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HYPER REDUNDANCY FOR SUPER RELIABLE FPGAs

The subject of the research presented in the article is hyper-redundant elements and FPGA devices that can be
used in highly reliable digital systems (HRDS). The current work develops hyper-reliable logic elements,
memory elements, and buffer elements for HRDS based on FPGAs, their simulation, and reliability
assessment. Objective: to develop fault-tolerant logical elements of LUT for one, two, and three variables.
Develop fault-tolerant static random access memory, D — flip-flop, and buffer element. To do a simulation in NI
Multisim to validate performance and estimate complexity and power consumption. Derive formulas for
assessing the reliability of the developed elements and devices and build graphs of comparison with known
methods of triple modular redundancy. Methods used the introduction of redundancy in transistor level,
simulation methods in Multisim, mathematical estimations of transistor number, reliability calculations. The
following results were obtained: when introducing redundancy at the transistor level and using series-parallel
circuits, it is necessary to at least quadruple the number of transistors. Passive-fail-safe elements and devices
have been developed that can withstand one, two, and three transistor failures (errors). An assessment of their
effectiveness has been conducted, showing their preference over the majority reservation. Conclusions. The
synthesis and analysis of passive-fault-tolerant circuits with an ocean of redundancy, which ensures the
preservation of a logical function for a given number of failures (from one to three), have been conducted. The
costs are more than to maintain functional completeness in the method previously proposed by the author, but
they are worth it. Despite the significantly greater redundancy compared to majority redundancy, power
consumption turned out to be lower with an insignificant increase in latency. The proposed hyper-fault-tolerant
FPGAs are advisable to use in critical application systems when maintenance is impossible. In the future, it is

advisable to consider the issue of redundancy at the transistor level using bridge circuits.
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Introduction

Motivation. Highly reliable systems beginning
Shannon, Von Neumann [1] and Avizienis articles [2] are
one of the current areas of modern technology [3, 4]. For
example, these are medical systems, military systems,
control of nuclear power plants [5], aerospace systems.
They are include Radiation Hardened by Design too [6-
8]. Fault-Tolerant Systems (FTS) uses of structural,
temporal or information redundancy to ensure the
reliability. Passive FTS (PFTS) due to a very large
redundancy (Modular Redundancy) produces fault
masking [9]. An Active Fault-Tolerant Systems (AFTS)
have less redundancy, but requires comparatively more
diagnostic and reconfiguration time to switch out faulty
elements and to switch in spare elements [9]. Deep Triple
Modular Redundancy (TMR), i.e. k-layer TMR has a
depth to single gate. Transistors cannot be tripled,
although redundancy at the transistor level allows you to
reach the very high Reliability, which can be called
“Ocean of the Redundancy” [10]. Such redundancy is a

variant of the so-called functionally complete tolerant
elements [11], when the original logical function is
preserved [12].

State of the art. FPGAs [13] are the most general
element of the modern digital equipment in general and
the base of the SoC (System-on-Chip), SiP (System-in-
Package) in particular [14-16]. Impressive progress has
been achieved in the field of logic implementation, the
number of logic elements reaches tens of millions [17],
new efficient Tri-Gate transistors have been created
[18,19] and provide a completely new level of efficiency,
including reliability. Despite the fact that FPGAs are
vulnerable to radiation due to the large amount of RAM,
they are used in highly reliable systems, for example, in
Mars rovers. Triple Modular Redundancy is already used
in re-programmable FPGAs [20]. FPGA-based
instrumentation and control systems Safety Platform for
Nuclear Power Plants, for example, represented [21].
FPGA Technology for the Multi-Version Safety
described publication [22]. However, a qualitative leap in
reliability has not happened, although he has already
matured. It should be a multi-layered reliability system,
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in which redundancy begins at the nanoscale [10-12].
Goal and structure. To design and investigate base
FPGA’s elements — LUTs (Look up Table), NOT gate,
SRAM cell, Flip-Flop, 3-State Buffer with the
redundancy at the transistor level. To compare the
proposed solutions with tripling.

