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Introduction

In modern computing systems based on system area networks (SANSs)
being developed, data are transmitted together with commands, forming
spatial data flow structures [1]. A particular case is computing systems
with distributed parallel data processing during their transmission in the
network: a group operation over a set of numbers is executed while one
number (the result of this operation) is transmitted via a common channel
of the network. A channel is common if users can transmit signals into this
channel in parallel with their overlapping, which can be used for “on-the-fly’
group computations. A common channel is direct if it has only transmission
delays of signals or their combination delays, without any clock delays.

)

Group operations in a direct channel are called common channel
computing (CCC) [2] and can be executed without intermediate buffering
(on-the-fly). The simplest examples of CCC operations are summing a set
of numbers from different nodes or finding the maximum of them.

CCC operations can be executed during data transmission via optical
signals. Special executive units are required for various operations at each
network node. They can be built in the element base of optical channel
switches in a purely photonic implementation (without electronic control of
the units) [3,4].

Network nodes and executive units exchange optical signals at the
highest possible frequency, and the executive units operate only with these
signals. The executive units enable arithmetic and logical operations over
numbers represented by optical signals without the use of special photonic
ALUs as new physical devices [5]. This is the main difference from global
practices in the design of photonic processors: computations are organized
only using photonic switches based on the two-rail representation of optical
signals.

CCC operations can be executed in cyclic sequences of network nodes
forming Hamilton graphs [4]. They can be built in a non-blocking SAN
with direct channels [4, 6], which has N; = m; users and contains a layer
of full mxm switches and 7 — 1 layers of 1xm demultiplexers and mx1
multiplexers.

A non-blocking optical network can be created using tandem switching
devices consisting of similar electronic and optoelectronic components, as
described in [6]. The former are involved in routing and route fixing and
determine the configuration of the latter.
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Tandem switching devices shall have an identical configuration and
operate in the master—slave mode for electronics and optics, respectively.
This yields a tandem non-blocking network consisting of duplicate switches
for the electronic and optoelectronic networks. Photonic executive units can
be placed at the nodes of the second network to execute CCC operations
with higher speed and higher noise immunity.

The CCC operations in [4] are executed in a serial-parallel format.
First, a Hamilton graph is constructed for a given group of users by
transmitting a sequence of their addresses over the network. The operation
itself is then executed by sending operands to the executive units in parallel.
Due to the serial part of the operation, its execution is accelerated only
twofold compared to the conventional method of network addition using a
binary tree [4], without accounting for software execution delays.

In this paper, we fully parallelize the execution of CCC operations in a
non-blocking SAN, thereby significantly reducing their execution time.

To describe the operations, we will distinguish between an organizing
user (organizer) and a group of participating users (participants). In a
non-blocking SAN, the organizer and participants from any group are
connected by trees of direct channels. They consist of 1xm demultiplexers
on the path from the users to the switches and mx1 multiplexers on the
return path to the users.

To execute a CCC operation, conventional multiplexers can be replaced
with m-port executive multiplexers consisting of m serially connected
executive units. The ports of the executive multiplexers receive the numbers
for processing, which are transmitted serially and synchronously bit by bit.

This synchronization is based on the possibility of pre-measuring the
signal propagation time between any two users in both directions [7]. (In a
non-blocking SAN;, these times may differ.) Synchronization is ensured by
participating users: they delay the transmission of numbers for different
amounts of time, considering the signal propagation delays from the
organizer to the executor and back. These delays shall be pre-measured for
any source-sink pairs based on the IEEE 1588 standard [8].

The new results presented below consist in parallelizing the stages of a
group operation: addressing a group of participants by sending multiple
group addresses; the bit-by-bit synchronization of number transmission by
all group participants, with the bit-by-bit synchronization of the numbers;
and the parallel realization of an operation in the executive multiplexers of
a tree subnet.
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Ficure 1. A quasicomplete digraph with m = 3

Section 1 describes the design of a non-blocking SAN with direct
channels and its optoelectronic implementation. For the sake of completeness,
we recall some results from [4, 6] to introduce the basic concepts and justify
the possibility of tree channels between the organizer of a group operation
and its participants. A novel result of Section 1, presented for the first
time, is a bit-by-bit synchronization method for numbers transmitted by
group participants, in network multiplexers. In Section 2, we provide the
structure of a common channel for executing CCC operations in a photonic
implementation. Here, some background from [3,4] is added to justify
the circuitry of Section 3. Next, Section 3 describes the structure of the
executive multiplexers and the parallel implementation of synchronous
group CCC operations on them in a nonblocking SAN, based on the
bit-by-bit synchronization theorem for transmitted numbers from Section 1.
In Section 4, we estimate the parallel execution times of group operations
and compare them with the serial-parallel execution scheme [6]. Finally,
Section 5 proposes a methodology for building non-blocking optoelectronic
networks based on Mach—Zehnder interferometers for the use of photonic
executive units, which partially repeats a corresponding section of [6].

1. Non-blocking SAN based on the Quasicomplete Graph Topology

In this section, SANs are built in the form of non-blocking, self-routing
distributed switches based on switches with the quasicomplete digraph
topology. For these networks, the number of users can be scaled to any
degree through internal cascading. A quasicomplete digraph can be
represented as a bipartite digraph with N; = m? nodes in each part
(Figure 1). The connections in it are defined by different incidence tables
for arcs from users and to users (Table 1). They exist for any m.



TaABLE 1. The incidence table for a quasicomplete digraph with arbitrary m (modNy)

Switches Channels from users Channels to users
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m+1 m+1 m+ 2 m+m 1+m 1+m(m—1)
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F1GURE 2. Switch S1(9,3) with the quasicomplete graph
topology with m =3

To connect 1-port users, 1xm demultiplexers and mx1 multiplexers
are used, respectively (Figure 2). This yields a non-blocking, self-routing
distributed switch S1(Ny,m). In this switch, routing is performed from
the source based on the addresses (numbers) of the output ports of the
demultiplexers and switches. Regardless of the order of packets, conflict-free
packet transmission is carried out via direct channels in a single hop from
the sources to the sinks, i.e., with maximum speed.

The internal scaling method [6,9] allows one to build, from non-blocking
switches S;(N;, m) with N; = m;y1, a non-blocking switch S;y1(N;11,m)
with Nj11 = mjta. The switch S;41(Viy1, m) is obtained from Ny switches
Si(N;,;m) and a layer consisting of N;11 1xm demultiplexers and mx1
multiplexers. Each switch S;(N;,m) is split into parts with m ports, and in
each part, a separate switch S7(IV,m) is built across all switches; the latter
switch has the original (local) numbering in each part and end-to-end
numbering across all parts. An mxm switch is denoted by So(m,m).
Tables 2-4 provide examples of incidence tables for switches S1(4,2),
S52(8,2), and S5(16,2) based on the incidence tables for switches Sp(2,2),
S1(4,2), and S5(8,2), respectively.

Figures 3, 4 and 5 show the diagrams of the corresponding switches as
digraphs.
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TABLE 2. The incidence table for a switch S1(4, 2)

S1(4,2) Arcs from users Arcs to users
1 1 2 1 3
2 1 2 2 4
3 3 4 3 1
4 3 4 4 2

TABLE 3. The incidence table for a switch S2(8, 2)

S1(4,2) | Arcs from users Arcs to users
1 1 2 5 6|1 3 5 7
2 1 2 5 6|2 46 8
3 3 4 7 83 1 7 5
4 3 4 7 8|4 2 86

TABLE 4. The incidence table for a switch S3(16,2)

S2(6,2) Arcs from users Arcs to users
1 1 25,6 13 14,1 3 5 7 13 15
2 1 25,6 13 14,2 4 6 8 14 16
3 3 4 7 8 15/16(3 1 7 5 15|13
4 3 4 7 8|15 164 2 8 6 16 14

Routing with route fixing in the switch S;1(N;11,m) is performed as
follows. The source and sink numbers are used in the incidence table to
find the switch S;(IN;, m) that includes both numbers: from the source and
to the sink.

The connection between the users is established through the selected
switch. For example, source 2 and sink 8 in Table 3 are connected via a
switch S1(4,2) with number 2.

Routing within the switch S;(N;, m) is performed using the wormhole
technique, i.e., by the output port numbers of the demultiplexers from the
sources and further by the port numbers in the switch S;_1(N;_1,m).
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FIGURE 3. Switch 51(4,2)

FIGURE 4. Switch S(8,2)

According to the figures, the return paths between two users may not
coincide either in terms of 2x2 switches (mxm in the general case) or in
terms of the channels in each direction (e.g., the paths between users 2 and
8 in Figure 4).

In the switches S;(N;,m) under consideration, group routing can
be performed by establishing a connection between an organizing user
(organizer) and a group of participating users (participants). For this
purpose, a group address ® is employed for output ports to connect an
input port and all output ports.

An example of such an address is the number m + 1. In this case,
the organizer designates a group by sending a group-addressed packet
containing ¢ + 1 symbols, each specifying the number of an output port (or
all of them) in each demultiplexer along the paths to the switches. As an
illustration, consider the switch S3(16,2) in Figure 5.

If organizer 2 sends the packet (®, ®, 1, 1), then the group of
participants 5, 6, 7, 8 will be selected. If the packet (®, ®, 2, 2) is sent,
the group 9, 10, 11, 12 will be selected.
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FIGURE 5. Switch S3(16,2)

Similarly, the packet (®, 1, ®, 1) selects the group 7, 8, 11, 12, and so
on. The output port numbers do not pass through to the output of the
corresponding demultiplexer, being used only to route connections between
inputs and outputs.

A group-addressed packet also contains the organizer’s address. In the
general case, when a packet contains k symbols ®(1 < k < log,,, N;), a
group of mk participants is selected, and its composition depends on the
set of individual numbers in the train. By serially sending at most log,,, N;
group-addressed packets with different numbers of the symbols ®, it is
possible to form a group of participants of almost any composition.
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Group participants transmit acknowledgment packets to the organizer.
These packets have arbitrary content and are transmitted by each participant
until they are ready to execute a group operation. On their way to the
organizer, various acknowledgment packets overlap and become distorted,
but do not disappear until their transmission is complete. When all
acknowledgment packets have reached the organizer and new ones do not
arrive, all group participants are ready to execute a group operation.

During the execution of a group operation, numbers shall be transmitted
synchronously bit by bit (i.e., arrive at the inputs of multiplexers in all
intermediate layers simultaneously). Such group synchronization is achieved
as follows.

We denote by T'(I,J)y and T'(J,I)p the transmission time from
organizer I to participant J and in the opposite direction, respectively.
The maxima of T'(I, J)y and T'(J,I)p over all I and J will be designated
by Ty and Tp, respectively. Let organizer I send a command to start a

group operation at a time instant ©(I), and let participant J receive it at
the time instant O(J, 1) = 0(I) + T(I, J)y.

To achieve group synchronization, an arbitrary participant J delays
the start of a group operation (the transmission of the corresponding word)
by the time Ty + Tp — (T'(I, J)y + T(J,I)p), i.e., begins it at the time
instant Q(I,J) =0+ T, )y + Tuv+Tp — (T, J)v +T(J,I)p)).

A group operation is executed during the transmission of words
through the switches and demultiplexer-multiplexer layers to the organizer
without any clock delays. Let Q(I,.J)? denote the arrival time of a word
from participant J at a certain multiplexer in layer j. It is defined as
QI,J) =QI,J) 4+ (T(J,I)p — T(I, J)},), where T(I, J)}, specifies the
signal propagation time from this multiplexer to organizer I. If the path to

organizer I from participant L also passes through this multiplexer, then
T(1, 7Y} = T(, L)}

THEOREM 1 (on Group Synchronization). The arrival times of
words at any multiplexer coincide on the paths to the organizer from the
corresponding group participants.
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PROOF. It is straightforward to establish that
QI,JY =e()+T,J)y +Ty + Tp-T(,J)uy—T(J,I)p
+T(J,)p —T(I,J),
=O(I) + Ty +Tp —T(1,J),
=O(I) + Ty +Tp — T(I, L)},

This equality implies the identical arrival times of words at any multiplexer
on the paths to the organizer from any group participants.

In particular, for j =i = log,,, N;, we have T'(I, J)}, = T(I, L)%, = 0.
Hence, the arrival time of the resulting words at the organizer’s multiplexer,
Q(I,J)f =O6(I) + Ty + Tp, is independent of the group of participants in
the operation. O

2. Group Arithmetic Based on Photonic Logic Circuits

This section considers the execution of group CCC operations under
the assumption that the participants are arranged in series along a common
channel composed of photonic executive units [4]. To execute CCC
operations, logical variables are transmitted via the channel in the two-rail
form (along two lines, 0 and 1). Value 0 is transmitted by a signal in line 0
in the absence of a signal in line 1, and value 1 is transmitted by a signal in
line 1 in the absence of a signal in line 0. Lines 0 and 1 pass through the
converter C; of each network node i. Each converter executes the unary
operation O; of transforming an input logical variable x; to an output
logical variable yi = Oi xi. The operation O; consists of the following
transformations: repetition y; = z; (“="), negation y; = —z; (“—"), change
into the value y; = 0 (“0”), and change into the value y; = 1 (“1”).

