TR through
the idea of fundamental contextuality of numerical description. Choosing the number

base B (ONS(B)) is analogous to choosing a measurement apparatus (QM) or a reference
frame (TR).

1. Unified source of contextuality: Dependence on B.
2. Quantum properties: From non-commutativity (4) and limited observability (3).

3. Relativistic properties: From dependence of zp,tp on B. s? invariance for |¥,) (7), not
necessarily for sg (8).

4. Universality of mathematics: Unified apparatus reveals NSO properties at Planck scale.

NSO offers a path to unification by rethinking the role of mathematics itself.
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8 Conclusion

We have presented and elaborated the Number System Operator (NSO) hypothesis,
proposing an active role for the number base B in observing fundamental states |W, ).
The NSO model, with its limited digit observability and potential non-commutativity
[ONS(Bl), ONS(BZ>] # 0, offers a unified mechanism potentially underlying both quantum
uncertainty and relativistic contextuality, serving as a conceptual bridge between QM and TR
(Section 7). Numerical examples (Sections 2, 3, 4) illustrate the postulates. A key observation
is the structural dependence of the NSO projection: the potential for numerical tail
preservation in Pythagorean triples contrasts with the likely uniqueness of projections for
higher-degree equations (e.g., cubic), highlighting the non-triviality of the hypothesis (Section
2). Discussion of physical realizability (Section 6.5) outlines avenues for experimental tests.
The NSO model suggests a paradigm shift towards recognizing the active role of mathe-
matics in shaping reality. Further progress requires rigorous mathematical formalization
and search for experimental evidence.
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AHHOTAIMA

DyHamMeHTalbHbIE IPUHLMIIBL KBAHTOBOU MexaHuku (KM) 1 cTpyKkTypa IpocTpaHCTBa-BpEMEHU
B Teopun oTHOcUTebHOCTH (TO) TpaguiimoHHO GOpMyIUpYIOTCs Ha (POHE NEACTBUTEBHBIX WU
KOMIUIEKCHBIX YHCEJI, PACCMATPUBAEMBIX KaK ITACCUBHBIN, YHUBEPCAIIbHBII 1 OECKOHEYHO TOYHBIIN
MaTeMaTUYeCKUil KOHTUHYYM. [laHHas paboTa BHIIBUTAET U MCCIIEAYET THIIOTE3y O HEMOIHOTEe
TaKOTo MOJX0/a, OCOOCHHO Ha TpeJle/IbHbIX, TUIAHKOBCKUX MacmTabax. Mbl ipeAronaraem, 4ro
caMa cucTeMa CUMCJIeHHS, XapakTepu3yeMasi BHIOOpOM OCHOBaHUs B, mepectaet ObITh MPOCTOM
KOHBEHIIMel U MproOpeTaeT CBOMCTBA aK THBHOTO HAaOJ0IaTe sl WM U3MEPUTEIbHOTO KOHTEKCTa.
ITOT acrnekT ¢popManu3yeTcs depe3 BBeaeHue runoretTudeckoro Oneparopa Cuctemsl Cuncie-
Hus (OCC), OCC(B ). LleHTpasbpHast rUmoTe3a COCTOMT B TOM, YTO TOJHAs JeTePMHUHALIUS BCEX
1UPOBBIX Pa3pAIOB YUCIOBOTO TpeacTaBienus N = > d; B' HekoTopoil (pyHIaMeHTaIbHOI
BEJMYMHBI B (PMKCHPOBAHHOM OCHOBaHUM B MOXeT ObITh NPUHIUIMHAAIBPHO HEBO3MOXKHA Ha
MUKpoypoBHe. JItoGoe B3auMozieliCTBYe WK “‘U3MepeHHe”, aCCOIMUPOBAHHOE C KOHTEKCTOM B,
MO3BOJISIET IOCTOBEPHO OIPEAEIIUTH JIUIIb KOHeYHOe urciio (k + 1) Magimmx 3HaYammx pa3psi-
1oB (dg, . . . , di), OCTaBJISISI CTapIlIMe pa3psijibl B COCTOSTHUM MIMMAaHEHTHOM ‘‘MaTeMaTU4ecKoi
HEOIpe/IeIeHHOCTH . DTa HeONpeIeJIeHHOCTh, KaK Mbl YTBEPX/1aeM, MOKET ObITh EPBOUCTOYHH-
KOM KBaHTOBOI HeONpe1eJIeHHOCTH U BIUATh HA TEOMETPHUIO POCTPAHCTBA-BPEMEHH, Mpearas
eIMHbIIA MeXaHU3M JIJIs1 OObsICHEHUsI KOHTeKCTyaibHOCTH Kak B KM, tak u B TO. I'unoresa
MOAKPETUISETCS aHAIM30M KBAaHTOBO-TIOIOOHBIX CTPYKTYP B UKCJIOBBIX CUCTEMaxX (Ha IpUMepe
IMudaropossix Tpoek [1]), roe HabmomaeTcsi BOZMOXHOCTh COXpaHEeHUsT “TU(PPOBOTO XBO-
cTa”’, ¥ IPOTUBONOCTABIISETCS TIOBE/ICHHIO 00JIee CIOKHBIX CTPYKTYP (Hanmpumep, KyOM4ecKrx
ypaBHenuit), rie OCC-npoeKius MOXeT ObITh YHUKAJIbHA JIJIS KaXJI0ro Oa3uca, NojauepKuBas
YHUBEPCABHOCTh, HO HETPUBHAIBHOCTH 6a30BO 3aBUcHMMOCTH. [ MIoTe3a pacmpocTpaHseTcs
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Ha PeJIATUBUCTCKUI MHTEPBAL, TJie KOOPAUHATHI U BPEMsI UHTEPIPETUPYIOTCS KaK a0CTPaKTHbIE
“yucnoBele cocTosIHUA . OOCYKAAETCS HEKOMMYTaTUBHOCTb [OCC (B1), Occ (B2)] # 0. Mozeis
OCC nosunmonnpyeTcs Kak KoHUentyaibHblii MocT Mexay KM u TO. PaccmarpuBaioTcs
CBs3M ¢ p-aamdecknM anamzoM, HKI, teopueii Tonocos, Teopueit nHbopMaium, 00CyKIaloTcs
BO3MOXkHBIE (PU3MYECKHE TIPOSIBICHUS U HallpaBJIeHUs JalbHENHIINX Ucciiel0BaHuil.

