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ABSTRACT

Context. Structural redundancy is one of the main ways to create highly reliable devices and systems for critical applications.
The object of the study was hybrid redundancy in the Fault-Tolerant Systems, for example in aerospace hardware exposed to
radiation.

Obijective. The goal of the work is the calculation of the complexity and probability of failure-free operation of digital circuits
with hybrid redundancy combining tripling, deep tripling, and quadding. The comparison shows that tripling is not always better than
a circuit without redundancy over a sufficiently large time interval. Good results are obtained by tripling with three majority voters
and deep tripling, but the latter significantly increases the time delay of the signal. The greatest gain in reliability provides quadding
at the transistors level, but it is not always possible due to the restrictions of Mead-Conway, in addition, the delay at least is doubled.
The article describes proposed method of the combined redundancy taking into account the necessary hardware costs and time delay.

Method. Determining the complexity in the units of the conditional number of transistors and maximum signal path from the
input to the output in the number of transistors, as well as using the Weibull distribution to estimate the probability of failure-free
operation. Simulation of proposed hybrid redundancy in the system NI Multisim by National Instruments Electronics Workbench
Group. The failure-free operation probability estimation in the computer mathematics system MathCad.

Results. Expressions are obtained for the estimates of complexity, time delay and probability of failure-free operation of
redundant digital circuits; curves are built in the Mathcad. Simulation confirms the performance of the proposed redundancy options.

Conclusions. The conducted studies allowed us to establish the effectiveness of hybrid redundancy to improve the reliability and
the radiation resistance of the digital circuits.

KEYWORDS: Redundancy, Triple Modular Redundancy, Quadding Redundancy, Failure-Free Operation Probability.

ABBREVIATIONS
TMR is a Triple Modular Redundancy;
QR is a Quadding Redundancy;
RBD is a Reliability Block Diagram;
DT is a Deep Triple Modular Redundancy;
HR is a Hybrid Redundancy;
DNF is a Disjunctive Normal Form;
CNF is a Conjunctive Normal Form.

P, is a failure-free operation probability of the

circuit with proposed redundancy;
r is a share of the transistors for QR;
e is an amount of the parryable faults;
k is an amount of the DT layers.

INTRODUCTION

Fault-Tolerance Theory is the relatively young Theory
was formed from the Von Neumann works [1] to
Avizenis A. [2] and further to modern researchers [3-6].

Fault-Tolerance Systems are very important in
aerospace, medical, nuclear power plant, military
hardware [2, 3]. Under the radiation in Integrated
Circuits, two types of failures are observed [7]: some
occur because of accumulation of a dose of radiation,
others occur because of hitting a single particle. The first
type of failure includes, for example, an increase in delays
inside the Integrated Circuits or a change in logic levels.
The second type of failure is called single events. Such
events include, for example, the Single Event Latch. Next
is Single Event Gate Rupture, Single Event Transient,
Short-term state change of the logic output. Single Event

NOMENCLATURE
A is a failure rate of one transistor (1 / hour);
t is an operation time in hours;
o is a Weibull distribution coefficient;

e is a failure-free operation probability of the

circuit without redundancy;

Pem  is a failure-free operation probability of the
circuit with exist redundancy;

n is a common amount of the transistors in device
without redundancy;

Ngy 1S a common amount of the transistors in device

with exist redundancy;

Nyz 1S @ common amount of the transistors in device

with proposed redundancy;
T, 1s a conditional time delay of the device with

exist redundancy;
T,r 1s a conditional time delay of the device with

proposed redundancy;
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Upset reversibly changes the state of the memory register,
RAM, or flip-flop. Single Event Hard Error irreversibly
changes the state of the memory register, RAM, or flip-
flop and others.

In Radiation Hardened by Design [8-10] device are
used special circuit and technological methods to increase
radiation resistance for example Passive Fault-Tolerant
and Active fault-tolerance technique [11]. For example,
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Passive Fault-Tolerant Systems uses Triple Modular
Redundancy, Deep Triple Modular Redundancy,
Quadding Redundancy. Similar technologies are currently
being applied at the FPGA level and provides radiation
protection too [12,13].

The object of study is the Passive Fault-Tolerant
Systems based on RHBD Radiation Hardened by Design
CMOS circuits or pass transistors circuits.

The subject of study is the Triple Modular
Redundancy, Deep Triple Modular Redundancy and
Quadding Redundancy methods for parrying radiation
faults (single events) by Hybrid Redundancy.