The converter is used in four fixed states for which the operation Oi is
considered to be executed. Each state is defined by some configuration of a
pair of fiber sections, given by the value of the two-rail control variable
ui. The circuits in Figure 1 show the use of such pairs of converters for

implementing some logical functions for the two-rail variables x and y.
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C(u, A Cu,v) Cu, ®) C(u, V)

FIGURE 6. The circuits of logical functions from Table 5 for
two-rail variables

For such circuits, we will follow the notation given at the bottom of
Figure 6.

A photonic 1x2 demultiplexer D and a photonic 2x1 multiplexer M
are used in Figure 6. They are assembled from several thin-film layers of
metamaterials with electro-optical or magneto-optical properties [10,11].
An optical signal is used to control switching. In the demultiplexer, it
is converted into an internal electronic or magnetic control signal and
supplied to a guide layer, which specifies two propagation directions for the
information signal received at its optical input. As a result, the input
optical signal is routed to one of the two optical outputs. In this paper,
a two-rail control variable is used; therefore, other single-layer devices
with two outputs (demultiplexer) or inputs (multiplexer), such as gallium
arsenide films [8], can be selected. They allow building photonic logical
elements directly controlled by light.

Table 5 provides the truth tables of the logical operations used in the
circuits in Figure 6.

Obviously, the operation N is defined only by the pair of states of the
converter C;, which are selected by the value of the variable u;. As a result,
it is possible to execute the binary operation y; = x;Ru; (any of the sixteen
logical operations) on a pair of converters.
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TABLE 5. Logical functions by converter states for the adder

AND Gl | OR b | XOR (| 5
R=A N=V N=6 N=V
z u O y |z u O y |z u O y |x|u O Y
0o,o 9 o01]0/0 “~<= 0|0 0 “=] 0]0 0 “= 0
0,1 “~< o0 1“1 1 ]0 1 “= 1]0 1 “ 0
1 0 “0° 0|1 0 “” 1|1 0 “ 1 [1 0 “* 1
17 %= 1|1 1 “” 1|1 1 “" 0|1 1 “% 0

~—0
.41

F1gurge 7. The circuits of a controlled photonic multiplexer
and demultiplexer

Figure 7 also shows the circuits of a multiplexer (M,,) and demultiplexer
(D,,) for two-rail variables, controlled by the variable w.

When nodes are placed serially, it is possible to sum numbers at the
nodes or select the maximum of them during the transmission of one
number via the common channel. For this purpose, the numbers are
transmitted as binary ones serially bit-by-bit. To execute their addition,
the numbers are transmitted with the least significant bits first; to find
their maximum, with the most significant bits first.

The coordinating user triggers the command of the operation to be
executed.

This command synchronizes the start of the distributed operation r for
all nodes. Each node has a set of executive units, U(r), configured to
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FiGURE 8. The N-node distributed adder

execute individual operations. The operation command selects a particular
executive unit. Each executive unit consists of circuits implementing
the necessary logical operations in a definite sequence specified by their
interconnections.

Figure 8 shows the units Ux(1) and Ux(1) at the second and N*'!
nodes of the cyclic sequence that sum N numbers. The initial first node of
the network does not use its unit Uy (1). It outputs slot X, containing a
binary multi-bit number starting from the least significant bits (on the
tworail value line), and slot S of the same bit length (on the two-rail

synchronization line).

In slot X1, the bits are transmitted by the variables z%; in slot S, by
the variables s;, where ¢ denotes the bit number. The first bit of slot .S has
value 1 (s; = 1), and the other bits are 0 (s; = 0 for ¢ > 1). The dots on
the lines indicate the nodes of light signal separation by branching optical
lines. The unit Uz(1) of the distributed adder is connected to the first and
second network nodes.
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FIGURE 9. The timing diagram of the distributed adder

The circuits in Figure 8 are based on the well-known single-bit adder,
supplemented with a circuit to form the zero carry value from the previous
bit for the first bit and a circuit to carry the value to the next bit through
a one-bit delay line DL.

Any kth node of the network (2 < k < N) transmits to its unit Uy (1)
slot Xk, containing the values of the variables x% for each bit; the other
input of this unit receives slot Y;_1, containing the output bits y; ; from
the unit U,_1(1). In addition, this unit receives slot S from the executive
unit of the previous node.

Figure 9 presents the timing diagram of the units Us(1) and Uy(1)
with the following notation: T is the bit period; Ty is the duration of active
signals in it; 7 is the time to tune the converter or multiplexer by the
control variable u. Clearly, the output variable y$ appears in all bits with a
delay of 27 and is defined by signals of duration T, — 27. Note that the
right-hand diagram is valid for any unit Uy (1), k > 2. In other words, the
output variable y,’C appears with a delay of 27 with respect to the start of
the synchronization signals s; for any k and 4 (for any number of nodes
and in all bits) and is given by signals of duration Ty — 27.

Along with the above CCC addition, the first node can also set
the maximization operation (find the largest number of those placed at



378 VikTor S. PobpLazov

Fi1GURE 10. The N-node distributed maximizer

TABLE 6. Logical functions by converter states for the maxi-

ENEZRY

mizer
Logic switching for the unit Logical repetition for the unit
Ue2)(k > 2) Ue@)(k > 2)
N=g N=F#=A
Th—1 Tk O Zk—1 Zk—1 Or—1 @] Ot (k—1)
0 0 “1” 1 0 0 “Q” 0
0 1 ‘=" 0 0 1 ‘=" 0
1 0 “1” 1 1 0 “Q” 0
1 1 e 1 1 1 — 1

the network nodes). Following this command from the source node, an
executive unit Uy(2) (maximizer) is selected at each next node; see the

circuit in Figure 10.

The units Ug(2) also include circuits executing the logical functions

from Table 6.

The first node of the network outputs to the unit Uz(2) slot X7,
containing a binary multi-bit number starting from the most significant
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bits (on the two-rail value line), and slot S of the same bit length (on the
two-rail synchronization line). In slot X7, the bits are transmitted by the
variables #%; in slot S, by the variables s;, where i denotes the bit number.
The first bit of slot S has value 1 (s1 = 1), and the other bits are 0 (si =0
for i > 1). Any other node of the network (1 < k < N) transmits to its
unit Uy (2) slot Xk, containing the values of the variables z% for each bit
(on the value line). In addition, this unit receives slot S from the executive
unit of the previous node.

Figure 10 (left) shows the circuit of the unit Us(2) connected to the
first and second network nodes of the distributed maximizer. The dots
indicate the nodes of light signal separation by branching optical lines.

Figure 10 (right) presents the circuit of the unit U(2) (k > 1), actually
repeating that of the unit Us(2) with x; replaced by yr,—1 and 2 by k in
the subscripts.

Figure 11 shows the timing diagram of forming different variables for
the jth and (5 + 1)th bits with the following notation: 7 is the tuning time
of the converters and multiplexer; T' and Ty are the durations of the bit
and the active signal in it. Obviously, the active signal is shortened by a
time not exceeding 37, which is independent of j.

3. Group Arithmetic Based on Photonic Multiplexers

Group operations are executed in parallel across the group participants
in special executive multiplexers EM;, which are connected in parallel
to each standard multiplexer in any layer j (1 < j < 4) of the switch
S;(N;,m). Figure 12 shows the circuitry of EM; with m inputs.

The demultiplexer-multiplexer layers are numbered from the users to
the switches inclusive. By assumption, the switches are composed of
demultiplexers and multiplexers, see the circuitry in Figure 13.

Each participant transmits slots S and X of the same format as
described in Section 2. They are propagated through the demultiplexer
layers without modification, and bit-by-bit superposition occurs in the
executive multiplexer layers. According to the layer numbering, we have
Yip =X, (k=1,2,...,m). In each multiplexer, slots S; and Y} ; are
supplied to the executive units Uy (see the previous section) to execute a
group operation, with the bit-by-bit synchronization of words, “on-the-fly”.
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FIGUurE 11. Timing diagram of a two-node “maximizer” for
the jth bit

FIGURE 12. Executive multiplexer

The bits of the input slots S; and Y; in each unit Uy are used as
control variables, while the bits of the output slots Y;_; are interpreted as
the result of the operation executed in the corresponding multiplexer EM;.
For each bit, the initial value of the result is generated in the additional
unit “0” (see the right-hand side of Figure 12).
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FIGURE 13. An mxm switch consisting of demultiplexers and
multiplexers

ol (&

Ficure 14. A two-layer photonic demultiplexer

Note that the lengths of the synchronization lines and the value
lines from the inputs (S;,Y;) to outputs (S;_1,Y;_1) of the multiplexer
EM; shall have equal length to preserve the synchronization conditions
for the bits. This requirement is easy to satisfy when designing the
multiplexers E'Mj;: the synchronization and result lines passing through
them introduce neither combinational nor clock delays, but only signal
propagation delays. Unfortunately, the multiplexers EFM; in Figure 12
operate correctly only in the presence of tworail signals at all inputs
Y; 1. If signals are absent at even one input, the signals at the output
Y;_1,% will be undefined. This drawback can be eliminated using two-layer
demultiplexers and multiplexers [10,11] in logical function circuits. These
devices have two layers with controllable refraction of the information
signal’s propagation. The two-rail signals “0” and “1” specify a change in
the propagation direction in the first and second layer, respectively. The
original propagation direction is preserved in both layers in the absence of
a two-rail signal. As a result, the information signal can be routed to one
of three outputs (Figure 14); here, the symbol & indicates the absence of a
signal, and the information signals are represented by a single rail.
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1 0 I o1 0
X(D)/x(u) x(@)  x(u)

F1GURE 15. Universal controllable demultiplexer D, /s and

multiplexer M, &

FIGURE 16. The scheme of bypassing the executive unit Uy, ;
in the multiplexer EM;

This basis can be employed to build a universal controllable de-
multiplexer D, /& and a universal controllable multiplexer M, g. (The
circuitries in Figure 15 are analogous to those in Figure 7.)

It can be used in the multiplexer EM; to bypass the conventional
executive unit Uj  (Figure 16).

4. Comparative Characteristics of Parallel and Serial Group
Operations

Let us compare the parallel method for executing CCC group operations
with the serial method described in [4], in terms of quality characteristics.
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We will estimate the complexity of a network with group operations as the
sum of the complexities of the switch S;(N;,m) and the executive units
U(r). In this case, an mxm switch has an estimated complexity of m?; a
demultiplexer /multiplexer, an estimated complexity of m; and an executive
unit U, an estimated complexity of mm, where m < m.

The complexity wi of the switch S;(N;,m) is given by the recurrence
formula w; = Now;_1 + 2N;m, with wy = Ny + 2mNy = m2(1 + 2m).
Consequently, we obtain w; = 2m;(m;—1 + m;—o +--- + 1).

For the serial method, the complexity Ag ; of the network is estimated
as Ag; = wi+ mmjy1.

For the parallel method, the complexity of each E'M; is estimated
as mm?, so the entire network has the estimated complexity Ag,i =
w; + w;Tm? /2.

Now, we estimate the execution time of a parallel group operation. It
consists of the group addressing time T4, which includes the organizer’s
times to send r group addresses (1 < r < log,, NV;) and wait for the
acknowledgements from all participants (to confirm their readiness to execute
the operation). Supposing the immediate readiness of all participants and
the address transmission time Ty, we have Tga < 1TAa + Ty +Tp.

The execution time of an operation, Tpp, consists of the time to
send the command, the synchronization delay, and the time to transmit
the number, with delivery of the result to the organizer. Supposing
that transmitting the command and the number takes times TI and
TN, respectively, we obtain Top < Ty + 171 + Ty +Tp + TN + Th.
Therefore, the execution of a parallel group operation ©O® takes the time
Og =Tga+Top <3(TU+TD)+TAlog,, N;+TI+TN. Let the signal
propagation time be Tp = Ty = Tp. In the final analysis, we arrive at the
expression Og ; < 61p + T log,, N; + 11 +Tn.

Using the same notation, the execution time of a serial group operation,
Og, is estimated as Og; < N;Tp + N; T4 +T1 + Tn [4].