KaroueBrnie ciaoBa: Cuctema CUHUCJICHU A, OCHOBAHUEC YHCJIA, IPUHIUII HEOIIPEACIICHHOCTH,

KBaHTOBAsl MEXAaHUKA, TEOPUSI OTHOCUTEJILHOCTH, IPOCTPAHCTBO-BPEMS, UHTEPBaJl MMHKOBCKOTO,
orepaTop HaOJIOIEH! S, YMCIIOBOE COCTOSIHHE, MaTeMaTUIeCKasi HeONpeAeJIeHHOCTh, KBaHTOBAHUE,
nocyieare 1Udpsl, [TrndaropoBsl TpOHKH, KyOMUECKHUe ypaBHEHHS, BU3yaJIU3allvsl TaHHbBIX, -
aJyecKue 4uciia, HEKOMMYTaTUBHAs TeOMeTpHUsl, Teopusi nHpopMaluu, oobeJUHeHHE (PU3KKH,
(uznyeckas peanuzyeMocTb, YUCIOBbIE puMepsl, deaenko, KibikoB, MapuHuH.
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1 Bseaenue

1.1 CrangapTHas napaaurMa u ee OrpaHudeHust

dyHnaMeHTalbHOE OMKMCaHWe MPUPOJbl B COBPEMEHHOU (pU3MKe pa3jieieHO MEeXAY ABYyMs
YpEe3BBIYARHO YCTEIIHBIMH, HO KOHIIETITYaJ IbHO PA3JIMYHBIMUA TEOPUSAMU: KBAHTOBON MeXaHUKOM
(KM), onmchIBaoIeil IOBeIeHHe MaTepyur U SHEPTUU Ha MUKPOCKOIIMYECKOM YPOBHE, U 00IIei
teopueil otHocutesbHOCTH (OTO), onuckiBaONIEd rPaBUTALIMIO KaK TEOMETPUIO MTPOCTPAHCTBA-
BPEMEHM Ha MaKpPOCKOIIMYECKOM M KOCMOJIOTMYECKOM YpoBHsIX. HecMoTps Ha heHOMeHaIbHBbIiA
ycHex KakI0i U3 3TUX TeOpHil B CBOEl 001aCTH PUMEHUMOCTH, X OObeIMHEHUE B €JMHYI0 TEOPUIO
KBAHTOBOW IPaBUTAIIMN OCTAETCS OJHOM N3 HanboJjIee aKTYaIbHbIX M CJIOXKHBIX 337124 TEOPETUIECKOM
puzukum [ 10].

OG6e Teopuu, U BCEM MX Pa3IMIUK, HESIBHO OIMPAIOTCS HA OO MaTeMaTHIeCKuil (pyHIaMeHT
— ucnoJb30BaHue noseit aeiictutenbHbIX (R) mim kommnekcHbix (C) uncen aisi nmpeacTaBieHUs
(puznyecKux BeJIMYMH: KOOPAUHAT, BPEMEHH, UMITYJIbCOB, SHEPTHiA, TIOJIe, TapaMeTPOB COCTOSTHUS
[3]. YucioBoit KOHTMHYYM paccMaTpuBaeTCs KaK YHUBEPCAIbHBIN, TTACCUBHBIN M aOCOIOTHBIM
¢on, Ha KOTOPOM pazBopauMBalOTCsA pusnudeckre mporecchl. Criocod TMpeacTaBIeHUs Juce,
HarpuMep, B NO3ULIMOHHON CUCTEME CUMCJIEHUS C OCHOBaHUEM B (N = ) d; BY), cuuraeTcs He
Oosiee YeM TEXHUYECKUM COTIJIAIlIEHUEM, He BIUSIONNUM Ha (PU3NYECKYI0 CyTh. BBIOOp OCHOBaHMS
(1ecATUYIHOTO, IBOMYHOTO, HATYPAILHOTO) AUKTYETCS YAIOOCTBOM WM Tpaauiuei. Pusndeckue
3aKOHBI (POPMYJIUPYIOTCS TaK, YTOOBI OBITh HHBAPUAHTHBIMY U KOBAPUAHTHHIMU OTHOCHUTEITBHO
npeodpa3oBaHmil (KOOPAWHAT, KAIMOPOBOYHBIX ), KOTOPBIE IEHCTBYIOT HAJ STUM YKMCJIOBBIM TIOJIEM,
HE 3aTparvBasi €ro BHyTPEHHIOW CTPYKTYPY.