The known sampling methods [4-6, 12—-16] not uses
hybrid types of the Triple Modular Redundancy, Deep
Triple Modular Redundancy / Quadding Redundancy.

The purpose of the work is to establish Hybrid
Redundancy capabilities at the CMOS transistor level.

1 PROBLEM STATEMENT
Given: P, ,Ngy,Tey according existing methods of

Fault-Tolerant Systems, Radiation Hardened by Design
Systems: Triple Modular Redundancy (TMR), Deep
Triple Modular Redundancy (DT), or Quadding
Redundancy (QR).

In the literature [1-16], the problems of Hybrid
Redundancy (HR) are not fully covered.

It is required: investigate the effectiveness of HR in
the sense of complexing TMR, DT, QR and obtain Pyg,
P

on=ngy —NyR, ¥
EM ~INHR n

HR>  THR>

according proposed HR.

2 REVIEW OF THE LITERATURE

The Radiation Hardened by Design methods [8-10]
for parrying IC radiation faults (single events), are
divided into parrying methods to reversibly changes and
parrying methods to irreversibly changes.

Radiation resistance is the property of equipment,
component elements and materials to perform their
functions and maintain parameters within the established
standards during or after ionizing radiation. To create
radiation-resistant microcircuits, commercial technologies
are used, for example, Silicon-on-insulator, which
excludes thyristor effects. Well proven technology silicon
on sapphire. The Radiation Hardened by Design methods
includes parrying Single Event Upset cells of static
random access memory SRAM by means of special
duplication — Dual Interlocked Storage Cell [14]. For
parrying faults, it is used TMR [13], NN-Transistor
Structure for Defect-Tolerance at the Nanoscale [15], for
example QR. TMR for the A, B, C one bit channels [3]
shows Fig. 1.
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Figure 1 — TMR: a — Tripled Circuit (Channels A, B, C); b —
Conditional CMOS Mirror Majority Vote Circuit (Decision
Circuit); ¢ — Conditional TMR RBD with three Majority Voter

Channels A, B, C (Fig. 1 a, c) can be single output
circuits. If there are several outputs, then each requires its
own Majority Vote. CMOS Mirror Majority Vote Circuit
(Decision Circuit) has three A, B, C p-type transistors in
the part of the circuit connected to the power supply Vdd,
and three transistors of n-type in the part of the circuit
connected to the Ground. Conditional TMR RBD shows
logic OR of the A, B, C, bur real logic functions V (NOT
V) of the Majority Vote Circuit (for the p-type transistors)
are as follows:

V(ABC) = ABv AC v BC,
V(ABC)=ABv AC v BC =
(AB)(AC)(BC)=(Av B)(AvC)(BvC) =
= ABv AC v BC.

()

Thus, any error (radiation faults) in one of the channels
A, B, C (Figure la, formulas 1) will not lead to an
incorrect result if there is no radiation fault in the Majority
Voter. In order to take into account the possibility of
failure of Majority Voter, it also mast be triple (Figure
1b). In this case, the failure of one channel and one
Majority Voter is allowed. This TMR is more than 300%
redundancy, since Majority Voters, three more power
sources and tripling of communication lines are needed. It
increases reliability in a logical sense. However, it is
required a quantitative assessment of reliability in the
sense of probability theory

Weibull distribution [3] is most suitable for describing
the reliability of circuits under conditions of radiation
exposure. Let “12” is a complexity of the Majority Vote
Circuit in amount of the transistors (Fig.1-b); 1< <2.
Formula (2) describes failure-free operation probability of
the TMR system (Fig. 1 a).
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By =@- e 2" g Bt )e_(lz)'Ma. (2)

With the Majority Voters tripling (Fig. 1 ¢), we get
formula (3)

B3 =@ o 2m At gy (=B(m)h” )% 3)
x(3- 2UDN o 3120ty

Comparison of (3) and (2) shows great efficiency, of
course at the expense of high costs. Thus, TMR can parry
only one (2) or two (3) radiation failures in one channel or
in one Majority Voters. TMR delay increases due to
Majority Vote Circuit delay (two transistors delay of the
CMOS Mirror Majority Vote Fig. 1b + additional one
transistor delay of the CMOS NOT).