We will compare the serial and parallel methods by the minimum
value of the criterion p, known as the complexity-to-speed ratio. For the
serial method, it is defined as pg ; = Ag,;Og,i; for the parallel method, as
Pe,i = Ag,i0s,i-
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TaABLE 7. The values of vi for m =8 and 7 = 3

i 2 3 4 5
N; 64 512 4096 32768
V=10GB/c,L=0,1m | 1,04 1,21 7,04 496
V=10GB/c,L=1m |090 1,12 7,04 535
V=100GB/c,L=1m |0,73 104 7,04 560
V=100 GB/c, L=0,1m | 0,90 1,12 7,04 535

TaBLE 8. The values of v; for m =4 and m# = 3

i 3 4 5 6 7
N; 64 256 1024 4096 16384
V=100 GB/c, L=0,1m | 0,61 1,71 6,59 251 974
V=100GB/c,L=1m |0,56 171 689 27,1 107,7
V=10GB/c,L=1m |061 171 659 251 974
V=10GB/c,L=01m |0,66 1,72 6,11 21,7 79,1
V=1GB/c,L=01m |0,68 1,72 598 20,71 73,6
V=1GB/e,L=1m |0,66 172 611 21,7 79,1

Consider the values y; = pg.i/p#,i = Ag,iOg,i/Ax Ox ; for different
values of several parameters: the number of users INV;, the demultiplexer
parameter m, the physical dimensions L of the switch (in m), and
the transmission rate V' (in Gb/s). In this case, the times Tp, Ty,
Tr, and T are calculated using the formulas TP = (i — 1)L/C and
TA=T; =Ty =64L/V, where C is the speed of light. The results are
presented in Tables 7 and 8 for the largest group of participants.

According to the tables, for systems with tens and hundreds of users,
the serial and parallel methods are roughly comparable, while for systems
with thousands and tens of thousands of users, the parallel method is many
times better by the above criterion. This advantage is due to the smaller
time required to form groups of participants and the faster transmission of
the operation result from the participants to the organizer via shorter
parallel paths. A particularly noticeable gain is observed in terms of the
execution times of group operations (delays, see Table 9).
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TABLE 9. The values of Og ;/O% ; for m =4

i 34 5 6 7
N; 64 256 1024 4096 16384
V=1GB/e,L=1m |45 132 43 147 515
V=1GB/c,L=0,1m |44 12,9 43 150 540
V=10GB/c,L=1m |37 118 43 162 625
V=10GB/c,L=0,1m |44 12,9 43 150 540
V=100GB/c,L=1m |29 10,9 43 169 674
V=100GB/c, L=0,1m | 3,7 11,8 43 162 625

5. Non-blocking SANs Based on Optoelectronic Switches

This section is almost identical to the corresponding section in [6]. The
difference lies in the placement of photonic executive units. In [6], they are
located between the users and the nonblocking network. In this work, they
are located within the network itself—in executive multiplexers connected
in parallel with conventional multiplexers. An optical network for CCC can
be constructed using optoelectronic switches based on Mach—Zehnder
interferometers (MZI) [6-17].

Such switches can be used to assemble an optoelectronic 4x4 switch [15]
with data transmission by optical signals and electronic control by a
network node. Currently, the speed of such switches reaches up to 100
Gbps, and they have a fairly high packing density [15-17].

A non-blocking optical network can be based on tandem switching
devices (multiplexers and demultiplexers) consisting of similar electronic
and optoelectronic components. The former are involved in routing and
route fixing, as well as in setting the configuration of the latter. Tandem
switching devices should have an identical configuration and operate in the
master-slave mode for electronics and optics, respectively.

The resulting non-blocking tandem network consists of duplicates of
electronic and optoelectronic networks. In the multiplexers of the second
network, it is possible to place photonic executive nodes (Sections 2 2
and 3) to execute CCC operations with higher speed and higher noise
immunity.
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Conclusions

In this paper, we have considered a method and circuitry for building
non-blocking system area networks (SANS) to execute group operations in
the network’s direct channels. Group operations are executed as common
channel computing (CCC) operations with the highest speed (without clock
delays, on-the-fly). The SANs can have electronic and optoelectronic
(tandem) implementation. The executive units of CCC operations can have

both electronic and photonic implementations.

The novelty of this work lies in the parallelization of the entire group

operation, which is achieved through a combination of the following factors.

The first factor is the parallel addressing of the group of participants

by sending multiple group addresses.

The second one is the bit-by-bit synchronization of number transmissions
by all group participants. And the third is the parallel execution of the
operation in the executive multiplexers of a tree subnetwork connecting the

group participants and the operation organizer.
A distinctive feature of this work is the combination of four factors.

First, it is the purely photonic implementation of executive units in the

multiplexers of the system network.

The second feature is the internal scaling method for non-blocking
SANs with the digraph structure.

The third feature is to embed executive units in multiplexers during

the parallel realization of group operations.

The final feature is the tandem organization of an optoelectronic

non-blocking network.

Note that the purely photonic implementation of executive multiplexers
is the main innovation of this work, which ensures minimal execution times

for group operations.
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Beepenne

B nacrosimee BpeMs pa3BUBAIOTCSA BBIYUC/IUTENIbHBIE CHCTEMBI Ha OCHOBE
CHUCTEMHBIX ceTell, B KOTOPBIX JaHHbIE IIepealoTcs BMecTe ¢ KOMaH/ aMu,
obpasyio spatial data flow crpykrypst [1]. VX 9acTHBIM ciydaeM siBISIOTCS
CHCTEMBI C PACIIPEJIEJICHHON MapaJuIeIbHON 00pabOTKO JAHHBIX B IIPOIECCE
UX IIepeJiavf 110 CeTH, B KOTOPBIX BBIIIOJIHAETCA I'PYIIOBas Olepalusd HaJl
MHOXKECTBOM UHCEJI, IePeIaBaeMbIX BO BPEMsI IIEPEIadn 10 00IIEeMy KaHaLy CeTH
OJTHOT'O YHUCJIa, (POPMUPYIONIETro pe3ysIbTaT omneparun. KaHas siBIseTcs OOIuM,
ecJin aDOHEHTHI MOTYT BECTHU Iepeady CUTHAJIOB B HErO C MX HAJIOYKEHUEM,
KOTOPOE MOYKHO KCIIOJIb30BaTh JIjIsl BEIYUCIEHU «Ha JieTy». OOIuil KaHat
ABJISIETCA NIPAMBIM, €CJIM B HEM HMMeEIOTCA TOJIBKO 3a/IeP?KKU PaCIPOCTPaHEHU
CHATHAJIOB WJIM X KOMOWHAIMOHHBIE 3a€PKKH U OTCYTCTBYIOT KaKue-Irnbo
TaKTOBbBIE 33/I1€PKKU.

I'pynmossie omepanuu B IpssMOM KaHAJIE HA3BIBAIOTCs «BbrauciieHunst
B 06meM kanases» (BOK) [2] u oHu MoryT BBIIONIHATBCS Oe3 Oydepusarmm
[POMEXKYTOUHBIX 3HAUeHUH («Ha JieTy» ). IIpocreiimumu npuMepamn oneparuii
BOK saBastiorcs cyMMEpPOBaHIE MHOXKECTBA, YUCEJ OT PA3HBIX aDOHEHTOB N
HAXOXKJIEHNE U3 HUX MaKCHMAJbHOTO YUCIIA.

Oneparmn BOK MOXKHO BBITOJHATD TIPHU TIEepejiade TAHHBIX OMTHIeCKUMA
curHajamu. J[Jist BBIMOJHEHUST PA3HBIX OMEPAIil IPU KaXKJ0M y3Jie CEeTH
HEOOXOIUMO VIMETh CIEIUAbHBIE UCIIOTHUTEIbHBIE OJI0KH. VX MOXKHO CTpOUTH
B 9JIEMEHTHOI 6a3e¢ KOMMYTATOPOB OITHYECKUX KAHAJIOB B 9UCTO (POTOHHOMN
peanusanun (6e3 3JICKTPOHHOrO yupasjeHus 6iokamu) [3,4].

CereBble y3JIbI U UCIOJTHUTEIbHBIE OJIOKM OOMEHUBAIOTCS ONTHIECKIMEI
CHUTHAJIAMU MAaKCHMAJbHO BO3MOXKHOM YaCTOTHI, U UCIIOJTHUTEIbHbBIE OJIOKN
paboTaroT TOJIBKO € 3THMHU curHagamu. Vcnosnurenbable OJIOKH TO3BOJISAIOT
BBIMTOJTHATH apUPMETHIECKHEe U JIOTUIECKUEe ONePaIlui HaJl IUCTAMU, TPeJI-
CTABJICHHBIMUA ONTUIECKUMU CUTHAJIAMU, O€3 UCIOJb30BAHUS CIIEIUATBHBIX
doronnbix AJIY kak HOBBIX dusmueckux ycrpoiicts [5]. B sTom u cocront
[JIABHOE OTJIMYHE OT MUPOBOW HPAKTHKH HOCTPOEHUST (POTOHHBIX IIPOIECCO-
POB, T. K. BBIUHCJIEHUSI OPIraHU3YIOTCS TOJIBKO ¢ UCIOJIb30BaHUEM (DOTOHHBIX
KOMMYTATOPOB Ha OCHOBe Hapada3HOro MpeJICTABIEHHs ONTUIECKUX CUTHAJIOB.

Omnepannn BOK MOXKXHO BBITIOJHATH B IUKIHIECKAX TOCIEI0BATEILHOCTSIX
CeTEBBIX Y3JI0B, 00Pa3yOIUX raMUIbTOHOBBI Ipadbl [4]. 1Ix MoXKHO cTpouTh B
HeOJIOKUPYEeMOii CHCTEeMHOM ceTH ¢ IPAMbIMU KaHajamu |4, 6], KoTopas uMeer
N; = m' aGOHEHTOB U CONEPYKHUT CJIOH IIOJHBIX KOMMYTATOPOB M Xm 1 i — 1
CJIOEB JIEMYJIBTUILIEKCOPOB 1 XM U MYJIBTHILIEKCOPOB m X 1.

Hebsokupyemyio onTuvecKyio ceTh MOYKHO CO3/[aTh HA OCHOBE TAHIEMHBIX
KOMMYTHPYIOIIUX YCTPOHCTB, COCTOSINNUX M3 AHAJOTMIHBIX SJIEKTPOHHBIX U
ONTOSJIEKTPOHHBIX KOMIIOHEHTOB, BBEJIEHHBIX B craTbe [6]. Ilepeble yaacTBytoT
B IIPOKJIaJIKe U (DUKCAIUU MaPIIPYTOB, U 33Ia0T KOHMUI'YPAIIUIO BTOPBIX.
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TangemMabIe KOMMYTHPYIOIIUE YCTPOUCTBA JOJKHBI MMETh UIEHTUIHYIO
KoHbUrypanuio n paboraTh B pekuMe master-slave (37€KTPOHUKA-OIITHKA).
Takum 06pa3oB co3maeTcst TaHIEMHAsA HEOJOKUPYyeMas CeTh, COCTOAIIA U3
KONl KOMMYTATOPOB 3JIEKTPOHHON M OIITO3JIEKTPOHHOI cereil. B y3max
BTOPOI CETH MOXKHO Pa3MeCTUThb (DOTOHHBIE UCIIOJTHUTEIbHBIE OJIOKH JJIst
Beinmonnenus: oneparuiit BOK ¢ 6osbmmM 6bicTpojieiicTBueM u ¢ 6oJIbIeit
[TOMEXO3AIHUIIEHHOCTHIO.

Beimonnernne oneparuit BOK B pabore [4] mmeer mocieaoBaresHo-
napaJuieibHbiil popmar. CHavasa CTPOUTCS TAMUJIBTOHOB I'pad Ha 33 1aHHOMN
rpyiie abOHEHTOB [IOCPEICTBOM IIOCBLJIKU II0 CETU II0CJIEI0BATEILHOCTH UX
aJIPecoB. 3aTeM BBITIOJHSIETCS CaMa OITEPAIUsl TIOCPEICTBOM HapAJLIeTbHOMN
MTOCBLJIKY OTIEPAHJIOB B WCIIOJIHUTE IbHBIE O10ku. Hamane mocsenoBareibHOM
YacTH OlEepPaIliy [M03BOJISET JOCTUYb TOJBKO IBYKPATHOI'O YCKOPEHUS BbI-
[IOJIHEHUSI OIEPAIUU 110 CPABHEHUIO C TPAIUITHOHHBIM CIIOCOOOM CETEBOIO
CJIOZKEeHHUsI 110 JBOUYHOMY JiepeBy [4] 6e3 yuera B HeM 3aJePKEK MPOrPAMMHOTO
BBITIOJTHEHUS.

B nanHo#t paboTe CTABUTCS U PEIIAeTCs 33,144 OJTHOCTHIO PACIIAPAJIIEINTD
Boimosaerwe orneparmit BOK B HeG/IOKUpyeMOit ceTr i TeM caMbIM MHOTOKPATHO
CHU3UTH BPEMSI WX HCIIOJTHEHUS.