Jlaxxe peBOMIOIMOHHBIE KOHIENMU XX BeKa He MoKoedany 3Toro B3misaa Ha yucia. B KM
HEOIIpe/IeJICHHOCTh BO3HUKAET U3 HEKOMMYTaTUBHOCTH OIIepaTOpPOB HAOJII0aeMbIX ([A, B] # 0),
AEUCTBYIOIIUX B THJIbOEpTOBOM NpocTpaHcTBe Haja C, a He M3 CBOMCTB CAMUX YHCeJ, SIBJISIONIUXCS
pe3yJbTaTaMu u3MepeHuil (coocTBeHHbIMU 3HaYeHusiMu) [6]. B OTO kpuBM3HA mpocTpaHCTBaA-
BpPEMEHH OIMMCHIBaeTC A MeToaaMu aud depeHImanbHoi reoMeTpud Hajl R, T/1e KOOpIMHATHI SIBJISIOTCS
JIUIIb YAOOHBIMUA METKAMU TOYEK INIAAKOro MHOrooOpasusl.

1.2 T'unorte3a OCC: UuncaoBasg cucTeMa Kak aKTHBHBIN HA0JI101aTeJIb

OpHaKO MOKHO MOCTABUTD M0J] COMHEHUE YHUBEPCAIbHOCTb U ACCUBHOCTh YMCJIOBOIO Mpe/I-
CTaBlIeHHsA Ha CaMbIX (DyHJIaMEHTAJILHBIX MACINTa0ax, OJM3KMX K IUIAHKOBCKOM mymHe Lp ~ 10737
M U IUIaHKOBCKOMY BpeMenu Tp =~ 107*3 ¢, rue oxupaercs npossienue 3pPeKToB KBaHTOBOM
IpaBUTAIMN U BOBMOXHBIN OTXOJ OT KOHIICTIIIMY [JIAJKOTO MPOCTpaHCTBa-BpeMeHu. Ha atux mac-
mradax cama npoleaypa U3MepeHHs U PUCBOEHHS YUCJIOBOTO 3HAUYEHUs (PU3MUECKON BeJIMUMHE
MOXET CTOJIKHYTBCS C MPUHLIUIUATIBHBIMU OTPAaHUYEHUSIMH, CBSI3AaHHBIMHU HE TOJIBKO ¢ (PU3UUECKUMU
B3aMMOJICHCTBUSMH (KaK B CTAaHJAPTHOM COOTHOIIICHUH HeorpeieieHHocTel [eiizendepra), HO U ¢
MMMaHEeHTHBIMU CBOMCTBAMYU CaAMO¥ CUCTEMBI UUCJIOBOTO MPEICTaBICHUSI.

B nanHOIi paboTe Mbl BBIIBUTaeM UM UCCIAEAYEM TUIIOTE3Y O TOM, YTO CTaHJAPTHBIA B3IJIsA[
Ha poJib yKces B (pU3MKe SIBJISIETCS HEMOMHbIM. MBI Ipeamnosaraem, 4YTo Ha (pyHAaMEeHTaIbHOM
yYpOBHE CHCTeMA cUucJieHns (0CHOBaHNe 1) mepecTtaeT ObITH NACCHBHOW KOHBEHIINEN U NpH-
o0peTaeT CBOMCTBA AKTHBHOI0 HAOIIOAATEISI HJIH H3MEPHTEJIHLHOI0 KOHTEKCTa. DTOT acrieKT
MbI (hopmanu3syeM depes BBejeHne rurorerinieckoro Oneparopa Cucremel Cuncirenusi (0CC),
Occ(B).

OcHosHble nocTynaTel runotessl OCC:

1. A6cTpakTHOe YnCI0BO€ COCTOSTHUE (| W yyey)): PyHAAMEHTATBHOE ONUCaHUE (PU3NUECKON

BEJIMYMHBI 10 €€ “U3MEpPEHNS’ WM NPEJCTABIEHU B KOHKPETHON CUCTEME CUMCIICHU JAeTCs
He urciioM u3 R nmm C, a abeTpak THBIM 371eMeHTOM | W ) HEKOTOPOTO MaTeMATHYECKOTO TIPO-



crpancTBa A, DTO COCTOSHUE MOTEHIUAIBHO COAEPKUT UHPOPMALMIO 000 BCEX BO3MOKHBIX
YHCJIOBBIX IMPOSABJICHUAX BEJIMYUHDBI.

2. Omeparop Cucrembr Cuncaennst (Occ(B)): Jl1s Kak/I0ro H3MEpUTEIbHOrO KOHTEKCTa,
XapakTepu3yeMoro (110 KpaiiHeil Mepe, YaCTMYHO) OCHOBAHUEM B3, CYLIECTBYeT ONepaTop
Occ(B) : N — S, oToGpaxaoumii abcTpakTHOe cOCTOSHUE |Uyye,) B IPOCTPAHCTBO
Ha0JTI01aeMbIX YMCJIOBBIX MPEJICTABJIEHUH S (MOAIPOCTPAHCTBO MPOCTPAHCTBA T10CIEI0BA-
TesbHOCTel 1udp B 6aze B, Sp).