The structure of the article includes an analysis of
the existing LUTSs, the development of a fault-tolerant
NOT gate, LUTSs for one, two and three variables. Then
author investigates Fault Tolerant Memory (RS Flip-Flop,
SRAM, D Flip-Flop) and Buffers. The article performs
simulation and evaluation of the PFT FPGA’s elements
for the Hyper Reliable Systems (HRS) with “Ocean of the
Redundancy” which may mark a new stage of FTS
development following the “Sea of Gates” [23].

LUT

LUT (Look up Table or Truth Table or Functional
Generator) for the n variables how the base of a FPGA

logic [24, 25] is a multiplexer (MUX) 2" -1, which in
other words is 2" -2=2.(2"-1) n-MOS pass—
transistor’s tree. For example at n=1 we have — Fig.1

X

Vdd
x X —
F(1) o0 —E X
F(0)
)

a) b) C
Figure 1. LUT-1: a) p-MOS pass transistor’s
tree 2t — MUX 2-1; b) F(0), F(1) — masks from
configurations memory (CRAM); ¢) CMOS NOT Gate

The SRAM cells for storage F(0), F(1) themselves
are not shown in Fig.1 Connecting two MUX 2-1 trees
by third MUX 2-1 tree, we get LUT-2, as shown Fig. 2.

X1

F(X2x1)

F(00)

Figure 2. LUT-2; F(00),, F(01),, F(10),
F(11), — CRAM masks

So we can set any from the 2° =4 functions

F(X2X1) having four bit Configuration Read Only
Memory (CRAM) F(00);, F(01),, F(10);, F(11),.
Similarly, we can get LUT-3 for F(X3X2X1) (Fig. 3).
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Figure 3. LUT-3;
F(000),, ... F(111), - CRAM masks

But LUT-4 for F(X4X3X2X1) according Mead-
Conway rules [26] must include additional invertors
(signal’s level restorations blocks) and, of course,
additional MUX 2-1 — Fig. 4.

Therefore, LUT-3 is the base block of the FPGAS
logic. The complexity of LUT-n in the number of
transistors with n <= 4 can be estimated by the
expression (1):

L, N .gyon+l g )

Decomposing LUT-n an n-tree with k LUT,
k e {12, 3,4}, 8<=n>=k, we get:

Lo —oN.gy 2K+ oK. 0Nk
' 2

n-k
+(22 +1+2n_k+1)+4n.

The obtained estimates can be used for the LUT-n
reliability calculating.

Fault Tolerant LUT

Using Quadded transistors in CMOS NOT Gates,
SRAM cells and in pass transistors, we obtain proposed
Fault Tolerant LUT-1 — Fig. 5. Every transistor is
redundant! We have in fact functional complete tolerant
[11] expression XXV XX for n-CMOS transistors (else
variant [x v x][xv x]). Similarly for p-CMOS transistors

NOT gates we can get XX XX and [xv X][Xv x]
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Figure 4. LUT-4; F(0), ...
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Figure 5. Fault Tolerant LUT-1T

Any failure of any (only single) of the four
transistors will not cause the entire group to fail. For
example: xxXv1Ix=X;0XVv XX =X; XXV XX = X.

It is hyper reliability! The same redundancy is used
in inverters (inside NOT gates). The time delay is doubled
(the signal passes two transistors instead of one).
Following this principle, we get LUT-2T, in which four
transistors in a row — Fig. 6.

X1
x2

F(11)

F(10)
F(X2x1)

F(01)

F(00)

Figure 6. Proposed Fault Tolerant LUT-2T

F(15) — CRAM masks

Therefore, to implement LUT-3T, signal buffering
is required by introducing additional recovery inverters —
Fig. 7.

Thus (Fig. 5-7), for parrying the failure of one
transistor in each group of the four transistors necessary
four-fold redundancy. To parry the failures of any two
transistors, nine-fold redundancy is necessary. Fig. 8
shows Fault Tolerant LUT-1T2.

However, the time delay is tripled. Fig. 9 shows
Fault Tolerant LUT-1T3.

The time delay is quadrupled. It should be noted that
such redundancy is similar in other elements of LUT
(inverters -NOT gates and SRAM cells).