I st ontmcanust oreparuii OyaeM pazjimiarTh abOHEHTa-OpTraHU3aToOPa
U TPYIIy aDOHEHTOB-yIaCTHUKOB. B HEOJIOKUPYeMOil ceTu Opranu3aTop u
YIaCTHUKU U3 JIIOOOU I'PYIIIbI CBA3AHBI BCTPEYHBIMU JI€PEBbSIM IIPAMBIX
kanajoB. OHU COCTOSIT M3 AEMYJIBTUILIEKCOPOB 1Xm Ha myTHu OT aDOHEHTOB
K KOMMYTATOpPaM U U3 MYJIBTUILIIEKCOPOB 1M X 1 Ha 00pATHOM IyTH K abDOHEHTaM.

st BoinostHerust oneparuu BOK BMecTo 0OBIYHBIX MYJIBTUILIEKCOPOB
MO2KHO WCIIOJIb30BATH M-IIOPTOBBIE UCIIOJHUTEIbHBIE MYJIbTUILIEKCOPHI,
COCTOSIIINE U3 1M MOCIE0BATEIHFHO COEIMHEHHBIX UCIIOJHUTEIbHBIX 0J10KOB. Ha
IIOPTHI UCIIOJIHUTEBHBIX MYJIBTUILIEKCOPOB ITOCTYIIA0T 00padaTbiBaeMble
quciia, mepeaBaeMble MOCIeI0BATEIbHO CUHXPOHHO 110 Pa3Ps/iaM.

Opranusarnus yKa3aHHON CHHXPOHU3AINN 0a3UpPyeTcs Ha BO3MOYKHOCTH
IPEeIBAPUTETFHOIO U3MEPEHNs BPEMEHN ITPOXOXKIEHUsI CUTHAJIOB MEXK Ty
JO0BIMU JIBYMsT abOHEHTaMu B 060UX HAIPABJIEHUsX [7], Tak Kak B HEOIOKHUPY-
€MOIi ceTH OHU MOT'YT ObITH pasHbiMu. CHHXPOHU3AIMS OCYIECTBIISIETCS
ITOCPEJICTBOM 3aJIEPXKKU [IEPeIadn Ircel aDOHEHTAMU-yIaCTHUKAME Ha, PA3HOE
BpeMsl, YUUTBIBAIOIIEE 3a€PXKKH [TPOXOXKIEHUsI CUTHAJIOB OT OPraHU3aTOpa
K HUCIIOJIHATEIIIO U 00paTHO. DTH 3a/I€PKKH JOJKHBI OBITH H3MEPEHBI 3apaHee
JJ1s JIIOOBIX ap MCTOYHUK-IPUEMHUK Ha ocHoBe crangapra IEEE 1588 [8].

Hogsie pesynbrarsl, peacTaBieHHBIE B CTATHE, COCTOST B PACIAPAJLIEIH-
BaHUU STAIIOB I'PYIIIOBO OLEpaIliy, a UMEHHO: aJIPeCalls IPYIIIbl YIACTHUKOB
IIOCPEJICTBOM ITOCHLIKH HECKOJBKHUX IPYIIIOBBIX aJPECOB, MOPA3PsIHAsd CHHXPO-
HU3AINA [I€PEIadn YUCEI BCEMU YIaCTHUKAME IPYIIIBI C TTOPA3PSITHON UX
CHHXPOHU3AIMEN, apajijiebHas PeaU3alis OEePAINN B UCIIOJTHUTEIbHBIX
MYJIBTHILJIEKCOPAX JIPEBOBU/IHOM IIOICETH.
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B paspnesne 1 onmchiBaercs nocrpoeHne HEOJOKUPYEMOH CETH C IPAMBIMU
KAHAJIAMU U €€ OMTOYIEKTPOHHYIO PeaIu3arnuio. JJist MOTHOThI N3JI0KEeHUsT
pasjiesl COIEpKUT HOBTOPHI U3 craTeil [4, 6], 4robbl BBECTH OCHOBHbIE HOHATHS
1 000CHOBATH BO3MOXKHOCTH UMETH JIPEBOBU/IHBIE KAHAJIBI MEK/Ly OPraHU-
3aTOPOM TPYIIIOBO ONEpAIUN U ee ydacTHUKaMu. B pazjese 1 Briepsbie
paccMaTpUBaeTCs Crocob MOpas3psHON CHHXPOHU3AIMNA B MYJIbTHILIEKCOPAX
CEeTH YHCeJI, IIePe/IaBaeMbIX YIaCTHUKAMU I'PyNnbl. B pasnese 2 onucsiBaeTcs
CTPYKTypa o0Iero KanaJja st oinojaHenus: onepanuii BOK B dhoronHO#
peasimzanuu. Pasznen 2 comep:kut noBTOphI U3 crareii [3, 4], 4robbr o6oc-
HOBaTbh CXEMOTEXHUKY paszjesa 3. B pasiesne 3 onucbiBaercs: CTpyKTypa
WCIIOJTHUTEIbHBIX MYJIBTUIIEKCOPOB, U TApaJjIe/IbHAs Pean3alnns Ha HUX
CHHXPOHHBIX IrpynnoBbix oneparuiit BOK B Heb0kupyemoii cern Ha OCHOBe
TEOPEMBI O MOPA3PSIHON CHHXPOHU3AINY [epeaBaeMbIX Jrcesl U3 pasjena 1.
B pasznene 4 maioTcst OleHKH BpeMeH HapaJieIbHOTO BBIIOTHEHNS IPYIIIOBBIX
orepanuii ¥ CpaBHEHUE PE3YIbTATAMU UX HOCJIEI0BATEHLHO-TIAPAJIIEIHHOTO
BBINOJIHEHUS B cTarbe [6]. B pasmesie 5 npejyiaraercs MeToAMKa IIOCTPOCHU
HEOJIOKUPYEMBIX OIITOJIEKTPOHHBIX ceTefl Ha OCHOBE MHTEPMEPOMETPOB
Maxa-3anepa [ij1si npuMeHeHus (DOTOHHBIX UCIIOJHATEIBHBIX OJIOKOB, KOTOPBIi
YACTUYHO HOBTOPsieT pa3fiell u3 crarbu [6].

1. Hebnokupyemas cucrtemHas cetb Ha OCHOBE TOMOOrMN
KBa3unnosiHoro oprpaca

B mamnom pazzesie caMoMapIipyTU3UPYEMBIX CTPOSITCS CHCTEMHDIE
pacIpeieIeHHBIX CEeTH B BHJE KOMMYTATOPOB Ha 06a3e HEOJOKUPYEMBIX
KOMMYTATOPOB C TOIOJIOTHeil KBAa3UIIOJTHBIX oprpados. st HUX BO3MOXKHA,
Jobast crerneHb MacIITabNPOBAHUS IUC/Ia ADOHEHTOB MOCPEICTBOM BHYTPEHHETO
KACKaIMPOBAHUSI.

KBazumonusrit oprpad MoxkeT OBITH TPEACTABICH KaK ABYAOIBHBIN oprpad
¢ N1 = m? yanamu B Kax10it gone (pucynok 1). CoeuHenns B HeM 3a1a10TCs
Pa3HBIME TaOJIMIAME WHIMIEHTHOCTH JJIsi JyT' OT aDOHEHTOB U JyT K abOHEeHTaM

(rabsnna 1). OHu CymecTBYIOT IPH JIIOOBIX 1.

Pucynok 1. Ksazunosnsiit oprpad npu m = 3



Tabmuna 1. Tabimna UHIMAEHTHOCTH AJIsi KBA3UIIOJIHOTO oprpada Ipu Npou3BOJbHOM m 110 mod Ny

KommyTaTopst Kanasbl o aboHeHTOB Kanasbr k abonenTam

1 1 2 m 1+m 1+m(m—1)
2 1 2 m 24+m 24+ m(m—1)

1 2 m
m 1 2 m m+m m+m(m—1)
m+1 m+1 m+ 2 m+m 1+m 1+m(m—1)
m+ 2 m+1 m+ 2 m+m 24+m 24+m(m—1)

m+1 m+2 m—+m

m+m m+1 m+ 2 m+m m+m m+m(m —1)
m2—m+1 me—m-+1 meg—m-+2 mo 14+m 14+ m(m—1)
m>—m+1 mo—m+2 mao 24+m 2+ m(m—1)

m?—1 mo—m-+1 mo—m-+2 Mo
m> me—m-+1| ma—m-+2 mo m4+m m+m(m—1)

HE 0]

€6E XBLAD XITHWHALOUD XIAWARKIUMOIGHH g UUTMVJAIIO HITG0HIIAdI HI9HIIAN VAV ]
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s mopcoeauiennst 1-IOpPTOBBIX ADOHEHTOB UCIOIB3YIOTCS JAEMYJIBTUAILIIEK-
copbl 1xXm u mysbrunsekcopbl mx1 coorsercrenno (pucynox 2). Takum
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Pucynok 2. Kommyrarop K1(9,3) ¢ Tomosorueil KBa3umnoaHoro
oprpada mpu m = 3

00pa30B 0Opa3yeTcs HEOJOKUPYEMBINl CAMOMAPIIPY TU3UPYEMBIHT pacipe/ie/ieH-
ublit kKommyTarop K (Ny,m). B Hem MapiipyTusanum ocynecTBiIsieTcst OT
UCTOYHUKA 110 ajipecaM (HOMepaM) BBIXOAHBIX IOPTOB JEMYJ/IBTUILICKCOPOB U
KOMMYTaTOpOB. BeckoudmmKTHAS TIepegatia MmakeToB Ha MPOU3BOJIBHON UX
IIePECTAHOBKE OCYIIECTBJISIETCsI IO IPSIMBIM KaHaJIaM 38 OJINH CKAYOK OT
MCTOYHUKOB K IIPUEMHUKAM, T.€. C MAKCUMAaJbHBIM OBICTPO/IECTBUEM.

Cymectsyer [6,9] MeTon BHYyTpEHHEr0 MaCHITaOUPOBaHUsI, KOTOPBIH
TI03BO/IsIET CTPOUTH U3 HeOJIOKUPYeMbIX KommyTaTopos K;(N;,m) ¢ N; = mit!
rebokIpyembIit KommyTaTop K;i1(Niy1,m) ¢ Nip1 = m+2. Kommyrarop
K;t11(Niy1,m) crpourcs uz N1 kommyraropos K;(N;, m) u ciost u3 N1
JEeMYJIBTUILIEKCOPOB 1 Xm u mysabrumiekcopoB m X 1. Kax it kommyTaTop
K;(N;,m) pasbusaerca Ha JOJIU IO T MOPTOB, U B KAXKJIOH J10JI€ 110 BCeM
KOMMYTaTOPaM CTPOUTCSI OTAeNbHBIH KommyTatop Ki (N, m) ¢ ucxomHoi
HyMeparmeit B KaXKJ10# j1oJie 1 CKBO3HOI HyMepalinei 1mo BceM joJisaM. [pu
9TOM KOMMYTATOp mXm obo3nadaercs kak Ko(m,m).

B rabmmmax 2, 3, 4 npuBoasiTCH TPUMEPDI MOCTPOEHUsT TaOJIUI WHITUIEHT-
soctu KommyTaropos K (4,2), Ko(8,2) u K3(16,2) u3 tabiun, MHIUIEHTHOCTH
koMMmyTaTopoB Ko(2,2), K1(4,2) u K3(8,2) coorBeTCTBEHHO.

Ha pucynkax 3, 4 u 5 npejcraBjieHbl CXeMbl COOTBETCTBYIOIIMX KOMMYTa~
TOpPOB KakK oprpados.
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TapaunA 2. Tabmmna nanmaentaocTr KoMmMmyTaropa Ki (4, 2)

K1(4,2) | Oyru ot aborenros | yru x aboHeHTaM
1 1 2 1 3
2 1 2 2 4
3 3 4 3 1
4 3 4 4 2

Tasmuya 3. Tabsuia WHIUAEHTHOCTH JjIsT HEOJIOKUPYEMOTO
koMmMmyTaTopa K (8,2)

Ki1(4,2) | Oyrm ot aborentos | lyru x abonenTam
1 1 2 5 6 1 3 5 7
2 1 2 5 6 2 46 8
3 3 4 7 8 3 17 5
4 3 4 7 8 |4 2 8 6

TAp/mMyA 4. Tabsuiia UHIUAEHTHOCTH JI/IsT HEOJIOKHUPYEMOTO
rommyTaTopa K3(16,2), nomygaemoro u3 kommyrtaropa Ki(4,2)

K»(6,2) Iyru or aboHEHTOB Jlyru K aboHeHTaM
1 1 2 5 6 13 14| 1 3 5,7 13 15
2 1 2 5 6 13 14,2 4 6 8 14 16
3 3 4 7 8 15163 1 7 5 15 13
4 3 4 7 8 15 16| 4 2 8 6 16 14

Maprpyruzanus ¢ dukcanueii coepunenuii B kommyrarope K11 (N;y1,m)
OCyIIEeCTBIAeTC CaeayomuM obpaszoM. Ilo HOMepaM UCTOYHUKA M IPHEMHUKA,
B TabJiie HHIUAEHTHOCTH Huinercst KommyTarop K;(N;, m), B KOTOPbIH BXOAAT
oba HOMepa: OT UCTOYHUKA U K PUEMHUKY.