3. OrpannyeHHasi HaGogaeMocth mudp: eiicTBue OCC(B) Ha |Wyue,) HE pacKpbiBaeT
MOJHYI0 M POBYIO 3amuch yncia. OHO MO3BOJISIET JOCTOBEPHO OIPEIEUTh JIUITh KOHEYHOe
uncio (k + 1) muaammux 3HaYamux pa3psaos {do, dy, . .., d;} . lapameTp k (ompese-
JAMUR “TiyOuHy” WK “pa3pellieHre’” YUCI0oBOro HaOMOAeHH ) MOKET 3aBUCETh OT Oa3bl
B, coctosiust |Vyye,;) M pU3MIECKOro KOHTEKCTa (HanpuMep, SHEPrUd B3aUMOACHCTBHS,
JOCTYMHOM MH(pOpPMALIUK).

4. IMMaHeHTHasi MaTeMaTHuYecKasi HeomnpeiejieHHOCTh: Ctapmue pa3psaabl (dy 1, dgia, . . .)
OCTAIOTCsI MPUHIUIHAJIBLHO Heolpe e IeHHBIMH VI HAXOAATCS B COCTOSTHUM, aHAJIOTHYHOM
KBAaHTOBO# CYTEPIIO3HIINN, OTHOCUTEJILHO JaHHOTO Oa3uca HaOmoneHus: B. Dta HeornpeaeneH-
HOCTb He SIBJISIETCS CJIEICTBHEM HETOUHOCTU U3MEPEHHUsI, 2 BHYTPEHHUM CBOWCTBOM TIpoliecca
YHCJIOBOTO HAaOMOIeHU s, TocTympyemoro mojeibio OCC.

5. HekommyTtaTuBHOCTH 6a3ucoB: Oneparopsl OCC /115 pa3HbIX OCHOBAHUI MOTYT HE KOMMY-
tuposats: [Occ(Bi), Occ(Bs)] # 0. 910 03HauaeT, 4To pe3yIbTaT HabmoAeH!s B Oase B,
3aBUCHT OT TOTO, TIPOBOAKJIOCH JIH TIPe/IBApUTEIIbHOE Hadmoenue B 6ase By, 1 HAOGOPOT.
DTO MPUBOAUT K COOTHOIICHHIO HEOIIPEICICHHOCTH /ISl YUCIIOBBIX MPE/ICTABICHUIA B Pa3HBIX
0a3ax.

6. Ncrounnk (pu3nyecKoil HeonpeaeJIeHHOCTH: DTa UMMaHEeHTHas ‘MaTeMaTHyecKas Heorpe-
JeJICHHOCTD MOXKET ObITh (hyHAaMEHTaTbHBIM HICTOUHUKOM HaOTI0JaeMOii KBaHTOBOI HEOTIpe-
JIeJIEHHOCTH U KOHTEKCTYaJIbHOCTH, & TAK:KE BJIUATH HA BOCIIPUHUMAEMYIO CTPYKTYPY IPOCTPAHCTBA-
BpPEMEHH Ha MaJIbIX MaciTadax.

BaxHO MOIYepKHYTh: Mbl HE IIPEATOJIaraeM CyIeCTBOBaHH “‘pa3HON MaTeMaTUKU ™ JJIsi MUKPO- U
Makpomupa. Ckopee, Mbl CYMTAEM, UTO eJMHBIA MaTeMaTH4eCKHil annapar (Harpumep, apud-
METHKA TIeJIBIX WX JACUCTBUTEIIBHBIX YUCeIT) 00J1a/1aeT CKPBITHIMU CBOMICTBAMU (OTpaHUMYCHHAS
1poBast HabIIOIAEMOCTb, 3aBUCUMOCTh OT 0a3uca), KOTOpble CTAHOBSATCS (pH3NYEeCKH peJieBaHT-
HBIMH ¥ JOMUHHPYIOIIMMH TOJIBKO Ha (hyH/IaMEHTaJIbHBIX MaciTabax, Torga Kak B MaKpOMHpPE UX
BJIMSIHUEM MOXHO TIpeHeOpedb. DTO aHAJIOTMYHO TOMY, KaK PeJATUBUCTCKUE 3(P(EKThl, ONMChIBaC-
Mbl€ €JJMHO TeOpUeil, CTAHOBATCS 3aMETHBI JIMIIb IPU OOJBIINX CKOPOCTSIX.

1.3 Meradopa pisa narynnun: bamsst u mpoxkekTop

Y00l cienaTh uien 0osee HarsIHON, PEeJCTABUM YUCTIOBOE COCTOSIHUE | Wy, ) KaK OYEHD
BBICOKYIO, TOTEHIIUATLHO OECKOHEYHYIO OAIIIHIO, 9TaKU KOTOPOH COOTBETCTBYIOT ITU(PPOBBIM paspsi-
naMm. Habmonenue OCC(B ) OIOOHO OCBEIIEHHUIO ITOM OAIIHU MPOKEKTOPOM C 3eMJI. Mbl MOXEM
YETKO PasmiisiIeTh TOJBKO HECKOJIBKO HUKHUX dTaxkei (dy, . . . , di). YeM BbIllie 3Tax, TeM OOJIbIIe
OH TepsieTCs B TEMHOTE (HeonpeaeaeHHOCTH). [Ipu 3TOoM, eciid Mbl CMEHUM “UBET MPOKEKTOPA
(mepeiiieM K apyroi 6aze B’), Mbl MOXEM YBUICTh JPYTroe KOJIMYECTBO ITAKEH WM 1axKe 3aMETUTh
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ACTAJIM HAa HWKHUX ITa)XaX, KOTOPLIC OBUIA HE BUIHBI IIpU IIEPBOM OCBCHICHWHU, HO IPHU 2TOM
MoTepATh U3 BULY UTO-TO Apyroe. Cam mporiecc “ocBenieHus” B 6a3ze B MOXeT MOBIHATH HA TO,
YTO MBI YBUANM IO3XKe B 0aze Bs.