Further increasing of the redundancy violates the
rules of Mead-Conway. It should be noted that such
restrictions might be relaxed by using Tri-Gate
transistors.

F(X3X2X1)

Fault Tolerant LUT-3T

Figure 7.
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For example on Fig. 8: xxxv xxxv10x = Xx.

X

F(1)

Figure 8. Fault Tolerant LUT-1T2
(expression XXX v XXX v XXX masks any failures
of any two transistors)

For example on Fig. 9: 0 v XX v xxxx v 101X = X.
Using LUT-1T2, LUT-1T3 we can designed LUT-2T2,
LUT-2T3, LUT-3T2, LUT-3T3.

F(1)

F(X)

F(0)

Figure 9. Fault Tolerant LUT-1T3
(expression XXXX v XXXX Vv XXXX v XXXX masks
any failures of any three transistors)

Fault Tolerant Memory and Buffers

Configurations memory (CRAM) contains six-
transistor SRAM cells — Fig. 10.

It is obvious that the restrictions of the Mead-
Conway with the introduction of redundancy at the
transistor level are observed. Each transistor of the
SRAM cell (Fig. 10) is reserved accordantly Fig. 5.
Analysis D Flip-Flop allows you to set the applicability
of the above-described reservation — Fig. 11.

WL

BNis EQ R.LlB

Q'

Figure 10. SRAM cell, B (R —reset),
BN (S — set) — bit lines; WL — write line;
Q, Q’ — outputs

master latch slave latch

Figure 11. D Flip-Flop, “Master-Slave” latch;
CLC — clock inputs; D — date input

Similarly, one can make sure that the Mead-Conway
rules are observed and with the introduction redundancy
to the buffer — Fig. 12.

Vdd

Figure 12. 3-state buffer:
E — enable input; D — data input

Similar technologies can be used to increase the
reliability of connections in the FPGA, which are in many
ways similar to LUT. Thus, the proposed redundancy can
be implemented in all basic elements and devices of the
FPGA.

Fault Tolerant Elements Simulation

Circuit simulation is performed to confirm
operability and assess current consumption and delay in
the system NI Multisim (National Instruments
Electronics Workbench Group). Dynamic and static
models of the Invertor (CMOS NOT gate) with
transistors redundancy (ideal model of the transistors),
parrying any fault of the transistors, shows Fig. 13. In
static proposed NOT gate perform true calculation:
x=1F(x) =0(Fig. 13, a); x=0, F(x) =1(Fig. 13, b).
In dynamic waveform (Fig. 13, c) is correct, but the
performance is slightly reduced, then of the usual NOT
gate with two transistors (Fig. 1, c).

Proposed MUX 2-1 of the LUT-1T (free available
Spice Model BSIM4.8, 65nm) shows Fig. 14, a.
Q1,Q2,Q3,Q4 are the quadrupled transistor Q for the X
input (Fig. 1,a), Q5,Q6,Q7,Q8 are the quadrupled
transistor Q for the not X input (Fig. 1, a). Sram0, sram1
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are the masks from configurations memory F(0), F(1)
(Fig. 1, b). Out 0 (Fig. 14, a) — is the F(x) (Fig. 1, b).
NOT Gate is not shown. Such quadrupled LUT-1 is
compared with Triple Modular Redundancy LUT-1
(Fig. 14, b). ME — is Majority Voter, Majority Element
with function XX, v X, X; Vv X,X;, X, X,, X; - outputs of the

channels LUT1, LUT2, LUTS3.

A comparison of the power consumption of the
LUT-1T/LUT-1 TMR at 1 V Power Supply shows
Fig. 14, c). Despite the larger number of transistors, LUT
QR (Fig. 14, a) wins LUT TMR in power consumption,
although one non-redundant LUT consumes significantly
less than LUT TMR, LUT QR. Similar results were
obtained for other supply voltages in range 0,2...5 V.
Layout simulation in MicroWind (free version) also
confirmed the results obtained in the system NI Multisim.