The analysis shows that the probability (2), (3) of
increases with a larger number of parried failures and
decrease failure rate of the channels A,B,C. This approach
is implemented in Deep Triple Modular Redundancy (DT)

DT (k-layer tripling) shows Fig. 2 and is described by
formula (4)

Ao
—2n—t
Py =[Be * -2¢

o o
><[36—212}» t _26—3-12)» t ]k

—SnK—t“
k ]k %

“4)

b

n)\ —the failure rate of the entire channel.

With such DT (k-layer) redundancy (Fig. 2), radiation
failures is parried in each k layer of the generalized

A"H B
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Ad H C.i

Majority Majority
Yolerl 1 Voter 11

Majority Majority -
Vater 2.1 | Voter3.1

Majority Majorily
Valerl.d Yoler 3.1

channels A,B,C and in each generalized Majority Vote.
This further increases costs and the time delay in the
circuit due to k£ Majority Vote. However, the effectiveness
of (4) is much higher than (2) and (3).

In common case it is parrying e radiation fault from
2e+1, where e — number of the failures (errors), we get
formula (5).

e . - o o i
P(t,eha) =Y Chon {e—[(zeu)—z].x., ~(1—e‘“ ) } )

i=0

Limit of the triple redundancy depth at the present
technology level — is one element (gate, flip-flop or SRAM
cell), transistors cannot be tripled. However, they can be
quadded [15]: A,B,C,D — four copies of one transistor for
e=1 (Fig. 3).

We see (Fig. 3) that with any radiation failure (=1,= 0,
NOT) of one transistor (value A=B=C=D), the logic
function does not change.

QR on transistors level does not required Majority
Voters because it is implemented implicitly by connecting
transistors. Therefore, we get parrying any fault of one
transistors from four transistors for the each transistors in
circuit unlike (2)—(5) — expression 6.

P(t)g =l 4483 (1=, (6)

However, redundancy increases even more — up to
400% percent with e=1.
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Voler1. || Voter 2k

A"‘H B.i

Majority || Majority
Voter 2k[ | Voter3.k

Majority Majarity
Volerlk Vaolerdk

V(ABC)

Figure 2 — DT (k-layer) a — Real RBD; b — Real CMOS Mirror Majority Vote Circuit
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Figure 3 — QR circuits: a — DNF option; b — CNF option

In common, case parrying any faults, one of the e
transistors from (e+1)> we get formula (7).

© : _ 210 4% PPN
P(e)fmm(e+1)2 ()= ZC(IEH)Z fe {(e+])"—i}rt (e At )1, %)
i=0

At e=2 we get 900% redundancy. At e=3 we get
1600% redundancy. Moreover, there are restrictions on
the number of series-connected transistors. This is a lack
of QR. Therefore, we restrict ourselves to e = 1. Besides

(e+1)’

e
times compared to the original circuit (Fig. 3, expression
6, 7). Thus, each method has its advantages and
disadvantages. It is advisable to determine the conditions
for their effective combination. Based on the above, an
hybridization of known methods of introducing
redundancy is proposed (Hybrid Redundancy, HR).

3 MATERIALS AND METHODS

Hybrid Redundancy estimates we are obtained by
possible modifying the formulas (1)-(7). First, it is
necessary to determine the circuit complexity, time delay
and possibly other estimates for the proposed HR. To do
this, we will perform modeling of typical CMOS circuits
and circuits used in the FPGA, which characterize the
basic set of digital elements.

Simulation of the QR, TMR, HR is performed in the
system NI Multisim by National Instruments Electronics
Workbench Group.

Then it is necessary to determine failure-free operation
probability of the different proposed and experimentally
confirmed HR variants.

The first variant of combining redundancy F,,34 is

quadding circuit time delay increases more than

proposed: only Majority Voter (12 transistors, with

additional inverter not specified in Fig. 2b) is quadded —
formula (8):

Br3a = G- e—2-(n)~7vt“ -2 6_3-(n)'?vl‘a )% (®)

8

>

o o o
><[e_4'7“'t 1 4.0 (l—e_M )]12

In expression (8) part (3~e_2'(")'7"tu —2~e_3'(")'7"tu) is
tripled system including n transistors (A is the failure rate
of one transistor, l/hour) in each A, B, C channels
(Fig. 1a). Part [e_‘m’a +4.¢7M" (l—e_Mu )]12 presents
quadded Majority Voter (Fig. 2 a).