1.4 Ilenu v CTPYKTYypa CTAThH

Lenb jaHHO# paboThl — JeTanbHO pa3BuTh KoHUenuuo OCC, uccaenoBaTh ee (hopmasibHble
CBOWCTBA (BKJIIOUAsi HEKOMMYTAaTUBHOCTh ¥ 0a30BYIO 3aBUCUMOCTb), IPUMEHUTh €€ K OMHUCAHUIO
HPOCTPAHCTBA-BPEMEHH U PEJIATUBICTCKOTO UHTEpBaJla, OOCYAUTD €€ MOTEHINAI KaK CBS3YIOLIEro
3BeHa Mexay KM u TO, npoananm3npoBath CBA3U C CYIIECTBYIOIIUMU TEOPUSAMU U HAMETUTH
BO3MOJKHBIE CJIEJICTBUS U IIyTH NPOBEPKU. BaXkHBIM acleKTOM SBJISAETCS BKIIOYEHUE KOHKPETHBIX
YUCJIOBBIX MIPUMEPOB, MIUTIOCTPUPYIOIIMX KIIIOUEBBIE TIOCTYJIAThl TUIIOTE3bl, U 00CYKIEHUE Pa3IMIHO-
ro noseaenusa OCC-npoekuuii 1151 pa3HbIX MaTeEMaTUYECKUX CTPYKTYp (Harpumep, [Tudaroposeix
TPOEK B CPABHEHUM C YPABHEHUSIMU BBICIIMX CTEIIEHEN).

CraThsi CTPYKTypUpOBaHa cjenyonmM oopa3om: Pazgen 2 HarmoMuHaeT O MOTHBAIMU W3
uccnenoBanus [TugaropoBbix Tpoek 1 BBOIUT (hOpMATU3AIMIO PEKYPPEHTHOCTH, a TaKke 00CyKaaeT
KOHTPACT C YpaBHEHUSIMU BhICIIMX cTeneHeil. Paznen 3 yryonsercs B ¢popmanuzm OCC, Bkiouas
YKCJIOBbIE IPUMEPHI HEOTIPEAEJIEHHOCTU U HEKOMMYTATUBHOCTH. Pazzien 4 nocssiieH NpuMeHEeHUIO
OCC K mpocTpaHCTBY-BpEMEHH, C PACUETHBIM ITPUMEPOM [|JIs PEJIAITUBUCTCKOTO MHTEepBaia. Pazmen 5
a”Ha;mm3upyert cBsizu ¢ p-agukoit, HKI, Tonocamu u treopueit unopmanyu. Pazznen 6 paccmatpuBaer
CJIC/ICTBHS U MpeICKa3aHusl, BKIIIOYast 00CYKaeHe (PU3NIECKOI peain3yeMOCTH M CTATUCTUUECKHX
acriekToB. Pazzen 7 paspusaet runore3y 00 OCC kak mocte mexay KM u TO. Paznen 8 nogsoaur
UTOTH.

2 KganrtoBble aHajgoruu B apudmeruke u popmaamn3anusa pe-
KYPPEHTHOCTH

Uccnenosanue [2] nociaykuiao oTnpaBHON Toukoi s runote3sl OCC, mpoaeMOHCTPUPOBAB
HEO)KMJIaHHBIE KBAHTOBO-I10JJOOHBIE 3aKOHOMEPHOCTH B pacnpeieieHu NpuMUTUBHBIX [Tudaropo-
BbIx Tpoek (IIIIT) (a, b, ¢), a® + b* = 2. Kimouesble Habmoaenus, penesantrbie a1 OCC:

* IuckperHocts 1 KBanroBanme: HaGmonaembie 3HaUeHUS MIaIIIKMX paspsiioB, Dp o(c) = ¢
(mod B), npuHAMaHK JIHIIb JUCKPETHBIE 3HAUEHHUS (Hanmpumep, 1, 5, 9 npu B = 10). D10
aHaJIOT KBAHTOBAHUS HAOJII0JaEMOIA.

* 3aBucumocth 0T bazbl/Konrekcra: CTpyKkTypa pacrpeeseHus 3apucena oT B, WumocTpu-
pys uneo Occ(B) Kak KOHTEKCTHO-3aBHCHMOTO OTepaTopa.