Fault Tolerant 3-State Buffer Simulation shows
Fig. 15. Each transistor shown in Fig. 12 is quadrupled:
NOT gate is consist of four p-MOS transistors and four
n-MOS transistors (fault tolerant NOT gate on the
Fig. 15). Data transistors are two n-MOS transistors 1,2
and two p-MOS transistors 3,4. Faults simulation is
similar Fig.13 b.

Quad CMOS SRAM cell simulation shows Fig. 16.
Proposed Fault tolerant SRAM cell has two Fault tolerant
NOT gates1,2 (outputs Q,Q’ on the Fig. 10) and two
control n-MOS Fault tolerant transistors 1,2 (B,BN on the
Fig.10). Faults simulation has confirmed the
effectiveness of the proposed cell in comparison, for
example, with DICE SRAM [7].

D Flip-Flop Simulation (Master block) shows
Fig. 17. Each transistor shown in Fig. 17 is quadrupled
too. The Slave block was simulated similarly.

Therefore, simulation confirms the correct operation
of the FPGAs elements with “Ocean of the redundancy”.

The proposed redundancy reduces performance and
can be used at the level of individual devices, and maybe
at the level of the entire FPGA, to arbitrate other, faster,
but not redundant at the transistor level, devices. Hybrid
redundancy is possible, for example, transistor
redundancy is used for configuration RAM, as the least
speed-critical FPGA device, and the rest of the blocks are
tripled. It also makes sense to investigate such redundancy
for buffer elements, and use channel-by-channel
redundancy for memory and logic elements.

Fault Tolerant Elements Evaluation

Redundancy on the transistors level does not
required Majority Voters, so we can get parrying, for
example, any fault of one transistors from four transistors
for the each transistors — expression 3 (Weibull
distribution [27]):
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Figure 13. CMOS NOT gate with transistors
redundancy simulation: a) x=1; F(x)=0; b) x=0; F(x)=1
at the faults of the transistors, which dedicated red rings;
c) waveform of the dynamic simulation
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Figure 17. D Flip-Flop Simulation (Master block), Y1, Y2 — outputs, shown Fig.11

a a
Pt).. =[e 441 1463417,
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where n — is a complexity of the device in amount of the
transistors, « is a Weibull distribution coefficient
1<a<2;A isafailure rate of one transistor (1/hour),
t —is an operation time in hours.

In common case parrying any faults one of the

transistors from (v) from(v + 1)2we get formula (4)

P
n/(v) from(v+1)

He+1)2-i]- At

Z(t):

\Y .
=[y c!
i=0 (e+1)

NG (4)

e i

Failure-free operation probability of the usual Triple
Modular Redundancy system is described by
expression (5):

P (1) B S 1Y (1) B R iy
P,=@e 2-e ) 5)

[04
192"

Thismethod is parrying only one fault in one of the
three channels (or one of the power supply). Note that
“12” is a complexity of the Majority Vote Circuit in
amount of the transistors. With the Majority Voters
tripling, we get formula (6):

Pyg = 3.2 (M At 5 B(n)- 2t
(6)

.@eaxuyamagesxuyzmay

In this case is parrying of the failure in one of the
three channels and in one of the Majority Voters (or one
of the power supply too).

Then we can get from (4) formula (7) to parrying any
three faults in sixteen transistors (v=2) — expression 7

Py =€ A 1o e B A g e 1A,

) ) (1)
1366 A (e A2

We can get from (4) parrying any three faults in
sixteen transistors (v=2) — expression 8

P(t) 3 :e—(le)'ﬂ'ta +16‘e—15'ﬂ,'ta (1_e—l'ta )+

-14-41-t* —A-1%2 ®
+120-¢ @-e )+

1560-e 13 A g4 t3
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A further increase in redundancy leads to a violation
of the existing of the Mead-Conway rules, so we will not
consider them. Let the failure-free operation probability

of the n-transistors device equal e " Failure-free

operation probability curves (3), (5), (6) for different n
shows Fig. 18. Calculations show the best failure-free
operation probability of the proposed devices Pfti(t)

(green lines, v=1) compared to the original circuit

e+t (red line) and tripling P(t), (blue line) P(t).,
(black line). With a small number of transistors,
triplication is impractical — Fig. 18, a,b.