Coennenne Mek/ly aDOHEHTAMU IIPOKJIAIBIBACTCA U€pe3 BhIOPAHHBII
kommyTarop. Hampumep, B Tabsuiie 3 UCTOYHUK 2 U IPUEMHUK 8 COEIUHSIIOTCS
4yepe3 kommyTaTop K1(4,2) ¢ HomMepom 2.

Mapmpyuszamus 8 kommytatope K;(N;, m) 0CymecTBIsIeTCst METOIOM Yep-
BOTOYMHBI — 10 HOMEPAM BBIXOIHBIX TIOPTOB JIEMYJIBTHILIEKCOPOB OT UCTOIHUKA
U Jlajiee 0 HOMepaM HOPTOB B BbIGpaHHOM KoMMyTarope K;_1(N;—1,m).
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2x2 2x2 | 2x2 2x2

PucyHok 3. Kommyrarop Ki(4,2)

Pucvnok 4. Kommyrarop K»(8,2)

IIpescraBiieHHBIE DUCYHKH ITOKA3bIBAIOT, UYTO BCTPEYHBIE IIYTH MEXKLY
ZByMsl aOOHEHTaM¥ MOI'YT HE COBIAJATh HU 110 KOMMYyTaropaMm 2X2 (mxm
B O0IIEM ¢JIydae) HU 110 KaHAJaM B KayKJOM HAIIPABJEHUU (HAIIPUMED, IIyTH
MezK 1y aboHeHTaMu 2 U 8 Ha PUCYHKE 4).

B paccmarpuBaembix kommyTaTopax K;(N;, m) MOXKHO OCYIIECTBIIATD
IPYIIIOBYIO MapIIPyTHU3AIIO, OCYIIECTBIISAS COEIMHEHNE MEXK Y a0OHEHTOM-
OpPraHu3aTOPOM U I'PYIIIOi aOOHEHTOB-YYaCTHUKOB. Jjist 9TOr0 B 1eMyJib-
TUILIEKCOPAX MOYKHO HCIIOJIb30BATH I'PYIIIIOBON aJIpeC BBIXOIHBIX ITOPTOB,
0b0o3HaYaeMbIil ¥ U 3a/al0Iuil COeMHEHNE MEXKJIy BXOJIHBIM IIOPTOM U BCEMU
BBIXOJIHBIMU [TOPTAMHU.

Takum ajipecoM MOXKeT ObITH, HanpuMmep, Homep m + 1. B saToMm ciy4ae
OpPraHm3aTop BBIJIEISIET IPYIITY MOCPEJICTBOM MOCBLIKU TAKETa I'PYIITOBOM
aJIpecartiy, COJEepKAaIero ¢ + 1 CHMBOJIOB, KayKJbIil U3 KOTOPBIX 33/1aeT HOMED
BBIXOIHOIO 1OpTa (MM BCeX UX) B KAXKJIOM JIEMYJIbTUIIIEKCOPE Ha MyTaX K
KOMMyTaTOpaM. B yacraocru, ecim B KommyTarope K3(16,2) na pucynke 5
opranu3arop 2 nocbuiaer naker (®, ®, 1, 1), 1o Bbliesigercs IpyIia yYacTHIKOB

{5, 6, 7, 8}. Ecomm ke mochuiaeres maker (®, ®, 2, 2), TO BBLAASETCS TPYIIIA
{9, 10, 11, 12}.



RUmEN; TTAPAJIJIE/ILHBIE T'PYIIIOBBIE ONEPALIMKA B HEBJIOKMPYEMBIX CUCTEMHBIX CETAX 397

2>®,8,1,1:(5,6,7,8)
2->®,8, 9,10,11,12)

™

Pucvnaok 5. Kommyrarop K3(16,2)

Amasnornano nocpeacreoM makera (®, 1, ®, 1) Boigensercs rpymma {7, 8, 11,
12} u .. Homepa BBIXOAHBIX OPTOB HE [IPOXO/IAT HA BBIXOJ COOTBETCTBYIONIETO
JEMYJIbTUILIEKCOPA, & UCIOJb3YIOTCI TOJBKO JJIsl TPOKJAAIKNA COEIMHEHII
BXO/Ia, U BBIXOIOB.

[TakeT rpyInoBoit agpecaruy COLEPKHUT TaKKe aJpec opranuzaropa. B
obImeM ciryuae pH UCIOJIB30BaHNN B makere k cumboios ® (1 < k < log,, N;)
BbIJIe/IIeTCs TPYTTa U3 MF yYacTHIKOB, COCTaB KOTOPBIX 3aBHCHT OT HAGOpa
HMHIUBHAIYaJIbHBIX HOMepoB B Iyre. Ilpu mociienoBaresbHOl mOCBIIKe He Gostee
log,,, N; nakeToB IpyIIOBOIl apecaluy ¢ Pa3HBIM KOJIMYECTBOM CHMBOJIOB &)
MOXKHO BBIJIEJINTD IPYIILYy yYaCTHUKOB IPAKTUIECKH JIFOOOrO COCTABA.
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YYIaCTHUKY TPYIIIBL IEPEIAIOT MAKEThI MOATBEPXKICHAN OPraHn3aTopy. JTh
[TaKeThl IMEIOT IIPOM3BOJIBHOE COJIEPKAHUE U TIEPEIAI0TCS KaXKIbIM Y4aCTHUKOM
JI0 MOMEHTa HACTYIJIEHUS €r0 TOTOBHOCTH K BBITIOJIHEHUIO IPYIIIOBOIT OIlepaIlii.
Ha myTu x opranusaTopy pa3Hble HAKETHI IOATBEPKIEHUN HAKJIIAIBIBAIOTCS
¥ UCKAayKalTCs, HO HE MCYE3ai0T [0 KOHIA mX meperaqdn. [Ipekparenue
[TOCTYILJIEHUsI TIAKETOB MTOITBEPXKICHAN K OPraHu3aTopy (PUKCUPYET MOMEHT

TOTOBHOCTHU BCEX YIaCTHHUKOB I'DYIIIIbI K BBIIIOJTHEHHUIO I‘pyHHOBOfI oreparmu.

Bo BpeMs BbIIIOJIHEHUST IPYIIIIOBOI OLIEPAIINE YUCJIA JTOJIZKHBI [IEPeIaBaThCA
CHHXPOHHO II0 Pa3psifiaM, T.e. TAK YTOOBI OHU IPUXOIMJIA HA BXOIBI MYJIbTHU-
IJIEKCOPOB BO BCEX MPOMEXKYTOTHBIX CJIOSX OfHOBpeMeHHO. JlocTmkenne Takoit

prHHOBOfI CUHXPOHUI3AIINU OCHOBBIBACTCA Ha CJICJYIOMINX 0003HAYCHUSIX.

Bpems nepegaun ot opranuzaropa I K ydacTHUKY J 0603Ha"aeTcss Kak
T(I,J)y, a Bpemst nepegaun ot yuactauka J k opranusaropy I —xak T'(J, I)p.
Makcumanbsuoe Bpemst T'(I, J)y o Bcem I u J oboznavaercsa kak Ty, a
makcumasbuoe spems T'(J, I)p no Becem J u I —xak Tp. Ilycrs opranusarop
I nocbuaeT KOMaHLy Ha HAYAJIO0 TPYNIoOBOii onepanuu B MomentT O (1), u

yuaactuuk J npunumaer ee B Moment O(J, 1) =O(1)+T(I,J)y.

JIjist JOCTHZKEeHUs! TPYIIIOBOIl CHHXPOHU3AIME [IPOU3BOJIBHBIN YIACTHUK J
38/IePKUBACT HAYAJIO TPYIION onepanun (Iepeiady CI0Ba B Heil) HA BpeMs
Ty +Tp — (T(I,J)y +T(J,I)p), T.c. HAUNHAET €€ B MOMEHT

QLI =0()+TU, )y + (Ty +Tp — (T(I,J)y +T(J,I)p)).

I'pynnosas omeparus peausyeTcs 3a BpeMs IIepelladd CJIOB Yepe3
KOMMYTAQTOPBL U CJIOH JEMYJIbTHILIIEKCOPOB-MY/IBTUILIEKCOPOB K OPraHU3aToOPY
6e3 TakTOBLIX 3ajieprkek. O6ozHaunm (1, J)! MOMeHT pHuxo/a CJIoBa OT
y4acTHuKa J K HEKOTOPOMY MyJIbTHILIEKCOPY ciosi j. OH 3amaeTcs: Kak
QI,J) = QU,J) + (T(J,I)p — T(I,J)}), vme T(I,J)}, 3anaer Bpems
IIpOXOJla CUTHAJIA OT JAaHHOI'O MYJIbTHILIEKCOpa K opranusaropy [. Ecau
Yepe3 JAHHBIH MYJIbTHILIEKCOD IIPOXOAUT IIyTh K OPraHu3aTopy I TakxKe W OT

ydacruuka L, To T(I, J)jD =T(1, L)jD.

TEOPEMA 1 (o rpynmoBoii cuaxporusanun). Momenmo, npuzoda caoe
HA A1000T MYABMUNAEKCOP COBNAJAIOM HA NYMAL K 0P2GHUZAMOPY OM
COOMBEMCMBYIOULUT YHACTNHUKOE 2PYNNbL.



\RUmEN; IIAPAJIJIESIBHBIE PYIIIIOBBIE ONEPALIMK B HEBJIOKHWPYEMBIX CHUCTEMHBIX CETsAX 399
JOKABATEJILCTBO. HerpynHo ybemurbest, 94To
Q,J)Y =e)+T,J)u + Ty +Tp—T(I,J)u—T(J,1)p
+T(J,1)p = T(L, J)p
=O)+ Ty +Tp —T(I,]))
=O() + Ty +Tp — T(I,L)).
TToceEee paBeHCTBO M O3HAYAET COBIIAICHIE MOMEHTOB IIPHUXOJIa CJIOB Ha
JI000#t MyJIBTUILIEKCOP HA MYTAX K OPTAHU3ATOPY OT JIOOBIX yIACTHUKOB
TPYIIIBL
B uacrnocru, pu j = i = log N; umeem T'(1, J)% = T(I, L)%, = 0. Dto
03HAYAET, 9TO MOMEHT IIPUXO0/Ia PE3YILTUPYIONIX CJIOB K MYJIbTUIIIIEKCODY
opranuszaropa (I, J)! = O(I) + Ty + Tp He 3aBUCUT OT cocTaBa IPYTIIIbI
YYaCTHUKOB OIlePaIlnH. O

2. IpynnoBas apucgmetTuka Ha 0CHOBE (POTOHHBIX JIOTNYECKUX CXEM

B mamHOM pasesie paccMaTpUBAETCS BBITOJIHEHUE IPYIIIOBBIX OIE€PAITAi
BOK B mpemosioykeHnn moc/ie0BaTeIbHOTO PA3MENIeHns] YIaCTHUKOB BIIOJIb
0bIIero KaHaja, COCTaBJIEHHOr0 13 (POTOHHBIX MCIONHATEIBHBIX 6s10K0B [4]. ITo
KaHAaJIy JIOTHYIeCKHe [IePEeMEHHbIE TIEPEIAIOTCs B mapada3HoM BHUJIE, T.€. II0 IBYM
guansim 0 u 1. 3nadenne 0 nepemaercs curaajaoMm B Juaud ) IPU OTCYTCTBUA
CUTHAaJIa B JIMHUU 1, a 3HavUeHNe 1 — CUTHAJIOM B JIMHUHU 1 IIPU OTCYTCTBUH
curaasa B jmanu 0. Jluavm 0 u 1 npoxozgar depe3 kouBepTop C; KayKJIoro i-ro
y3sa cern. OH BbIIOTHSET yHAPHYIO oneparnio O; mpeobpaszoBaHus BXOIHOM
JIOTUYECKON IMePeMEHHOMN T; B BBIXOJIHYIO JIOTMYECKYIO 1epeMeHHyto y; = O;x;.
Omnepanust O; COCTOUT U3 CJIEJIYIONUX IPEOOpa30BaHMii: TIOBTOPEHUS Y; = T;
(«=»), orpunanus y; = —x; («—»), nepesoja B 3Havdenue y; = 0 («0») u
nepesosia B 3HaueHue y; = 1 («1»).

Kougeprop ncnonb3yercs B 4-x PUKCHPOBAHHBIX COCTOSTHUSIX, JJIsi KOTOPBIX
onepanusi O; cuuTaeTcs BHIMOJIHEHHON. Kaxk10e 13 HUX 3a71aeTCsd HEKOTOPOit
KOoHUTypalmeil Tapbl OTPE3KOB BOJIOKOHHBIX JIMHUM CBA3U, 33IaBAEMBIX
3HaveHneM mapadasHoil ynpaBidomneil mepementoit u;. Ha pucynke 6
[IPE/ICTABJIEHBI CXEMbI UCIIOJIB30BAHIS TAKUX AP KOHBEPTOPOB /ISl PEAIN3aIUun
HEKOTOPBIX JIOTMYeCKUX DYHKIHH /1151 napada3nbiX IePEMEHHDBIX T U Y.