* PexyppentHocth 1 Coxpanenne ‘“xpocra’ aJjst IIIIT: Kmouesas unes [2], BAOXHOBIEHHAas
nuckyccusiMi Ha dxdy.ru, 3aKkm0vanach B BOSMOXHOCTH FeHepaluy HOBBIX Tpoek (a', b, )
u3 (a, b, ¢) ¢ coxpaHeHHeM MJIAAIIHNX 1HUQp:

DB,k(a/> = DB,k(a)a DB,k<b/) = DB,k(b); DB,k<CI> = DB,k(C)- (D

CymectBoBanue (popmyJ1 MpeoOpa3oBaHusi, 0OECTIEYNBAOIINX 3TO [ | ], MOKHO MHTEpIIpe-
tupoBaTh B pamkax OCC kak BO3MOXHOCTh HalTH TaKoe MpeoOpa3oBaHWE COCTOSIHUS
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|Wawen) — |1, uto ero mpoekiwmst Occ (B, k) ocraercst (YaCTUYHO) UHBAPUAHTHOMN. DTO
MOXOXe Ha CTaOMJIbHOCTH OIPE/IE/ICHHbIX KBAHTOBBIX CBOMCTB.

— IIpumep (B=10): (3,4,5) — Dioo = (3,4,5). Mmem (', 0/, ) ca’ =3,V =4, =
(mod 10).

- Ipumep (B=16): (5, 12, 13) — Dys0 = (5,C, D). Umem (a”,b",c") c a” = 5,0" =
12,¢” =13 (mod 16).

* Konrpact ¢ ypaBHeHHsiMu BbicIux creneneir: Kak 6p10 otmedeno C. KIIbIKOBbIM, 1151
110(aHTOBBIX ypaBHEHUI1 O0Jlee BHICOKOI CTENeHH, TaKUX Kak Kyouueckue a® + b3 + ¢ = d3,
AQHAJIOTUYHON MPOCTON PEKYPPEHTHOCTH MJAAIIMX HU(PPOBBIX “XBOCTOB”, MO-BUAUMOMY,
He HaOmogaetcs [ |]. Eciu g TITIT OCC-npoekiust OCC(B, k) MOXeT IeMOHCTPUPOBATH
YCTOIYMBOCTb, TO U1 KyOrmueckux ypaBHeHuid Kaxaass OCC-npoeKuus A1 HOBOTO pelleH s
WA B HOBO# Oa3e B’ MOKeT OKa3aThCsl YHHKAJbHOM.

Tnaa® +0°+ =d°uad®+0°+° =d® Dgi(d) # Dpi(a) (B obmem ciydae) (2)

D10 HaOOIeHNe KPUTHYECKH Ba’KHO: OHO MOJUYEPKHUBAET, YTO TIOBEIeHNE OCC(B , k) 3aBu-
CHUT OT CTPYKTYPbI MATEMATHYECKOr0 00beKTa. DTO YCHIMBAET apr'yMEHT B IOJIb3y TOTO,
yTo OCC BBISIBIISIET HETPUBHUAJILHBIE CBOICTBA, a 6a30Basi 3aBUCUMOCTh (pyHJaMEHTaJIbHA.
BosmoxnocTh coxpanenusi xBocta ais [IIIT — ananor “kiaaccuieckoii” cTaOMIBHOCTH,
YHUKAJbHOCTh MIPOEKIHIA 17151 KyOOB — aHAJIOT “KBaHTOBOW~ HENpeACcKa3yeMOCTH/Xaoca.

3 Moaeanr Oneparopa Cucrembl Cunciaenust (OCC): dopma-
JIM3M H IPHUMeEPbI

3.1 IIpocTpaHCTBO YHCJIOBLIX COCTOAHMI N

[Mocrynupyercst poctpadcTBO N, eMeHThl |Wyye,) KOTOPOro MPeNcTaBisiorT (pyHIaMeH-
TaJIbHbIE YUCJIOBbIE COCTOAHUA. N JOKHO MOAAEPKUBATh apu(PMETUKO-TIOIOOHBIE ONEPALUM
(®,0,®, (-)®?) n kogupoBaTh MH(MOPMALIIO IS IPOEKIIHIA OCC(B, k). BO3MOXHbIE CTPYKTYPBI:
agemu [ 7], HKI'-anre6pst [4], myuku [6].

3.2 Omeparop Occ(B, k) i orpaHnyeHHas Ha0.I0aeMOCTh

Oneparop Occ(B, k) : N — S, ,, OCYILECTBIAET “U3MepeHue” ¢ rnyouHoit k. PesynbTart:

OCC(B, k)| Vauen) —> Outcomegs y, = ({dy, . . ., dx} 5, [Uncertain) s 1) 3)

k onpenensier paspeutenne, |Uncertain)  ;, OMMCHIBAET HEOMPEASICHHOCTh CTAPIIUX Pa3psiaoB (BO3-
MOxHO, yepe3 C, Hecs (pa3oByI0 HHPOPMALIUIO). k MOKET 3aBHCETh OT SHEPTUU 1 MH(POPMAITUOHHBIX
npeaesos [&].

ITpumep Hab ir0aaemoit HeonpegesieHHOCTH (7): (13 [1]) ITycTh |Woye,) COOTBETCTBYET T =
3.14159....

Occ(10,k = 3)|¥,) — ({3,.,1,4,1}10, |U)r103) = Ha6m. =3.141
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Occ(3,k = 3)|¥,) = ({1,0,.,0,1,0}5,|U)r53) —> Habn =10.0103 ~ 3.111

Habmogaemble 3HaUeHHS pa3IMIHbI, WJUTIOCTPUPY I 6a30BYI0 3aBUCUMOCTh OCC-mpoeKIvu.