The second variant £,,.34, : Quadding of the Majority
Voter transistors and r-part of the » transistors; tripling of
the gates with n-rn transistors is — formula (9):
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Ptmr34g =(3- 6_2.(’1_’/”)'}“& -2. 6—3'(’7—1”17)-7»1“ )x o
x[e_4')”'ta +4. e—3~7vt“ (1- e—x.z“ )]12+rn.

Take into account that rn transistors are quadded so rn
is added to the number of transistors in the Majority Voter
(12 + rn). The same value rn is deducted from the total
number n in tripled part.

This option does not take into account the
requirements of the Mead-Conway [17]. It is assumed that

they are respected. The third variant P digr USES deep

tripling at k(1-r) levels and nr quadding, Majority Voters
are quadded:

Ao A
—2n71 73n7t ek
P =[3e —2e -

[Be 22" gt ke (10)
.[674%{" +4. e*.”-/l-lfu (1 _e—l-t" )]nr'
In formula (10) subexpression
Ao Ao
—2n—t -3n—it k- . .
[3¢ k —2¢ F ] is the failure-free operation

probability of the DT part of the
[Be 2120 1" L 3120 o ke

system,

is failure-free operation
probability of the k(1-r) Majority Voters according (4).

The fours variant is tripling of the quadded circuit
o)

et e ey
By =B-e ! -

R G  (e R (1

-2.e t )X

o o o
e M 44 (g M 12,

ln([e"”"’a +4'673-M“ (l—e’“a K
t(‘l,
of the quadded part. Therefore, the expression (11) is not
simplified. Second element of the (11) is equal the second
element of the (8).
The next variant P,

Note - is the failure rate

mr3dgt part of the gates with n

transistors is quadding (gates with rn transistors); tripling
of the gates with n-rn transistors + Majority Voter is
quadding — formula 12.
—41% —3t* At \qrn
e In([e ¥ +4.e73M (1—e )] e
=3¢ t —

Ptmr34gt

4 3 1t \yn
P Caiats il (=) (A
D.e ! )%

(12)

X[e—4~k~t“ +4'e—3~k‘t“(l_e—7vt“ )]12’

So formula (12) is combined expression (9) and (11).
Failure-free operation probability according existing and
proposed expressions is estimated in the computer
mathematics system MathCad. Hardware conditional
costs in number of the transistors, conditional time delay
are corrected taking into account experimental resalts.
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4 EXPERIMENTS Fig. 4 corresponds to QR DNF option (Fig. 3 a). QR

Let us perform simulation of the base CMOS logic parry any single radiation defect in A,B,C,D or/and

gates with QR. For example simplest CMOS NOT QR A B.C,D (Fig. 4 c). The number of transistors quadruples

(CNF option) gate static simulation shows Fig. 4. from two to eight and the delay in the number of
transistors in the path from Power supply twice.
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Figure 5 — QR CMOS NOT Gate dynamic simulation: a — Quad
. . . NOT normal waveform; b — Single Fault — Quad NOT correct
Figure 4 — QR of the CMOS NOT Gate static gmulanon. a— waveform: ¢ — Two Faults — Quad NOT defect waveform
x=1; F(X)=0; b — x=0; F(x)=1; ¢ — defaults B, D ; d — default
CMOS NOT at defaults B, B, D .
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Since the NOT Gate have a single transistor in each of
the two parts of the circuit, the QR leads to a twofold
increase of the time delay so the Mead-Conway
constraints [15] are performed.

It is easy to see that the QR in the logical gate
2NAND (2NOR) will lead to a path of a maximum of
four transistors. These restrictions allow for a series of no
more than four transistors. As a rule, we are talking even
about three transistors. For example, in FPGA, after every
three transistors, a signal-level restorer is installed. Four
transistors in a row are present, for example, in 4NAND
(4NOR). 1t is clear that the direct QR of 3SNAND (3NOR)
is unacceptable, the decomposition by 2NAND (2NOR) is
required. Fig. 5 shows dynamic simulation results of the
QR NOT gate without faults — a; with single fault, (e=1) —
b; with two faults, (e=2) —c.

Fig. 5 b, ¢ confirms that with one fault (for example —
default B, D Fig.4 c) the circuit functions correctly, the
circuit is not operational if two transistors fail in one part
of the circuit (for example — default A,B Fig.4).

At the same time, the Majority Voter (Fig. 2 b)
performs NOT function of the three channels with the
same time delay, but the cost is ten transistor.

LUT FPGA - is the universal logical module or

functional generator or multiplexer 2" —1, for example
at n=1: SRAMO is the F(0), SRAM1is the F(1).