PRI(Y)

Failure-free operation probability curves (3), (5) - (8)

for different n) in the range of the probability 0.1-1 shows
Fig. 19. We observe the best values Pfti(t) (green line),
Pft2(t) ( purple line), Pft3(t) (light blue line) over the
entire range of probabilities, as opposed to tripling —
Fig. 19, a, b, c. It should be borne in mind that passive
fault tolerance is considered here, therefore the time
interval is relatively short (to 200 hours ), and the failure
rate is very high (107 1/h), which corresponds to critical
applications operating in harsh environments.
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Figure 18. Failure-free operation probability curves of the n-transistors device e

device with TMR P(t),,, P(t),, device with “Ocean of the Redundancy” Pftl(t) ; (¢ =154 =107 ):
a) n=2 (CMOS NOT gate); b) n=6 (SRAM cell, 3-state buffer); ¢) n=22 (D-Flip-Flop)
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Figure 19. Failure-free operation probability curves of the n-transistors device et ,
device with TMR P(t), P(t),, , device with “Ocean of the Redundancy” P(t) 4, P(t),, P(t)4 (2=151=10°):
a) n=22 (SRAM cell, 3-state buffer) in the range of the probability 0.8-1; b) n=22 (SRAM cell, 3-state buffer)

in the range of the probability 0.1-1;

¢) n=92 (LUT-3) with SRAM cells;

d) n=188; LUT-4 with SRAM cells

Conclusion

Therefore, the “Ocean of the Redundancy” allows
you to get a higher failure-free operation probability than
tripling (TMR), and over the entire time range. To parry
any one fault in each transistor structure, fourfold
redundancy is necessary. Ninefold redundancy is needed
to achieve a more substantial probability of failure-free
operation. An even bigger effect is given by the structure,
which parries the failures of any three transistors, but it
requires sixteen times redundancy. Design of the “Ocean

of the Redundancy” systems must be take into account
the necessary hardware costs and time delay.

It is also possible to additionally reserve transistor
connections and duplicate the power supply. This
approach can also be applied at the level of neural
networks, which requires additional research. A
comparison of the devices “Ocean of the Redundancy”
and modular redundancy devices shows the preference
first for energy consumption. In the future, we should
consider redundancy directly in the topology of one
transistor.
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I'HMIEPU3BBITOYHOCTD /151 CBEPXHAJIEKHBIX IIJIMC
C. @. Tropun