3.3 HekoMMyTaTHBHOCTb M YHCJIOBAsI HEOIPEAeJIEHHOCTD

I'unore3a:
o

[Oce(By, k1), Oce(Ba, k)] # 0 4)

BEACT K COOTHOUICHUIO HEOIIPEACIICHHOCTU:
AB1 (k1> : ABg<k2) Z C(Bh BQ; |\Illmcn>) (5)

D10 YnCIIOBOM aHaJor npuHIuIa [ei3eHOepra.

IIpumep HecoBmecTumocTu 6a3 (17): (u3 [1])
Occ(Q, k= 2)|\1117> — ({07 0, 1}2, |U>1772,2) — Habn. =1

Occ(3,k = 1)|W17) = ({2,2}5,|U)17.351) — Habn. =8

PeByJIbTaTBI HECOBMECTUMBI, WJITIOCTPUPY A HEKOMMYTATUBHOCTD YHUCJIOBBIX H&6JIIOII€HI/II>'I.

4 TIIpumenenne OCC k npocTpancTBy-BpeMeHu: PeasaTuBucT-
CKHM MHTEepPBaJI

4.1 KoopauHATBI H BpeMsl KaK YHCJIOBbIE COCTOSTHUS |V yyc,)

Wutepnperupyem z, y, z,t Kak |VU,), ..., |V,). YpaBHenue udreppaia (6) CTAHOBUTCSI COOTHO-
menueM (7).

s = Ax® + Ay? + A2 — A (6)

(2% = (1Tac))®* @ - ((12e)) @ ([War))™) (7

4.2 Ha0uawaenue NpocTpaHCTBa-BpeMEHH H PACUYETHBIN NPUMeP UCKAKEeHHS
HHTEepBaJa

Ha6HIOJleHI/IC qepes Occ(B s k ) acT 0a30B0O-3aBUCHUMBIE KOMIIOHEHTHI, CBA3aHHBIC HpI/I6HI/I)KCHHOZ
(83)2 ~ (AI‘B)2 + (Ay3)2 + (AZB)Q — CQ(AtB)Q (8)

PacueTnbiii npumep uckazkenuss uarepsaia: (u3 [1]) Ilycts x = 3.1415, ¢t = 1.772, ¢ = 1.
Hctunnoe s? ~ 6.729. Hadbmoaenue B B = 3,k = 2: x5 ~ 3.111, tz ~ 1.778. Habmonaemoe
s% & 6.517. Pasnuna s? — s% ~ 0.212 — 4ucI0Bast AHAJOTMs PEJIATUBUCTCKOTO MCKAKEHUS U3-3a
OCC.



4.3 Jlopenu-maBapuantHocTb 1 OCC

NuBapuaHTHOCTS s° oTHOCUTCS K | W), HAGMOMAEMOE S 3aBUCUT OT KOHTEKCTa B.

4.4 HexkoMMyTaTMBHOCTH MPOCTPAHCTBA I BpeMEHHU

A

HexommyratuBHOCTb [Occ(B:), Occ(B:)] # 0 MOXeT gaTh 9MCI0BOe OOOCHOBAHHE CUTHATYPE
METpPHKH.

5 CBsA31 ¢ CylIecTBYIOIINMH T€OPUSIMH

e p-aguyeckue yncja u agean [5, 7]: OCC o6o0imiaer uaewo Ha B 1 BBOOUT HEKOMMY TaTHUB-
HOCTb.

» HexommyraTusHasi reomerpusi [4, 9]: OCC kak dpeHomenonorus (2, T,] # 0.

* Teopusi TonocoB U KBaHToBas Jjoruka [6, 10]: OCC kak mMojesnb KOHTEKCTYyaJIbHOCTHU
(| W ayen) - myuoK, Occ - CIO¥).

* Teopus uadopmanuu u rosorpacus [8]: KoHeuHoCTh £ Kak ciieICTBUE KOHEYHOM IIJIOTHO-
CTH UH(pOpMaIUH.

6 CaencrBus, npeacKa3aHusi 1 OTKPbITbIE BONMPOCHI

6.1 Ilepeuntepmnperamusa KM

OCC kak 4MCJIOBOI NCTOYHUK HEOIPEAEIEHHOCTH.

6.2 IIpupona cpyHaaMmeHTAJIbLHBIX KOHCTAHT

BoamoxkHas OI'PpaHUYCHHOCTb TOYHOCTHU U 0a30Bas 3aBUCHUMOCTbD.

6.3 KBaHTOBbBIE BbIluNCJIeHUs U HH(popMAaIus

Hosble npenesibl TOYHOCTH, ““UHCTIOBBIE KYAUTHI .

6.4 MareMaTnuyecKue BbI30BbI

PaspaboTka anreOpsl Occ 1 npocrtpanctea N .



6.5 ®dusnyeckas peaau3yeMoCTb H SKCIEPUMEHTANbHbIE CHTHATYPbI

Kak OCC mosxeT nposBisatbes?

o dyH1aMeHTAJIbHbIE Mpe/eJbl TOYHOCTH: MUHUMaNbHas AJIMHA/BpEMs U3-3a Mpejelia
pasperieHus k.