A comparison QR with TMR shows the preference
QR for energy consumption, for example as shown Fig. 6
for the TMR and QR LUT FPGA (n=1).

Fig. 6 a, b does not take into account additional
inverters for the output and inputs, which are taken into
account in the Fig. 6 c.

Simulation of the LUT-2 and the measuring of the
power consumption of the LUTs shows Fig. 7.

Similarly, was performed the simulation and
investigation of the redundancy SRAM cell, D-flip-flop,
3-state buffer.

Then let us build Failure-free operation probability
curves in the computer mathematics system MathCad
based on the results of circuits simulation.

5 RESULTS

The simulation results of the TMR and/or QR FPGA’s
basic elements confirmed the possibility of the proposed
combined redundancy. As it turned out, the QR gives a
gain in power consumption (Fig. 7 b).

Comparative curves of the original CMOS NOT
circuit failure-free operation probability and TMR,
TMR3, QR shows Fig. 8 — a, b. Fig. 8 — ¢, n=20, - d,
n=100 graphically illustrates the QR advantage with
increasing number of transistors n.

Increasing of the failure-free operation probability by
using hybrid redundancy demonstrates Fig. 8 — e, n=50;
r=0.5; k=10; — f, n=100; r=0.4; k=7. The unit specific
probability (Formula 13) is obtained taking into account
the costs in number of the transistors (Table 1).
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Table 1 — The hardware and time costs of the QR/TMR and HR

Ne Failure-free Hardware conditional Conditional time delay Note
operation costs in number of the
probability transistors
symbol
1 P 3n+12 T 42 TMR, Excluding additional power supplies;
! T, — time delay of the circuit with n transistors; 2—
time delay of the Majority Voter
2 p 3n+36 T +2 TMR3, Majority Voters tripling
tmr3 n
3 P{ 3n+36k T +2k DT, Majority Voters tripling
at n
4 qu 4n 21:” QR, Without taking into account the decomposition
5 er 34 In+48 T, + 4 HR (TMR+QR) Majority Voter
T —
6 Ptmr34g 3,,,(1 _ I’) +4nr+48 Toion) + 2Tm, +4 HR (TMR+QR) Majority Voter
7 _ HR (DT+QR)
Pdtqr 3n(l—r)+4nr+48k Ty(l—r) + 2z, +4k
8 P, 12n+48 2t +2 HR (TMR+QR)
tq(t n
9 - 2t 21 +4 HR (TMR+QR)
szr34gt 12n(1—r)+4nr+48 T, t 27,
6 DISCUSSION The direct introduction of QR into logical elements

As it evident from the Fig. 8 —a,b with a small “n”, the
TMR P is worse than the non-redundant circuit. TMR

P, wins only to probability 0.99 (n=2, r=60), and then it

becomes lower than the non-redundant circuit. At the
same time, QR P, is better any TMR. However, and G

falls below after a probability of about 0.6 (¢ about 800).
With an increase in n (20, 100) QR wins over the entire
time interval (Fig. 8 —c, d).
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with e = 1 is possible only for two-seat operations, and for
the implementation of the others logic gates
decomposition 1is necessary, which increases the
complexity and delay.

By (1) allows to achieve maximum reliability (Fig. 8 —

e, ), but this requires a very large redundancy (Table 1).
Quadding “not more expensive” than CMOS tripling
(Table 1) in case a large number of outputs m, since each
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Figure 8 — Failure-free operation probability of the TMR, QR, HR:
a—n=2,1=0...100; b — n=2; =0...1000; ¢ — n=20; d — n=100; ¢ — n=50 r=0,5; /=10 ; f— n=100; r=0,4; k=7; g — t=50; 1=0,7; k=10;

h—=10; /=0.5; k=7; L =10, 0 =1.5
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of them must has TMR Voter (12 transistors), that
determined by the formula (8):

4n<3n+2m=1<122
n

(14)

For example 2NOR (2NAND) gate has n=four, so we
get 16 transistors (QR) against 24 (TMR). In addition,
time delay TMR 2NOR (2NAND) in amount of the
transistors is five, time delay QR 2NOR (2NAND) is
equal four. That is, with a small n there is an advantage in
terms of complexity and delay even at m=1! However,
TMR, unlike QR, takes into account the failure of one of
the three power sources. However, it can be shown that K
has the ability to connect a backup power source.