IIpeameToMm ucciaenoBaHus, IPEICTABICHHOIO B CTAThE, SBIAIOTCS TUIICPU30BITOUHBIE SIEMEHTHI M YCTPOICTBA
[JIMC, xoTtopble MOI'YT OBITh MCIIOJIB30BaHbI B BBICOKOHAIeKHBIX 1(poBbix cuctemax (BHLIC). enblo nanHoM
paboTHI ABJIAETCS pa3paboTKa TUIEPHANEKHBIX JTOTHYECKHX dJIEMEHTOB, 3JIEMEHTOB IIaMATH, Oy()epHBIX 3JIEMEHTOB
i BHIIC wa ocnose ITJIMC, nx MonenupoBaHue U OIICHKA HAISKHOCTH. 3aiaya: pa3paboTaTh 0TKa30yCTONYHBHIC
mormyeckue anementsl LUT Ha omHy, nBe M Tpu mepeMeHHble. Pa3zpaboTaTh OTKa30yCTOHYMBYIO CTaTHYECKYIO
ONlEpaTHBHYIO MamsTh, JI-tpurrep u OydepHblii snmemeHT. Bbimomuuts cumymsiimio B NI Multisim s
MOATBEPKACHUS PabOTOCIIOCOOHOCTH M OLIEHKH CIIOKHOCTH M MOTPeOsieMOil MOIHOCTH. BrIBecTH (opMyInbl mms
OLICHKH HaI&KHOCTH pa3pabOTaHHBIX 3JIEMEHTOB M YCTPOMCTB M IOCTPOUTH Ipa(UKi CPaBHEHUS C HU3BECTHBIMU
METOAaMH TPOMPOBaHHMSA. lICmonb3yeMble MeTOAbI: BBEACHHE M3OBITOYHOCTH Ha YpPOBHE TPAH3UCTOPOB, METOIbI
MozenupoBaHus B Multisim, MaTeMaTHYecKHe OLEHKH KOJIMYECTBAa TPAH3UCTOPOB, pacdeThl HAIEXKHOCTU. Bpum
TIOJTy4YeHbI CIeAYyIOIUe Pe3yIbTaThl: IPH PEe3EePBHUPOBAHUHU JIOTHKH Ha TPAH3UCTOPHOM YPOBHE M MCIOJIB30BaHUH
MOCTIeZIOBATENbHO-TIAPAIIENBHBIX [elel HEeoOXOAUMO MHHHMYM YYeTBEpeHHE KOJIMYECTBA TPaH3UCTOPOB.
Pa3paboTaHbl MacCHBHO-OTKa30YCTONYMBEIC SJIEMEHTHI M YCTPOWCTBA, MAPUPYIOIINE OIWH, /1Ba U TPU OTKa3a (cOost)
TPaH3UCTOPOB. BrImonmHeHa oneHka #X 5(Q(GEKTHBHOCTH, IIOKa3bIBAIOIas HX MPEANOYTUTENHFHOCTh Mepes
Ma)KOPUTapHBIM pe3epBUpoBaHMEeM. BpiBoabl. HayuHas HOBH3HA IONYYEHHBIX pE3YJIBTATOB 3aKIIOYACTCS B
CIIENYIOIEM: TPOBEICHBl CHHTE3 M AaHalM3 ITACCHBHO-OTKAa30YCTOMYHMBEIX CXEM C «OKEaHOM» H30BITOYHOCTH,
00€eCIeYnBaOIIeM COXpaHEHNE JIOTHYECKOH (DYHKIMH NMPU 3aJaHHOM KOJHMYECTBE OTKa30B (OT OFHOTO IO TPeX).
3arpatsl Golblne, YeM Ha Mojuep kaHue (YHKIHMOHAIBEHOM MOMHOTHI B METOJIE, paHee MPEIOKEHHOM aBTOPOM, HO
OHH TOro CcToAT. HecMoTps Ha 3HAYHMTENBHO OONBINYI0 HM3OBITOYHOCTH IO CPaBHEHHIO C Ma)KOPUTapHOH
W30BITOYHOCTBIO, JHEProMmoTpeOIeHHE OKa3aloch HIDKE MNP  HE3HAYMTEIBHOM  YBEIHYCHHU  3aJCPXKKH.
[pemmoxkennpie tumneporkazoycroiuussie [IJIMC 1menecooOpa3HO WCMONB30BATH B CHCTEMAaxX KPUTHIECKOTO
NPUMEHEHHSI TP HEBO3MOXKHOCTH TEXHHYECKOro OOCTY)KMBaHHA. B HanpHeHIeM menecooOpa3HO paccMOTPETh
BOIPOC PE3ePBUPOBAHUS HAa TPAH3UCTOPHOM YPOBHE C HCIIOIB30BAaHUEM MOCTHKOBBIX IIeTICH.

KuroueBsie ciioBa: LUT; maccHBHO-0TKa30yCTONYMBBIE CHCTEMBI; HAAEKHOCTD, N30BITOYHOCTb.

