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nioxii. )KogHOro nepeMuKkaHHs MK KOHCOJISIMH, aHAJIITHK 0a4UTh BUCHOBOK CHCTEMH
MAIIMHHOTO HaBYaHHSA TaM, € 1 BC1 iHIII NOJii, a CHcTeMa aHali3ye 30aradyeHi JaHi.

[lonmepenni mabGoparopHi TecTd Ha Bimkpuromy pnatacetri CIC-IDS2017
MiATBEPAWIN TPHUHIUIOBY MpAaNe3laTHICTh MiAXOLy Ta NPUHHATHI METPUKH
knacugikamii ansg OiIpIIOCTI TpeAcTaBleHUMX KiaciB artak. lloBHa Bamimariis
METOJIONIOTI] B YMOBaX pPEaJbHOTO BHPOOHHYOTO CEpefOBHINA 3aIUIaHOBaHA Ha
HaCTYIIHOMY €Talli IOCJIi/UKEeHHs. BifMoBiIHO, KINBKICHI OIIHKY BIUIMBY Ha CepeIHil
4ac BUSIBJICHHS Hapasi He HaBOSThCS.

B poboti mpexacraBneHo Meronoiorito 306aradeHHS MOMIH CTPYKTYpPOBaHHMH
METaJaHUMH MAIIMHHOTO HAaBYaHHA B KopensuiiHy joriky SIEM-cucrem, mo
Oazyerbcsi Ha Kiacudikamii MepexxeBoro Tpadiky momemto Random Forest 3
MOBEPHEHHSIM MITKH KJ1acy Ta OLIHKH BlieBHeHOCTi. O3HaKOBHUil BEKTOP (HOPMYETHCS
3 MEPEKEBHUX METAIaHUX CECiHi, a pe3yIbTaTh Kiacudikamii mepeaaroThes B TLUIO MoIil
yepe3 mosist ml_class, ml_score Ta ml_features summary. Ile ycyBae HEOOXiHICTh
PYYHOTO 3iCTaBIEHHS JAaHUX MDK KOHCOJSIMH Ta CTBOPIOE HEPEIYMOBH IS
CKOPOYCHHS 4acy BHSBIICHHS 3arpo3.
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The construction of a large-scale universal quantum computer remains
constrained by the inherent fragility of quantum states, which are continuously subject
to decoherence, dephasing and energy dissipation. Reliable quantum information
processing therefore relies on quantum error correction (QEC) codes, in which a
single logical qubit is encoded into an entangled state of many physical qubits. Within
the framework of fault-tolerant quantum computing (FTQC), logical operations on
encoded data must be implemented in a manner that prevents the uncontrolled
propagation of physical errors. The principal mechanism that ensures this property is
transversality: a transversal logical gate acts as a tensor product of local unitaries on
the constituent subsystems, guaranteeing that a single physical fault propagates to at
most one qubit per code block [1].
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In 2009 B. Eastin and E. Knill established a no-go theorem stating that no
nontrivial finite-dimensional quantum error correcting code can support a continuous
group of transversal logical gates [1]. An immediate corollary is that no finite-
dimensional QEC code admits a universal set of logical gates implemented
exclusively by transversal operations. This result imposes a fundamental constraint
on every known approach to scalable FTQC and motivates a broad research program
aimed at characterizing, quantifying and circumventing this limitation [2,3]. A QEC
code is defined as an isometric embedding of a logical Hilbert space into the Hilbert
space of a composite physical system. A transversal logical operator is, by definition,
a tensor product of local unitaries acting on individual subsystems or fixed-size groups
of subsystems. The original argument of Eastin and Knill proceeds by considering the
intersection of an arbitrary Lie group of logical unitaries with the group of locality-
preserving operators on the code. This intersection is a closed subset of a Lie group
and, by Cartan's closed-subgroup theorem, is itself a Lie subgroup [1].

The infinitesimal generators of any continuous transversal symmetry must
therefore be expressible as sums of local Hermitian operators. The Knill-Laflamme
conditions, however, require that every correctable local operator act on the code
subspace as a scalar multiple of the identity, since otherwise local degrees of freedom
would carry information about the logical state. Consequently, the Lie algebra of
transversal logical operators reduces to global phases, the corresponding Lie group
has dimension zero, and the set of transversal logical gates is a finite discrete subgroup
of the unitary group. Universality, which requires a dense subset of the unitary group,
is therefore unattainable by transversal means alone in any finite-dimensional code
that corrects local errors [1,3]. The Eastin-Knill theorem admits a natural
reformulation in the language of covariant quantum codes, i.e. codes for which a
continuous symmetry transformation on the logical system is implemented by a
symmetry transformation on the physical system.