It is easy to see that redundancy at the circuit level and
even more so at the channel level is worse than
redundancy at the level of individual transistors.

Failure-free operation probability of quadding channel
requires specific CMOS voter circuit (for example Fig. 4).
Quadding transistors (6) better than quadding circuits (15)
and channels (16):

(V) o o
—4-nht +4.e—3-nk-t (l_e—nk-t )]

(15)

P(O)4—circuir =le

—4-nh-t* —3-nht* —nht*
P(t)4—channel :[e n +4.¢e n (l—e n )]X

o o o (16)
x[e_M"t +4.e73M (l—e_M )]

Option (15) for time delay is equivalent to (6),
although it is possible that this option (15) is preferable
technologically, this requires further study of the
corresponding sizes of the crystals areas. At the same
time, (15) requires compliance with the Mead-Conway
restrictions, and (16) does not.

However, channel quadded-structure (16) much worse
than quadded-transistor (6) and tripling (2), (3), (4).

Taking into account the restrictions of Mead-Conway,
DT with partial QR Py, (Fig. 8 —e, f) is most preferable

compared to clean redundancy (Fig. 8 — ¢, d). The specific
unit probability of the P, is most preferable too (Fig. 8

-8 h)
However, Py, requires a significant increase of the

latency “input-output” which may be unacceptable in
some cases.

Therefore useful TMR-QR  F,,,34, (Fig. 8 — g, h) in

the case of strict limitations in the time delay.

CONCLUSIONS
The problem of creating Passive Fault-Tolerant
Systems with Hybrid Redundancy is urgent, as known
types of redundancy in some cases do not allow achieving
the required reliability in radiation conditions.
The scientific novelty of obtained results is that the
proposed method uses a combination of Triple Modular

© Tyurin S. F., 2019
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Redundancy, Deep Triple Modular Redundancy,
Quadding Redundancy, taking into account the necessary
hardware costs and time delay. The resulting estimates
and expressions allow finding the desired and optimal
option in specific conditions.

The practical significance of obtained results lies in
the fact that the simulation of the proposed options for
redundancy confirmed their effectiveness, which allows
you to create systems with a new level of reliability and
radiation resistance

Prospects for further research are to study the
problem of optimal Quadding Redundancy decomposition
for the satisfaction of the Mid-Conway restrictions in the
modern FPGA’s LUTs [18].
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JOCJIZKEHHS TTBPUIHI HAJIJIMIIKOBOCTI B BUIMOBOCTOMKHUX CHCTEMAX

Tropin C. ®. — 3acnyxenuit BuHaxinauk Pociicekoi denepauii, I-p TexH. HayK, mpodecop, nmpodecop kadeapn aBTOMATHKH i
TeneMexaHiki [lepMChKOro HaIiOHATBFHOTO AOCIIAHUIBKOTO MOJITEXHIYHOTo YHiBepcutery, Ilepmb, Pocis; mpodecop kadempu
MaTEeMaTHIHOTO 3a0e3NeYeHHs 00UHCIIIOBATIBHUX cUcTeM [IepMChKOTo JepaBHOTO HAI[IOHAIBEHOTO JOCITIIHUIBEKOIO YHIBEPCHTETY,
Iepms, Pocis.

AHHOTAIIA

AxTyanbHicTh. CTpyKTypHE pe3epBYBaHHS € OJHUM 3 OCHOBHHX CIIOCOOIB CTBOPEHHS! BHCOKOHAIIIHUX IPHCTPOIB Ta CHCTEM
JUISL KPUTHYHO BaXKJIMBUX 10AaTKiB. OO0’ €KTOM JoCiimkeHHs Oyia riopuaHa HaAMIpHICTh B BIIMOBOCTIHKHX CUCTeMaX, HAPUKIIAM, B
ACPOKOCMIYHOMY 00JIaJHAHHI, K€ 3HaXOJUTHCS I1iJ] BILTHBOM pajiarlii.