Jlytst 3TUX cXeM B JaJIbHEHIeM UCIOIb3YIOTCs 0003HAYMEHNUs], IPUBEIEHHbIE
BHU3Y PUCYHOK 6.
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C(u, N) C(u, v) C(u, ®) C(u, V)

Pucynok 6. Cxemuas peanmsaiiust Jorundeckux (yHKIuil u3 rab-
Jmnsl 5 s napadas3HbIX IepeMeHHBIX

Ha pucynke 6 ucnosnb3ytorcs (poToHHBIE JeMmysibruiiekcop D 1xX2 u
MyabTuiiekcop M 2x1, comepkaliiie IJIEHOYHBIN CJIOMl MeTaMaTePUasIOB

C 9JIEKTPOOIITUIECKUMHY MM MATHUTOONTUYECKUME cBojicTBamu [10,11].

st ynpaBiieHHsT KOMMYyTaIueil UCIoab3yeTCsl OITUYIECKU CUTHAJT.
B nmemynbprumiekcope o mpeobpasyoTcs BO BHYTPEHHUN JIEKTPUIECKUI UIH
MAarHUTHBIN yIPaBAAONIUIl CUTHAJ, KOTOPHIE II0/JaeTCd Ha YIPaBJIAIONINNT
CJIOMi, 3a/laBad JiBa HallpaBJIeHUs PacCIPOCTPAHEHUs OIITUYECKOI'O CUTHAJIA,
MOCTYIIUBINEr0 Ha MHQPOPMAIMOHHBIH BXoJ. B pe3ysbrare BXoHOI onTHIeCKuit

CUTHAJI HAIIPABJIAETCA Ha OAUH U3 JIBYX ONTUYECCKUX BBIXOIOB.

B pafore uCIOIB3YIOTCs OJTHA YIIPABJISIIONIAs napadasHasl IepeMeHHas,
[IO9TOMY MOXKHO HUCIIOJIb30BATH U JIPYTHE OJIHOCJIONWHBIE YCTPONCTBA HA JIBa
BBIXO/A, (JIEMYJIBTUILIEKCOPBI) WU BXOAa (MyJIbTUILIEKCODDI), HAIIPUMED,
wieHKY apcernia rajus [12]. OHu H03BOILAIOT CTPOUTH (DOTOHHBIE JIOTUUECKIE

QJIEMEHTBI, YIIPpaBJ/sieMbI€ CBETOM HaIIPAMYIO.

B rabsmiie 5 nmpuBoasiTCss TabJINIBI UCTUHHOCTHU JIOTUYECKUX OIEpaIlnii,

HCIIOJIb3YEMBIX B CXeMaX Ha PUCYHKe 6.

Bumo, uro omeparusa N 3amaeTcs TOIBKO Mapoil COCTOSHII KOHBEPTOPA
C};, KOTOpBIE BBIOMPAIOTCS 0 3HAYEHUIO TIepeMeHHO u;. Kak pe3ysibrar, Ha
mape KOHBEPTOPOB MOXKHO BBITIOJIHUTH OMHAPHYO OIEPAIIHIO ¥Y; = T;Nu; —

JI06y10 13 16 JTOrmvIecKux Omeparuii.
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TapiuuA 5. Jlorudeckue (pyHKIUHU 110 COCTOSIHUSIM KOHBEPTOPA
A7l CyMMaTOpa

Dynxus <V Oyukuns «Cioxkenne «Haganpubrit
«JIN» mo mod2» 3aIyCcK»
R=A R=vV N=0o RN=V
z u O y |zl u O y |z u O y|lz u O Y
0 0] «0» 0]0[]0 «=>» 0]0 0 «=> 0|0 0 «=» |0
0 1 «=» 0[]0 1 «1» 1 (0 1 «» 1 ]01 «0» 0
1 0 «0» 0|1 0 «=» 1|1 0]«=» 1|10 «=» 1
1 71  «=» 1|1 1 «l» 1 (1 1 «» 0]11 «0» 0

Ha pucynke 7 mpejcraBieHa TakzKe CXeMHasi Peagu3anus Jyist napadhasHbix
nepeMeHHbIX Mysbruiuiekcopa (M,,) u gemysabrunsercopa (D,,), yupaBiseMbix
IepeMEeHHON Uu.

PrnovHok 7. CxemHble peasn3ariuy yrpaBiseMbiX (POTOHHBIX
MYJIBTHIIIEKCOPA U JIEMYJIBTHILIEKCOPA

IIpu mocsreroBaTEIHHOM PA3MEIIEHAN Y3JI0B MOYKHO 38 BPEMsI II€PEatin
110 00IIeMy KaHaJIy OHOTO YHCJIa 00pa30BaTh B HEM CYMMY Pa3MENIEHHBIX
110 y3JIaM YHCeJI WJIN BBIIEJUTDH U3 HUX MaKCAMaJbHOe uncio. s sToro
qucJja IepeJaloTcd KakK JBOUYHbIe YUCIa 110C/Ie0BaTesIbHO 110 Pa3pdAIaM.
st cyMMUPOBaHUs OHU II€PEIAIOTCA MJIAIINMA Pa3psiaMu BIIEPe, a JIJIst
HaXO0XKJEHUs MaKCUMyMa — CTapIIUMHI pPa3psaJaMHu.

AboHeHT-OpraHn3aTop, BHIIAET KOMAHJIY BBIIIOJHIEMON OMEPAIHH.

STa KOMaHa CUHXPOHU3UPYET JIJIsl BCeX y3JI0B HAYasI0 BBIIIOTHEHUsI
pacupezesieHHol onepanun . ITpu KaxkoM y3ie nuMeeTca HaOOp HCIOJHU-
TesibHBIX 6s10KOB U (1), HACTPOEHHBIX HA BBILIOJHEHUE OT/IEJIbHBIX ONEPAIH.
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Komana onepariun BoIONpaeT KOHKPETHBIN UCHOMHUTEIbHBIN 6J10K. Kakabrit
UCIOJIHUTEBHBIN OJIOK COCTOUT U3 CXEM, BBIIOJHSIIONINX HEOOXOIMMbIE
JIOTUYECKHE OIEPAINN B OMPEJIEIEHHON MOC/IeT0BATEIHLHOCTH, 3aJaHHON UX
MEKCOEIMHEHUSMU.

Ha pucynxke 8 npezcrasienst 610ku Us(1) u Uy (1) nupu Bropom u N-om
y3J1aX, BBIIOJIHSIONIUE OIEPAIAI0 CyMMUPOBaHus N 9ucell. IepBbIi y3es He
ucnosb3yer csoit 610k Uy (1).

. 1" ', A) o 1J Clxy's A)
& 5 — !
[, = [

i Un(1
Us(1) I l:'ja.«, w] |2 M1

1 i 1 i
s W2 a YN YN

Pucynok 8. N-ysioBoil pacupeiesieHHbIi CyMMaTOD

Oun BeIIAET 110 Tapada3HO JIMHUN 3HAYeHUH cJIoT X1, COMepKaInii
JBOUYHOE MHOI'OPa3psAJHOE YUCJI0, Ha4YuHasd C MJIJIIINX Pa3pdAlIoB, & II0
napadaszHoil CHHXPOJIMHAN — CJIOT S TOH Ke Pa3psiIHOCTH.

B ciote X pasps/ibl TepejlaloTcs TlepeMeHHbIMI T, a B ciore S —
IlepeMeHHBIMHI S°, TJIe 4 — 9TO HOMep pa3psja. 1lepsblil pasps ciaora S umeer
suagenue 1 (s; = 1), a ocrasbuble ero pa3psiapl—3uadenus 0 (s; = 0 upu
1> 1). Touku Ha JUHUAX OGOZHAYAIOT Y3JIbl PA3JIEJICHUS CBETOBBIX CUIHAJIOB
[OCPEJICTBOM BETBJIEHUST ONITUIecKuxX JuHui. Biok Us(1) pacupeneneHHOTO
CyMMAaTOPa TOJICOEIUHSIETCA K IEPBOMY M BTOPOMY CETEBBIM Y3JIaM.

CxeMbl Ha PUCYHKE 8 IOJIyYeHbI HA OCHOBE M3BECTHOI CXEMbl OIHOPA3PSI-
HOI'O CyMMaTopa, K KOTopoil nobasjeHa cxema GOPMUPOBAHUS HYJIEBOIO
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3HAYEHUN IIePEHOCa U3 IPEJbLIYIINEro pa3psijia Ui II€PBOr0 paspsia U
cxeMa IepeHOca 3HAYEHH B CJIEIYIONINI pa3ps i depel3 JIMHUIO 3aaepKKu LD

JJIUTEJIBbHOCTHU B OJUH TaKT.

JIoboit k-it yzen cetu (2 < k < N) nepenaer B csoit 6510k Uy (1) cior X,
CoslepzKaIril 3HAYEHNs IEPEMEHHBIX T}, JITsI KazKJI0ro paspsijia, Ha JApYyToil
BX0JI KOTOPOT'O TIOCTYIAET CJIOT Yj—1, COAEPIKaIuil BLIXO/HbIE PA3Ps/Ibl Yh
u3 6aoka Uy_1(1). Kpome toro, B 3T0T 610K TIOCTYHAET CJIOT S, MpOIIe i
qepe3 UCIIOJTHUTEIbHBIN OJIOK MTPEJIbIIYINero y3ia

Ha pucynke 9 npejicraBieHa BpeMeHHas quarpamMmma paborst 61okos Uz (1)

u Uk (1) ¢ ucrosib3oBanmueM ciieiyonux 0603HaYeHuiA.

T

A4
Y
~
v

4

S
NN
NS I a a
53
IS
N‘N
a a |4

R i VA B

PucyHoK 9. Bpemennas quarpaMma pacipeeieHHOTO CyMMAaTOPa,

Ilepunon paspsiia 3anaercs Kak 1, JUINTEIbHOCTh AKTHBHBIX CUTHAJIOB
B HeM — Kak 1, a BpeMs HACTPOWKN KOHBEPTOPA WA MYJbTUILIEKCOPA IO
yIpaBJIstiomeif lepeMeHHoOi % — KaK 7. BUIHO, 9TO BBIXOJHAs TIepeMeHHast s
BO BCEX pa3psiax MOSBJSETCS C 33/IePKKOI Ha 2T U 3aJ[aeTCs CUTHAJIAMU
jymTenbHocTu 1y — 27.

Ciemyer OTMETHTD, UTO MpaBasl JUarpaMMa CIIPaBeJJInBa, JIJIsl JTI000T0

i

6ioka Uy (1) npu k > 2. D10 03HAYAET, UTO BBIXOJHAS IIEPEMCHHAS Y}
MOSIBJISIETCS. € 3aIEPKKON HA 27 OTHOCHTEIHHO HAYAJIa CHHXPOCUTHAJIOB S MpPHU
JIIOOBIX k U ¢, T.e. IpHU JII0OOM YHCJIE Y3JI0B U BO BCEX PA3PHAIAX TUCEJ U

3a/1aeTCs CUTHAJAMU JyTuTeabHoCcT 1o — 27.
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Hapsinty ¢ pacemorpernoii Boimie rpynmosoii omeparueit BOK «cymmvupo-
BaHUE» TEPBLIl y3€JI MOXKET 33JIaBATh U ONEPAITNI0 « MAKCUMUBAIIUI», IO
KOTOPOII HAXOAUTCs HAUOOJIbIIIEE YUCJIO U3 THCETI, PA3MEIIEHHBIX B y3JaX
ceru. [lo 9T0it KOMaHIE OT UCXOMHOTO y3JIa IIPHU KAXKIOM CJIEIYIONIEM y3JIe
BBIGUPAETCsT UCTIOJHUTEIBHBIN 610K Uk (2) — «MaKCUMU3aTOP», BBIIOJIHSIIOIIMI

3Ty OIlepaInio, CXeMa KOTOPOro IpeJicTaBieHa Ha pucynke 10.

PucyHok 10. N-y3/10Boii pacrpenesieHHbI «MaKCUMU3ATOP»

B 6uokax Ug(2) AOIOIHUTENBHO UCIOIB3YIOTCA CXEeMbl, KOTODPBIE BBIIOJIHSI-

IOT JIOTU4YeCKue (byHKLLI/IH, IpeJacTaB/IeHHbIE B Ta6.HI/IL[€ 6.