Table 1
Comparison of approximate Eastin-Knill bounds for covariant QEC
against local erasure noise

Bound / construction Symmetry group Scaling of infidelity ¢ | Reference
Original no-go (exact) Continuous —{ . . [1]
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In this formulation the theorem states that exact covariant codes with respect to a
continuous symmetry cannot correct local erasure exactly in finite dimensions [2,4].
In [4] recast covariant QEC as a quantum metrological protocol in which the
estimation of an unknown rotation angle on the logical system is mapped to the
estimation of the corresponding angle on the physical system, and derived analytic

lower bounds on the worst-case entanglement infidelity £ in terms of the regularized
symmetric-logarithmic-derivative quantum Fisher information of the noise channel

(4]
&‘Z/fl[(AHL)Z ] @

4Fy (Ng. Hy)
where &(X):(l+4x— (1+4x))/(2(1+4x)),(AHL)2iS the variance of the

logical Hamiltonian and 4F;* is the regularized quantum Fisher information of the

physical noise channel.

The bound holds whenever the Hamiltonian-in-Kraus-span condition is satisfied
and is asymptotically saturated by a family of so-called thermodynamic codes for
erasure noise [4,5]. An independent representation-theoretic approach in [3]
established an approximate Eastin-Knill theorem of the form € > Q(1/n) for codes
admitting a universal transversal action of a compact Lie group on n physical
subsystems [3]. Since universality cannot be achieved by transversal gates alone in
any single finite-dimensional code, fault-tolerant architectures combine transversal
Clifford operations with additional resources that lift the gate set to universality. Three
principal strategies are established in recent papers. First, magic-state distillation
provides high-fidelity ancillary states that, together with transversal Clifford gates and
gate teleportation, realize a non-Clifford gate such as the T gate; in conventional
surface-code architectures this procedure has been estimated to account for a
substantial fraction of the total qubit overhead [7,8]. Second, code switching transfers
logical information between two codes whose transversal gate sets are mutually
complementary, jointly spanning a universal set without resorting to distillation [9].
Third, concatenated and triorthogonal code constructions implement universal fault-
tolerant gates by combining transversal operations at different concatenation levels with
intermediate error correction [10]. Recent experimental work has demonstrated that
these strategies are reaching the regime of practical fault tolerance. In 2025 high-fidelity
logical magic states were prepared via code switching in the two-dimensional color
code, with logical error rates comparable to or below the underlying two-qubit physical
gate error rate, completing a universal fault-tolerant gate set together with previously
demonstrated transversal Cliffords, state preparation and measurement [11].

Conclusions. The Eastin-Knill theorem constitutes one of the central structural results
of fault-tolerant quantum computing. Its rigorous mathematical content that finite-
dimensional codes correcting local errors admit only a discrete group of transversal logical
unitaries has been substantially refined over the past five years through the development of
approximate and covariant formulations, quantitative metrological bounds, and explicit
code constructions that nearly saturate these bounds. The combined progress in theory and
experimental realization of magic-state preparation and code switching indicates that the
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practical implications of the theorem, while fundamental, do not preclude scalable
universal fault-tolerant quantum computation.
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VY MIKpOCepBICHUX Ta MYJbTHXMapHHX CEpeIOBHUIIAX 3aCOO0M MOHITOPHHIY
(hOpMYIOTh BeJTUKi 00CATH TeNeMEeTpii: METPHUKU PECYpPCiB, MEPEKEBI TOIi, )KypHAIH
noctymy, HTTP-xomun moMuiiok Ta maHi mpo B3aeMopito cepsiciB. TpamuiiitHuit
MOPOTOBUH KOHTPOJIb YacTO BHUSBISE JHIIE (aKT BIAXUICHHS 1 HE TOSCHIOE, YOMY
CTaH € pu3nKoBUM. [l KiGepOesmeKkH e YCKIaIHIOE PO3MEXYBaHHS IHLHUICHTY,
nerpajanii cepBicy Ta 3BUYaifHOr0 KOJIMBAaHHS HaBaHTaxeHHs [1].

MynbTUXMapHe CEepeOBHIIEC pO3IJSIJAETCS K CYKYNHICTH  CEpBICiB,
PO3rOpHYTHX Y pI3HMX XMapHUX JOMEHax, perioHax abo mposaiinepax. Meroro
po6oTu € po3pobieHHs MiAXoay A0 mosicHioBaHOro AI/ML-BusBIEHHS aHOMAJIH,
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