3aBaanHsa. MeToro 1aHOT pOOOTH € PO3PaxyHOK CKIIQJHOCTI 1 KIMOBIpHOCTI 0€3BiAMOBHOI POOOTH HUPPOBHUX CXEM 3 TIOPHIHUM
pe3epBYBaHHAM, IO MOEIHYIOTH TPOIpyBaHHS (MaXOPHUTYBaHHS), TNIMOOKE Ma)KOPHTYBAaHHS 1 po3deTBepyBaHHs. [lopiBHSHHSA
II0Ka3ye, 110 TPOIPYBAHHS HE 3aBXXIM Kpalle, HiK cxeMa 0e3 HaJMIpHOCTI B KiHIII YAMAOro iHTepBalIy 4acy. XOpOII pe3yJIbTaTh
JIOCSITAIOTHCS IUITXOM TPOIpyBaHHS 3 TPhOMa Ma)XOPUTYBAHHSAMH 1 TIIMOOKE MaXKOPUTYBAHHS, ajle OCTAHHE 3HAYHO 301IBIIY€E JacOBY
3aTpUMKy curHairy. HailOinpimmii BUrpam B HaAiifHOCT] JOCATAa€eThCs 32 PaXyHOK PO3UeTBEpYBaHHS Ha PiBHI TPAH3UCTOPIB, ajie Lie He
3aBXKIM MOXJIMBO 4epe3 oOMexxeHHs Mina-KoHBel, KpiM TOro, 3aTpuMKa SK MiHIMyM HOABOIOETBCS. Y CTaTTi ONMUCAHMI
3alpONOHOBAHUH METO/I KOMOIHOBAaHOTO pe3epBYBaHHs 3 ypaxyBaHHIM HEOOXiIHUX allapaTHUX BUTPAT 1 4acy 3aTPUMKH.

Mertoa. BuzHaueHHs CKIaAHOCTI B OJMHHILIX YMOBHOTO YHMCJIA TPAH3UCTOPIB 1 MAKCHUMAJIBHOTO IUIAXY MPOXOKEHHS CHIHAIY
BiJl BXOJy IO BHXOAYy 3a KUIBKICTIO TPaH3HMCTOPIB, a TaKOX BHKOPHCTAaHHsS po3HoAiTy BeiiOyimia st OLiHKM HMOBIpHOCTI
0e3BimMOBHOI poboTu. MozenroBaHHs nepeadadyBaHoi TiOpuaHoi HagmipHOcTi B cuctemi NI Multisim Bin National Instruments
Electronics Workbench Group. Ouinka #iMOBipHOCTI 6€3BiIMOBHOI poOOTH B cHcTeMi KoMl 1oTepHOi MaTemMaTuku MathCad.

Pe3yabTratn. OTpumaHi BHpa3n Ul OIHKM CKJIAIHOCTI, 3 HEBEIHMKOIO 3aTPHMKOIO 1 HMOBIpHICTIO 0Ge3BiIMOBHOI poOOTH
pe3epBoBaHNX IUppoBHX cxeM; rpadiku Oynayrorecst B Mathcad. MopemoBaHHS HiNTBEpIKye €(QEKTHBHICTH 3alpONOHOBAHUX
BapiaHTIB pe3epByBaHH;I.

BucnoBkn. IIpoBeseHi JOCTIIDKEHHS JO3BOJIMIIM BCTAHOBHTH €(QEKTHBHICTH TiOPMIHOrO pe3epBYBaHHS JUISL ITiABUICHHS
HaIifHOCTI 1 pajianiiHol CTIHKOCTI IIM(PPOBUX CXEM.

KJIFOYOBI CJIOBA: HaanuIKoBicTh, TPOIpYBaHHs, pO3ueTBEpYBaHHs, HIMOBIpPHICTh 6e3BiIMOBHOT POOOTH.

YK 004.93
UCCJEJIOBAHUE I'MBPUIHOMN U3BBITOYHOCTHU B OTKA30YCTOMYUBBIX CUCTEMAX
Tropun C. ®@. — 1-p TexH. HayK, npodeccop, mpodeccop kadeapsl aBTOMATUKH U TelleMeXaHUKH [IepMckoro HarMoOHAILHOTO
HCCIIE0BATENbCKOIO MOJIUTEXHUUECKOro yHHBepcutera, Ilepmb, Poccust; mpodeccop kadenpbl MaTtemMarnueckoro obecrieueHust
BBIUUCIIUTENBHBIX cucTeM [lepMCcKoro rocy 1apcTBEHHOIO HAllMOHAIBLHOTO UCCIIEI0BATENILCKOr0 YHUBepcuTeTa, [lepmb, Poccus.
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AHHOTAIUA

AxTyanbHOcThb. CTPyKTypHOE pe3epBHPOBAHHE SBISECTCS ONHUM M3 OCHOBHBIX CIIOCOOOB CO3JaHUS BBICOKOHAIEKHBIX
YCTPOUCTB M CHCTEM IUIsI KPUTHYECKH BaKHBIX HpuioxkeHHi. OObEKTOM HccienoBaHMsl Obula TMOpHIHAS W30BITOYHOCTH B
OTKa30yCTOHYMBBIX CHCTEMaX, HallpHMeEp, B a9POKOCMHYECKOM 000pYH0BaHHH, OABEP)KEHHOM BO3/ICHCTBHIO paHaluy.