Tap/MIA 6. Jlormdeckne (DYyHKIUHU IO COCTOSTHUSIM KOHBEPTOPA

AJId «MaKCUMHU3aTOpa»

Jlornueckas dpyHKIMA Jlormueckas
«Ilepekmrouennes st 6y10KA dbyukiusa«llopropennes s
Uk(2)(k > 2) 6aoka Ui (2)(k > 2)
N=0 NR=#=A
Th—1 Tk O Zk—1 Zk—1 Or—1 (@] Ot (k—1)
0 0 «1» 1 0 0 «0» 0
0 1 «=» 0 0 1 «=» 0
1 0 «1» 1 1 0 «0» 0
1 1 «=» 1 1 1 «=» 1
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IlepBniit y3es ceru Boigaer 10 napadasHoil JuHuy 3Hadenuit B 6j0k Uz (2)
caoT X7, comepsKaIuil JBOMIHOE MHOTOPA3PSIIHOE UUCII0, HAUWHAS CO CTAPIITIX
pas3psioB, a 1o napadasHoil CHHXPOJUHUN — CJIOT S TOi »Ke pas3psijiHocT. B
cote X pasps/Ibl TlepeiaeTcs IePeMeHHBIME T4, a B ciioTe S — IepeMeHHbBIMMI
s', rame ©— 310 HOMep pa3psana. llepsorit pa3ps ciora S nmeer 3HaUYeHne 1
(s1 = 1), a ocrambuble ero paspsaap— sHadenns 0 (st = 0 npu i > 1).

JTro6oii npyroii y3ea cetn (1 < k < N) nepenaer 1o JMHUN 3HATCHUH
B cBoit 6510k Ug(2) cior X, comepkaniuii 3Ha9€HUs IIePEMEHHBIX x}C 1
KayKJI0ro paspsiga. Kpome Toro, B 3T0T OJIOK HOCTYTAET CJIOT S, MPOIIeAInit
Jepes3 UCIIOJTHUTEIbHBIN OJIOK MPEeJIbIIYIINero y3Ja.

Ha pucynxe 10 (cieBa) npezcrapiena cxema 60ka Us(2), To1coenHAEMOTO
K IIEPBOMY U BTOPOMY CETEBBIM y3JIaM PacCIPeIeIeHHOIO «MaKCHMHU3aTO-
pa». Toukn Ha JMHUAX 0O03HAYAIOT Y3JIbI PA3e/I€HUS CBETOBBIX CHUTHAJIOB
IIOCPEICTBOM BETBJIEHUSI ONTHYECKUX JIMHAM.

Ha pucynke 10 (cupasa) npusogurcst cxema 650ka, Uk (2) (k > 1), xoropas
noBropsier cxemy 0Jioka Us(2) ¢ 3aMeHOll 21 HA Yg—1 ¥ 3aMEHOI MHJEeKCa 2 Ha
UHIEKC k.

Ha pucynke 11 npupojauTcs BpeMeHHast quarpamMmma (pOpMUPOBaHUs
Pa3HbIX TIEPEMEHHDIX JIjIsi Pa3psaaoB j u j + 1, rae 7 0603HaUaET BpeMst

T T
) To TO
s' 1 | 0 |
x' 0 | ! |
x2' ! | 0 |

2]

D o e
I 1 S — -

il 0 |
oa'|2z 0
| O | - I

Pucynok 11. Bpemennasi guarpamMma AByXy3JI0BOIO «MAKCUMHU-
3aTopay I j-TO pa3psia

HACTPOUKHU KOHBEPTEPOB H MYJIbTHUILIEKCOPA, & 1 U T — IIUTEIbHOCTH Pa3psia
¥ aKTUBHOTO CUTHAJa B HeM. BHUJIHO, YTO aKTHBHBIN CUTHAJ YKOPAYUBAECTCI Ha,
BpeMs He Oosibiiiee 37, KOTOPOE He 3aBUCUT OT 3HAUECHUS j.



406 B.C. IToasazoB RUmEN;
3. IT'pynnoBasi apucgpmeTnka Ha ocHOBe (hOTOHHbLIX MYNbLTUMNIIEKCOPOB

['pynmnossle onepanuy BLINOJIHSIIOTCA HaPaJUIeJbHO [0 yYACTHUKAM TPYIIIIbI
B CIIENMAJIBHBIX HCIIOJHHUTEIBHBIX MyJIbTHIIIeKcOpax IM j, BKIIFOUaeMBbIX
MapaJIesIbHO KaXKJIOMY CTaHJAPTHOMY MYJIBTHUILIEKCOPY B JIIOOOM CJIoe
j(1 < j < i) xommyraropa K;(N;,m). Cxema mynbrunnekcopa IM; na m
BXOJIOB IIpeJICTaBJIeHa Ha PUCYyHKe 12.

Prucynok 12. HcnosHnTenbHbIN MYJIBTAILIEKCOD

Cion JIeMyIbTUILIIEKCOP—MYJIBTHILIEKCOD HYMEPYIOTCsl OT abOHEHTOB JI0
KOMMYTaTOPOB BKJIIOYUTENbHO. [Ipu aToM mpenmnosaraercs, 4To KOMMYTaTOPbI
COCTaBJIEHBI U3 JIEMYJIBTUILJIEKCOPOB U MYJIBTHILJIEKCOPOB IO CXeMe Ha PUCYHKe 13.

Pucvaok 13. KommyTtaTop mXm u3 geMyJIbTHAIIEKCOPOB U
MYJILTHILIIEKCOPOB

Kazk bt yaacTHUK miepegaer cjaoThl S u X, UMeIne TOT XKe dpopMaT
Kak B paszjeie 2. OHM paciupoCTPaHSIIOTCS 10 CJIOAM JeMYJIbTUILIEKCOPOB 6e3
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W3MEHEHU, a B CJI0sIX MCIIOJHUTEJIbHBIX MYJIBTUILIIEKCOPOB ITPOUCXOIUT UX
opaspsiHoe HajtoxkeHne. COIVIacHO HyMepaInu CJIOeB nMeeM Y = X
(k=1,2,...,m). B kax/i0oM MyJbTUILIEKCOPE CIOTHI Sj 1 Y ) IIOCTYIAIOT HA
ucnosiHuTEbHbIE 0/10KU Uy, pACCMOTPEHHBIE B IPEIABIIYINEM PA3Iese Mt
BBINIOJIHEHUs] TPYIIIIOBO# OIIEpaIii CUHXPOHHO 0 Pa3psiaM CJIOB «HA JIETY».

SHaveHnd paspdAloB BXOIHBIX CJIOTOB S; U Y; B KaxkaoM Osoke Uy
UCIIOJIb3YIOTCH KaK YIIPABJISIONINE [IepEMEHHbBIE, & 3HAYEeHHs Pa3PsI0B BEIXOIHBIX
CJIOTOB Yj_1 TPAaKTYIOTCA KaK 3HAUEHWs Pe3y/IbTaTa OTePAIiH, BBITOJTHEHHON B
JanHoM Mmysbruiiekcope IM ;. Haganbnoe sHaUeHne pesyIbTaTa Oleparun
JJIS KaXKJI0T0 pa3psijia (hOpMUPYETCsi B JOMOJHUTETLHOM OJtoke «0», cxema
KOTOpOI'0O TIPUBEJIEHA CIIPaBa Ha pUCyHKe 12.

31ech HEOOXOIUMO OTMETUTh, YTO AJIUHBLI JUHUNR CUHXPOHU3AIINN U
3HadeHnit co Bxonos (S;,Y;) myaprumiekcopa IM ; na ero Bbxost (S;-1,Y;-1)
JIOJIZKHBI HIMETh OJUHAKOBYIO JJIMHY, 9TOOBI HEe HAPYIIATh YCIOBUS CHHXPO-
HU3AIUN Pa3psIoB. ITO TPeOOBaHUe MTPOCTO BBIIOJHUTEL IPU ITOCTPOSHUN
MyJIbTUILIEKCOPOB M j, TaK KaK HPOXOJMIHe Yepe3 HUX JIMHUHE CHHXPOHU3ALIN
U pe3yabTaTa He BHOCAT HH KOMOMHAITHOHHBIX, HI TAKTOBBLIX 33IePKeK, a
TOJILKO 33JIePyKKHU PACIIPOCTPAHEHUs CUTHAJIOB.

K coxanenmro, mynbrumniekcopsl IM; mo cxeme pucynok 12 paboraor
HPaBUJIBHO, TOIBKO €CH TapadasHble CHTHAIBI IMEIOTCH Ha BCeX BXOJaX Y j.
IIpu orcyTcTBUM CUTHAJIOB XOTsT ObI HA OJTHOM BXOJIe 3HAYEHUs] CUTHAJIOB HA
BBIXOJZIE Y;_1,; CTAHOBUTCS HEOIPeJIeJIEeHHBIMI.

g ycTpaHeHHs 9TOr0 HEJIOCTATKA MOYXKHO B CXEMaX JIOTMYECKUX (bYHKITHI
UCIIOJIb30BATH JIBYXCJIONHBIE JIEMYJILTHILIEKCOPBI M MYJILTHILIEKCOPHI 13 [10,11].
OHHU UMEIOT JIBa CJIOS € YIIPABJSIEMbBIM [TPEJIOMJIEHUEM PACIIPOCTPAHEHUS
nadopMmarmonHoro curtasa. [lapadaszusrit curaan «0» 3a1aeT u3MeHeHNe
HAaIPaBJIEHUS PACIIPOCTPAHEHUS B OJHOM CJIoe, a mapadas3Hblil curaaa «1» —
B apyrom cioe. OrcyrcrBue nmapada3Horo CUrHaja COXPaHsIeT HCXO/IHOe
HaIPaBJIEHNE PACIPOCTPAHEHUS B O0OMX CJIOSX.

B pesynbraTe nHbOPMAIMOHHBIN CHTHAJ MOXKET IIPOXOIUTDL HA OJWH U3
Tpex BbIXOIOB (pUCYyHOK 14).

1
D u
0
o[L (&

Pucynok 14. JIByxcioiiHblit GOTOHHBIN JEMYJIbTUILIEKCOD
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Ha pucynke 14 3nak & obo3nadaeT OTCYTCTBHE CUTHAJA, 8 WH(MOPMAINOH-
HbI€ CUTHAJIBI IIPEJCTABIEHBI TOJBHKO OJIHOMN (a3oii.

Ha ero ocanose Mmoxkuo IIOCTPOUTH YHUBEPCAJIbHBIC praBJIHeMbeI Je-

MyJIBTHILIEKCOP D, /o U yupasisemplii MyabTuiLiekcop M, g (pucynox 15—
AHAJIOTU PUCYHKA 7).

1 0 I 01 0
X(D)/x(u) x(@)  x(u)

PucyHOK 15. yHmBepcasbHbIE yIPABIISEMbI 1€MYIbTUIIIEKCOD
D, /s n ynpasiagemblit MyabTuiiekcop M, /o

Ero MoxkHO mcnob30BaTh B MyabTHILIeKcope IM ; it 06xona TpaJuImoH-
HOTO HCHIOJHUTENbHOro 6soka Uj i (pucynok 16).

o
>

Prncynok 16. Cxema 06xoza UCHOJIHUTEIBHOIO Oji0Ka Uy ; B
MysibTHIIEKCOpe IM ;

4. CpaBHuUTeNbHbIE XapaKTEPUCTUKN NapannenbHon n
nocnepoBaTesnbHOW rPynnoBbIX onepawunii

OueHnM XapaKTePUCTHKY NAPAJUIEIBHOIO CLOCO0a BBIIIOIHEHNS IPYIIIOBBIX
onepanuit BOK B cpaBHEHNU ¢ MOCJIEI0BATENBHBIM CIIOCOGOM B [4].
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C.HO)KHOCTB Ce€TUu C I'PYIITIOBBIMU OIl€epalludadMMn 6y‘,lleM OlleHUBaAaTb KaK
cyMMmy craoxkHocTu KommyTaTopa K;(N;, m) 1 CI0XKHOCTH UCIIOJHUTEIbHBIX
6s10k08 U (7). IIpn 3TOM CIOKHOCTH KOMMYTATOPa 1 X1 ONEHHBAeTCs Kak m?,
JIEMYJIBTUILIEKCOPA U MYJIBTHILIIEKCOPA— KAK 11, & CJIOKHOCTH MCIIOJHUTEIHHOTO

6moka U —xkak mm, e m < m.

Caoxuocrs w; Kommyraropa K;(N;, m) onenuBaercs Kak w; = Now;—1 +
2N;m 1pu we = Ny + 2mNy = m?(1 + 2m). B pesynbrare mmeeM w; =
2mi(m*t +mi=2 ... 4+ 1).

Jist mociie10BaTeNLHONO COCO0a CIIOXKHOCTE Ag, ; CETH OINEHUBACTCA KaK
A@)i = w; + 7rmi+1.

Jna mapanrensHoro cmocoba CIOXKHOCTD Kazkioro IM ; ormennBaeTca Kak

7m?, TOr/Ia CJI0KHOCTD Ag,; Beeii cern oneHnBaeTcd Kak Ag j = w; +wmm? /2.

O1eHnM BpeMsT BBITIOJTHEHUS TTapaslIeIbHON rpymmnoBoit omeparun. OHa
COCTOUT U3 BPEMEHHU TI'PYIIIOBO# ajipecanuu 1G4, KOTOpas COCTOUT U3 MOCHLIKI
opranuzaropoM 7 rpymnoBbix aiupecos (1 < r < log,, N;) u oxunanus
MOATBEPKJIEHUIT yIaCTHUKOB TOTOBHOCTH K BBIIIOJIHEHUIO orleparuu. Kcim
MIPUHSATH, ITO BCE YIACTHUKHU TOTOBBI CPa3y U Iepeaada aapeca 3aHNMaeT
BpeMs T'a, 10 Tga <1714+ Ty +Th.