* CpnektpaJjbHble 3 dekTnl: ToHKasA CTPYKTYpa, 3aBUCALIASA OT apU(PMETUKU YPOBHEH.

* Moauduxanus uaTeppepeHIMN: AHOMAJINY, 3aBUCSIIME OT YUCJIOBBIX CBOWCTB IMapameT-
pOB.

* “YucuoBoii mym’’: PyHaaMeHTaTbHBIA IITyM U3-3a (prykTyauuii k wim B.

* KoHTeKCcTyaJbHOCTh B IPENH3HOHHBIX N3MEPEHNX: 3aBUCUMOCTh OT CIIOCo0a 3a/1aHusI
apamMeTpoB.

* IIpuBmierupoBannbiil 6a3uc: Ocobdas MpocToTa 3aKOHOB B By.

* CrarucTHyecKuil aHAJIW3 U CTPYKTYPHAst 3aBUCUMOCTh: CpaBHeHHUE “TIUPPOBOi TEKCTYPHI”
1uist passbix cucteM (ITIIT vs kyObl, cM. Pazfen 2) MoXeT BHISIBUTH 3aBUCUMOCTDb CTAOMIIBHOCTH
XBOCTa OT aIreOpanyecKoi CTPYKTYpPHI.

7 TI'mnotesa: OCC kak moct mexxkay KM u Teopuein OTHOCH-
TeJHLHOCTH

OCC mnpepnaraetT MexaHu3M i1 o0ObequHeHnst KoHTekcTyansHocTd KM u TO yepes uaeiwo
dyHaaMeHTAIBLHON KOHTEKCTYAJIbLHOCTH YHCJI0BOro onucanusi. Beioop Occ(B) aHanornyex
BBIOOPY M3MepuTesibHOro ipudopa (KM) u cucremsl orcuera (TO).

1. EQuHbIiA MICTOYHMK KOHTEKCTYaJIbHOCTH: 3aBUCUMOCTb OT B3.
2. KsanrtoBble cBoiicTBa: 13 (4) u (3).

3. PenatuBucTckue cBoiicTBa: M3 3aBUCUMOCTH T 3, t g OT 3. IHBapuaHTHOCTH 52 11 W) (7),
HO He 1J1d sp (8).

4. YHuBepcaibHOCTh MaTeMaTuku: Eaunbiii anmapar npossisier OCC-cBoiicTBa Ha [ naHkOBCKOM
Maciirabe.

OCC npeiaracT 1nyThb K O6”be,HI/IHeHI/IIO Yepe3 NEPCOCMBICIICHUE POJIA caMoil MaTeMaTUKU.

8 3Bakiarouenune

MBs1 npenctasuiau 1 pa3suin runoredy Oneparopa Cuctemsl Cuncnenus (OCC). Mogens OCC
C ee OrpaHMYEHHON HA0JII0AAeMOCThI0 MIIAAINNX IU(MP ¥ MOTEHIUATBHONH HEKOMMY TATUBHOCTHIO



[OCC (B1), Occ (B2)] npeqiaraeT eiMHBIA MEXaHU3M, KOTOPBIA MOKET JIe)KaTh B OCHOBE KaK KBaH-
TOBOW HEOIPeeJIEHHOCTH, TaK U PeISTUBUCTCKON KOHTEKCTYaIbHOCTH, CIIyKa KOHIENTYaIbHbIM
MoctoM Mexkay KM u TO (Paznen 7). Bkimodenue uyncioBeix npumepos (Paznenst 2, 3, 4) wiumoctpu-
pyet noctynatel OCC. BaxHbIM HaOM0ieHUEM SBJISIETCS CTPYKTYpHAast 3aBucuMocth OCC-mipoekiuu
(xonTtpacrt ITIIT u kyOuueckux ypaBHenuii, Pazaen 2). O6cy:xaeHue pu3nieckoil peaan3yeMoCTH
(Pazpmen 6.5) HameuaeT MyTu 3KcnepuMeHTanbHO nposepku. Mogens OCC npennaraer caBur
MapagurMbl K MPU3HAHUMIO aKTUBHOHM pOJIM MaTeMaTuku. [lanbHeiiiee pa3Butue TpedyeT CTporoit
MaTeMaTUYeCcKoi (popmMan3aluy 1 MOUCKa SKCIEPUMEHTAJIbHBIX CBUIETEIIbCTB.

baaropaprocTu

ABTOpBI BHIPAXKAIOT MPU3HATEIBHOCTb yUyacTHUKAM popyMa dxdy.ru 3a CTUMYAHMpPYIOLIUE JUCKYC-
CHH, JIETIIIIE B OCHOBY HEKOTOPHIX ujiel, a Takxke cozaaressam [10 [ChatGPT, Wolfram GPTs, Gemini
2.5 Pro Experimental 03-25] 3a momMoIiip B pa3padOTKe ¥ BU3yaJM3arvy KoHienmii. OTaenbHast
6narogapHocTh C. KJIBIKOBY 3a KpUTHYECKUE 3aMEUaHusl O HEOOXOAUMOCTH PACUSTHBIX PUMEPOB U
3a BaXHOE HaOMoeHne o pa3nuuuu nosegaeHus [TugaropoBeix Tpoek U KyOUUeCKUX ypaBHEHUIA B
KOHTEKCTE YMCJIOBBIX MPOEKIIUA.
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