3amava. Ilensio naHHOW pPaboOTHI SBISAETCS PAcUeT CIOXKHOCTH M BEPOSTHOCTH O€30TKa3HOW pabOThI HU(POBBIX CXEM C
THOPUAHBIM pPE3ePBUPOBAHUEM, COUYCTAIOIINX TPOUPOBAHUE (MAXOPUTHPOBAHHE), IITyOOKOE MaXOPUTHPOBAHHE M PacUETBEPEHHE.
CpaBHEHHE TOKa3bIBAaeT, YTO TPOMPOBAaHHE HE Bcerna Jydlle, YyeM cxema 0e3 HM30BITOYHOCTH B KOHIIE J0CTaTOYHO OOJBIIOrO
HHTEpBaJla BpPEMEHHM. XOpOIIME pe3yJIbTaThl MOCTHIAIOTCS IIyTeM TPOHUPOBAHUS C TpPeMs MakOpuTapamu U Iiiybokoe
MaXOPUTHPOBAHHE, HO MOCJIEAHEE 3HAYHUTEIBHO YBEIMYMBACT BPEMCHHYIO 3a[CpXKKy CHrHaia. HauOoJbIIMi BHIMTPHII B
HaJISKHOCTH JJOCTUTAETCs 3a CUET pacdeTBEPEHHs Ha ypOBHE TPAH3UCTOPOB, HO 3TO HE BCETa BO3MOXKHO M3-3a OrpaHUYeHU Muna-
Konseif, kxpoMme TOro, 3ajepikka, Kak MHHHMYM, yABauBaeTcs. B cTaThe oOIMCaH IPEUIOKEHHBIH MeETo] KOMOMHHPOBAaHHOTO
Pe3epBUPOBaHUS C y4ETOM HEOOXOJUMBIX alapaTHbIX 3aTpaT U BPEMEHH 3aJIePIKKH.

Metoa. OnpeneneHue CI0KHOCTH B AMHHIAX YCIOBHOTO YKCIIA TPAH3UCTOPOB M MAKCHMAJIBHOTO ITyTH IPOXOJXKICHUS CUTHAIA
OT BXOZia K BBIXOJy IO KOJIMYECTBY TPAH3HCTOPOB, a TaKXKe HCIOJIb30BAaHUE paclpeleieHus BeitOyiuia 1uist OLEHKH BEPOSTHOCTH
6e30TKa3Hoi paboTel. MozenupoBanue npeanoiaraeMoi ruopuaHoii n36srTouHoctd B cucteme NI Multisim ot National Instruments
Electronics Workbench Group. Ouenka BeposTHOCTH 0€30TKa3HOH paboThI B cCTeMe KOMITBIOTEpHOM MaremaTtuku MathCad.

Pesyabtarbl. IloiqyueHbl BBIPXCHHUS IS OLECHKHM CIOKHOCTH, BPEMEHHOI 3aJep)KKH M BEPOATHOCTH OE30TKa3HO# paboThI
pe3epBUPOBAHHEIX IHQPOBEIX cxeM; Tpapuku cTpositcss B Mathcad. MogemupoBanue noxaTBepkaaeT 3PQEeKTHBHOCTH
TIIPE/UIO’KEHHBIX BAPUAHTOB PE3ePBUPOBAHHSI.

BriBoasl. [IpoBeneHHbIC NCCIIEIO0BAaHMS O3BOIMIN YCTAHOBUTD d(Q(GEKTUBHOCTh THOPUIHOTO PE3ePBUPOBAHUS [UIS TIOBBIIICHHS
HaJISKHOCTH Y PAJMAllMOHHONW CTOMKOCTH HU(POBBIX CXEM.

KJIFOYEBBIE CJIOBA: u305ITOYHOCT, TPOMPOBAHKE, PACUCTBEPEHHUE, BEPOSITHOCTD OE30TKa3HOM PabOTHI.
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