Bpewmst Buimomenust camoii orneparun Top CKIAIBIBAETCS U3 TOCHLIKI
KOMAHIbI, 38/1€PKKI CHHXPOHU3AIINH U [T€PEJAdn IUCIa C JTOCTABKON Pe3yJIbTaTa
opranmsaropy. Eciu npuHsTh, 9TO epeiada KOMAaH/Ibl U UNC/Ia, 3aHUMAET
Bpemena It u Ty, To Top < Ty + 171+ Ty +Tp + Tx + Tp. B pesynbrare
BBITIOJTHEHUE MAapaJIesIbHOIl IPYNITOBON onepalyu Oy 3aHIMAET BpeMs
Oy = Tga +Top < 3(Ty + Tp) + Talog,, N; + T1 + Tn. Ilpumenm, aro
BpeMs pacrpoctpanenus curiana ITp = Ty = Tp. OKoHYATEILHO HIMeeM
cootHomenne Oy ; < 61p + Tylog,, N; + 17 + Ty

BpeMs BbIIo/IHEHYSI TIOC/IEI0BATEILHON TPYIIIOBOi onepanun Og B Tex ke
obosHadennsx onenusaercs [4] kKak Og ; < N;Tp + N; T4 + T + Ty

ByzneMm cpaBHEBATH [OC/ICA0OBATEBHbIN U HAPAIEIBHBL CIOCO0 [0 MUHU-
MyMy KPHTEpUd p, 331aBaeMblil KAK OTHOIICHNE CJIO0KHOCTD/GLICTpoeiicTBHIE.
s mociejoBaTeIbHOIO Crocoba OH 33JaeTcsd KaK pg i = Ag Og i, & 11
IapaJlJIeJIbHOTO CIIocoba —KakK pPg i = Ag iOg.i-

PaccMoTpuM OTHOWIEHUS y; = pg.i/p#.i = Ag,iOg.i/Ax iOx,; upu
Pa3HBIX 3HAUEHHSIX TAKNUX IIAPAMETPOB KaK: IHC/IO0 abOoHeHTOB NN;, mapaMerp
JieMyJIbTHIIIEKCOpa M, dbu3ndecKne pasMepbl KoMMyTaTopa L(M) # CKOpOCTbH
nepegaan V(I'6/c). IIpu srom Bpemena Tp, T4, Tr, Ty pacCINTHIBAIOTCS
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Tabmuna 7. Suavenus v; upu m =8 um =3

i 2 3 4 5

N; 64 512 4096 32768
V=10T6/c, L=0,1m | 1,04 121 7,04 49,6
V=10T6/c,L=1wm |090 1,12 7,04 535
V=100I6/c, L=1m | 0,73 1,04 7,04 56,0
V=100T6/c, L=0,1m|0,90 112 7,04 535

Tapmuia 8. 3uavenus v; inpum =4 um =3

i 3 4 5 6 7

N; 64 256 1024 4096 16384
V=100T6/c, L=0,1m| 061 171 659 251 974
V=100T6/c, L=1m |056 1,71 6,89 27,1 107,7
V=10T6/c, L=1m |061 1,71 659 251 974
V=10T6/c, L=0,1m | 0,66 1,72 611 21,7 79,1
V=1T6/c, L=01m |068 172 598 20,71 73,6
V=1T6/c,L=1m |066 1,72 611 21,7 79,1

o dopmyinam Tp = (i — 1)L/C u Ty =Ty = T = 64L/V, rne C—ar10
CKOPOCTB cBeTa. Pe3ybTaThbl pacieToB MIPUBOJIATCI B TAOIUTAX 7 U 8 JIJIsT

caMoii GOJIBIION IPYIIIBI yIACTHUKOB.

Tabuibl TOKA3BIBAIOT, UTO JJIsi CHCTEM C JIECATKAMA U COTHSIMU aDOHEHTOB
IIOCJIE/IOBATEILHBII U ITapaJsljIeJIbHbIE CIIOCOOBI IIPUMEPHO COIIOCTABUMBI, a
JJIsT CUCTEM C TBICTYAMU U JIECATKAMU ThICSTY aDOHEHTOB TapaJlie/IbHBII
crocob 1Mo BIOPAHHOMY KPHUTEPUIO BO MHOTO pa3 JIydille. DTO IMPEUMYIIECTBO
obecrieunBaeTCs MEHBIIIUM BpeMeHeM (DOPMUPOBAHUSI T'PYIIIT YIaCTHUKOB
u 60Jtee OBICTPBIM MTPOXOXKIEHUEM PE3yJIbTATa OMEPAINH OT yIaCTHUKOB
K OpraHmsaropy mo 0ojiee KOPOTKHUM IapaJiiejbHbIM IIyTaM. OcobeHHO
3aMETHO 3TO IIPENMYIIECTBO IO OTHOIIEHUSAM BPEMEH BBIIIOJHEHUS I'PYIIIOBBIX

onepanuii — 3az7epxkex (tabimma 9).
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Tap/MUA 9. Suauenus Og /Oy ; upu m =4

i 3 4 5 6 7
N; 64 256 1024 4096 16384
V=1TI6/c,L=1m |45 132 43 147 515
V=1T6/c,L=01wm |44 129 43 150 540
V=10T6/c,L=1m |37 11,8 43 162 625
V=10T6/c, L=0,1m |44 129 43 150 540
V=100I6/c, L=1wm |29 109 43 169 674
V=100T6/c, L=0,1m |37 11,8 43 162 625

5. Hebnokupyembie cuctemHbie cetTu n3 onTo3/1eKTPOHHbIX
nepeko4arenen

JIaHHBIH pa3/ies MOYTH MOBTOPSIET AHAJIOTUYIHBINA paszen u3 [6]. Oraudune
COCTOMT B MECTaX pa3MerieHnu GOTOHHBIX UCHOJHUTEIHHBIX Y3J0B. B [6] onn
pa3MeIaTcs MeX 1y aboOHeHTaMHu U HeOJIoOKUpyeMoii ceTbio. B nanHoit pabore
OHU Pa3MEIAIOTCs B BHYTPH CaMOil CeTH — B UCIIOJHUTE/IBHBIX MYJIbTHILIIEKCOPAX,
BKJIIOYEHHBIX [1aPaJjIeIbHO OOBIMHBIM MYJIbTHILIIEKCOPAM.

Onruveckyio cerh it BOK MOXHO OCTPOUTH M3 OMTOJIEKTPOHHBIX
nepekJrouaresieii Ha 6ase narepdepomerpos Maxa-3anepa (MZI) [6-17].
W3 Takux nepexsmiogareseii MOXKHO COOPATh ONTOIIEKTPOHHBIN KOMMYTa-
Top 4x4 [15], B KOTOpOM IIepesiada JAHHBIX Yepe3 KOMMYTATOD BEJIeTCs
OITUYECKUMU CUTI'HAJIAMU, & yIPABJIEHHE KOMMYTATOPOM OCYIIECTBIIAETCS
Y3JIOM CeTH 3JIEKTPOHHBIM oOpa3oM. B HacTosiiiee BpeMst ObICTpOeiicTBIE
TaKUX Hepeksrodaresneit qoxoxut g0 100 I'éur/cex n OHM UMEOT JJOCTATOYHO
BBICOKYIO IJIOTHOCTD yIakoBku [15-17].

HebiokupyeMyto OITHYeCcKy0 CeTb MOXKHO CO3/aTh Ha OCHOBE TaHIIEMHBIX
KOMMYTHPYIOIIMX YCTPOHCTB (MyJIbTHILUIEKCOPOB U J€MYJIBTUILIIEKCOPOB, COCTOsI-
WX U3 AaHAJIOTUIHBIX 3JIEKTPOHHBIX U OIITO3IEKTPOHHBIX KOMIIOHEHTOB. [lepBhie
Y9aCTBYIOT B IIPOKJIAJIKE U (PUKCAIMN MaPIIPYTOB U 33/1aI0T KOH(MUTYPAIIUIO
BTODBIX. TaHIeMHBIE KOMMYTHDYIOIIAE YCTPONCTBA, MOJIKHBI UMETh HICHTUIHY IO
KoHbUrypanuo u paboTarh B pexkumMe master(3seKTpornka)-slave(onruka).

Taxkum 06pa30B co3maeTCs TaHAEMHAs HEOJIOKUPYyEMas CeTh, COCTOSIAS U3
KOTIH#l 9JISKTPOHHOHN M OITO3JIEKTPOHHOM ceTeil. B MybTHIIIeKCOpax BTOPOit
CeTU MOXKHO Pa3MeCTUTh (DOTOHHBIE HCIIOJIHUTEIbHBIE Y3JIbl (pa3iessl 2 u 3)
s BeimostHenust onepanuit BOK ¢ 6onbimmM 6b1cTpogeiicTBreM u ¢ 6oJIbImeit
[IOMEXO3AIHUINEHHOCTHIO.
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3aknoyeHne

PaccMoTpeHa METOANKA U CXEMOTEXHHKA IIOCTPOEHUsT HEGJIOKUPYEMBIX
CHCTEMHBIX CeTel, 00eCIIeunBAaONUX TapaJlJIebHOE BBIOJHEHNE TPYIIIOBBIX
oreparuii B IPsIMbIX KaHAJIAX CeTH. [ DYIIIOBbIe OLEPAIUH BBINOJIHAKOTCS KaK
oneparuu Borancyienuit B obmeM kanase (BOK) 6e3 TakToBbIX 3ajepxeK (Ha
JeTy) ¢ HauboIbImuM GeicTpojeiicTBueM. CHCTEMHBIE CETH MOTYT MMETH JIeK-
TPOHHYIO U OITOIEKTPOHHYIO (TAHJEMHYIO) Peasu3alfuio. VICIOJHUTeIbHbIE
6u10ku BbinosHeHus oneparuit BOK MoryT nMeTh Kak 3JIEKTPOHHYIO, TaK U

(BOTOHHYIO pea3aIuio.

Hosuzna jannoit paboTsl COCTOUT B paclapasijieIMBAHUNA BCeil IPyIIIIO-
BOI1 omepannn, KOTOPOe JTOCTUTAETCS IOCPEICTBOM COYETAHNS CJIELYIONIIX
dakTopoB.

]30—1'161)Bb1X7 9TO IapaJuIC/JIbHad aJpecalsd IPyHIIbl y9aCTHUKOB 3a CYET

IIOCBLJIKH HECKOJIbKUX I'DYIIIOBBIX aJpPeCOB.

Bo-BTopsIx, 9T0 nOpa3psgHas CHHXPOHU3AIMS ePEIAdN YNCes BCEMU

y4aCTHUKAMU I'PYIIIBI.

P)-TpeTI)I/IX7 9TO IIapaJijieJIbHad peajin3aliusd Oollepallii B UCIIOJTHUTE/IbHBIX
MYJBTUIIIEKCOPaX ,ZLpeBOBI/I,ZLHOﬁ moJaceTu, CBH3I>IB3:IOH_[€‘I71 YYaCTHUKOB I'DYNIILI 1

OPTraHU3aTOPA OIIEPAIIHH.

OrnuanTenbHON 0COOEHHOCTHIO JAHHOW PabOTHI SIBJISETCS COYETAHUE
4JeTbipex (PaKTOPOB.

Bo-mepBrix, 310 uncTo (hoTOHHAST peasn3anys UCIOTHUTEIbHBIX OJIOKOB B

MYJIBTUIIJIEKCOPAaX CUCTEMHON CeTH.

Bropoit 0cobeHHOCTHIO ABJSIETCS CIOCO0 BHYTPEHHETO MACIITAOMPOBAHUS
HEDJIOKUPYEMBIX CUCTEMHBIX ceTeil ¢ oprpadoBOil CTPYKTYPOIA.

Tperbeit 0CODEHHOCTBIO SIBJISIETCsT CIIOCOD MCIIOJIb30BAHUST UCIIOTHUTETHEHBIX
0JIOKOB B MYJIBTHILIEKCOPAX DU IAPAJLIETBHOM BBIIOTHEHUA B HUX PYIIIOBBIX
onepanuii.

Ilocnenneit 0cOGEHHOCTBIO ABJISIETCS TAH/IEMHAS OPTaHU3AINS OIITOIJIEK-

TPOHHOIT HEOJOKUPYEMOI CETH.

Heobxonumo ormeTuTh, 910 9ncTo GOTOHHAS PEATH3AII UCIIOTHUTETHHBIX
MYJIBTUILIEKCOPOB SABJISIETCA TJIABHON HOBAITMEH JAHHOII pabOThI, KOTOPas

obecrieunBaeT MUHUMAJIbHbBIE BpeMeHa BBLIIIOJIHEHNA T'PYIIIIOBLIX onepaum‘/i.
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