TIEPHAJIMIIKOBICTH VIS HATHAITAHUX TLJIIC
C. @. Tiwopin

IIpeameTom mocii/DKEHHS, MTPEACTABICHOIO B CTATTi, € TinepHaAIMImKoBi enemeHty i npucrpoi IUIIC, sxi
MOXYTb OyTH BHKOpPHCTaHi B BUCOKOHasiitHMX mudposux cucremax (BHLIC). MeToro nanoi pobotn € po3poOka
rilepHa/UTMIIKOBHX JIOTIYHUX €JIEMEHTIB, eleMeHTiB maM'siTi, Oypeprnx enementiB it BHLC nva ocHosi ITIIC, ix
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MOJICTIOBAaHHSI 1 OIiHKa HaAiiHOCTI. 3agaya: po3poduTH BiaMOBOCTIHKI JioriuHi enementn LUT Ha omHy, 11Bi 1 TpH
3MiHHI. PO3poOMTH BiIMOBOCTIHKY CTaTH4YHY OIEpaTHBHY mnam'ath, J[-Tpurep i Oydepuuii emnement. BukoHatn
cumyssiito B NI Multisim [utst minTBepKeHHS MPane31aTHOCTI Ta OIIHKK CKJIQJHOCTI 1 CITOXXMBAHOI TOTY>KHOCTI.
BuBecty (hopMymu A5t OLIHKY HAIHHOCTI pO3pOOJICHNX €JIEMEHTIB 1 IPUCTPOIB Ta MOOYAyBaTH rpadiki IOpiBHIHHS
3 BIJOMHMH METOaMH TpPOipoBaHis. BUKOpHCTOBYBaHI MeTOAM: BBEAEHHS HaIMIPHOCTI Ha piBHI TPaH3UCTODIB,
METOIM MojemoBaHHS B Multisim, MaTeMaTn4Hi OLIHKHM KUTBKOCTI TPaH3HCTOPIB, PO3paxyHKH HajidHOCTI. Bynu
OTpUMaHi HACTYITHI pPe3yJbTaTH: IIPY PE3EPBYBAHHI JIOTIKM HA TPAaH3UCTOPHOMY PiBHI i BUKOPHUCTaHHI ITOCIiIOBHO-
TapayieNbHUX JIAHIIOTIB HEOOXiTHO MIHIMyM TIOYETBEPEHHsS KINBKOCTI TpaH3UCTOpiB. Po3pobiieHo macuBHO-
BIIMOBOCTIHKI €JIEMEHTH 1 MPHUCTPOT, 1110 BiJOOpakatoTh OJMH, JIBA i TPH BiMOBH (30010) TpaH3HUCTOpiB. BukoHaHO
OLIIHKY X e(eKTUBHOCTI, sKa MOKa3ye ixX mepeBary Iepe] MakOpHTapHHM pe3epByBaHHSIM. BucHoBku. Haykosa
HOBU3HA OTPUMAaHUX PE3YJIbTATIB MOJIATAE B HACTYITHOMY: ITPOBEJCHO CUHTE3 1 aHaJIi3 MaCHBHO-BIIMOBOCTIHKIX CXEM
3 «OKEaHOM» HaJIMipHOCTI, 1110 3a0e31euye 30epeeHHs! JIOri4HOi (PYHKIIT PY 3aaHii KiTbKOCTI BiIMOB (BiJl OZHOTO
J0 TpboX). ButpaTtn Ounblie, HiXXK Ha MATPUMKY (DYHKI[IOHAJIBFHOI MOBHOTH B METOJI, paHillle 3almpOlOHOBAHOMY
aBTOpOM, ajie BOHM TOro BapTi. He3Bakarouum Ha 3HayHO OLIBIIY HAJAMIPHICTH B TOPIBHSHHI 3 Ma)KOPUTAPHOIO
Ha/IMIpHICTIO, €HEPrOCHOXKMBAHHS BUSIBUJIOCS HIDKYE NPH HE3HAYHOMY 30UTBIICHHI 3aTPUMKH. 3ampoIroHOBaHi
rinepBigmoBocTiiiki [1JIIC nouinbHO BUKOPHCTOBYBATH B CHCTEMaX KPUTHYHOIO 3aCTOCYBAaHHS IPi HEMOXKIJIMBOCTI
TeXHIYHOTO OOCIyroByBaHHs. Hajami JOLINBEHO pO3IJISSHYTH NMUTAaHHS pe3epBYBaHHS Ha TPaH3MCTOPHOMY pIBHI 3
BHUKOPHCTaHHSIM MOCTIKOBHX JIQHIIIOTIB.
Kurouosi ciioBa: LUT; macuBHO-BIIMOBOCTIlKI CHCTEMU; HAIIHHICTh; HAJAMIPHICTh.

Tropin Cepriii ®eopenToBiu - 3acmyxenuil BuHaxigqHuk Pociiicbkoi ®Denepariii, JOKTOp TEXHIYHUX HAYK,
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