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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
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.
Such operations, called common channel computing (CCC) [2], can be
executed in direct channels 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.

A channel is common if users can transmit signals into this channel
in parallel with their overlapping, which can be used for group computations.
A common channel is direct if it has only transmission delays of signals or
their combination delays, without any clock delays. CCC operations can be
executed in cyclic sequences of network nodes forming Hamilton graphs.
In this case, CCC operations on non-intersecting graphs can be executed
in parallel.

Each network node needs executive units for different CCC operations.
They can be built in the element base of optical channel splitters in a
purely photonic implementation (without electronic control of units) [3].
By assumption, first, network nodes have the capability to transmit/receive
data to/from executive units by optical signals; second, executive units
work only with these optical signals. Such units allow executing arithmetic
and logical operations over numbers represented by optical signals without
using special photonic arithmetic-logical units (ALUs).

Cyclic sequences of nodes with direct channels can be constructed
in non-blocking SANs, which are conflict-free on arbitrary permutations
of packets between nodes. In the element base of switches and channel
splitters (multiplexers/demultiplexers), it is possible to design non- blocking
SANSs with direct channels of any size according to the number of network
users [4,5].

Based on the above properties, the objective of this paper is to develop
a method for designing a non-blocking SAN that executes CCC operations
on-the-fly over an arbitrary set of nodes under a photonic implementation
of executive units.
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The following tasks are solved to achieve the objective:

(1) selecting an appropriate method to change the values of bits in the
channel based on their two-rail representation;

(2) selecting an appropriate element base for photonic executive units;

(3) developing basic elements for the photonic implementation of arbitrary
logical functions;

(4) synchronizing the bitwise overlapping of numbers in a common
channel;

(5) developing photonic units to execute CCC operations with numbers
from different network nodes;

(6) developing a method to design a non-blocking SAN of arbitrary size
in the elem ent base of switches and channel splitters of a given size;

(7) developing a method to execute group operations in a SAN by
forming Hamilton loops of network nodes;

(8) developing a method to design a non-blocking photonic network as
part of a tandem network in which photonic nodes are controlled by
electronic nodes.

In Section 1, we present a method for building photonic CCC units
and a circuitry for their implementation. Section 2 considers a method for
designing non-blocking SANs with direct channels and forming Hamilton
graphs in them, including a method for embedding CCC units. In Section
3, we describe a method for designing non-blocking optoelectronic networks
with Mach—Zehnder interferometers as an application base for photonic
executive units.

1. Distributed Arithmetic Based on Photonic Switches

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 z; to an output logical variable y; = O;x;.

The operation O; consists of the following transformations: repetition
y; = x; (“="), negation y; = —x; (“ =), change into the value y; = 0 (“0”),
and change into the value y; = 1 (“17).
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C(u, A) C(u, v) C(u, ®) C(u, V)

F1Gure 1. The circuits of logical functions from Table 1 for
two-rail variables

TABLE 1. Logical functions by converter states for the adder

conpunction) | dugunetion) | modz) | nitial Bun
N=A N=V N=00 N=V
x| u O y |x|u| O vy | x| u O y |x|u| O y
0] 0| «0» 0O 10[0]|«=»|0]0|0|«=>»]0|0]|0]«=»|0
O 1 |«=»|0]0|1]| «1» 1 |0] 1] «» 1 (0] 1] «O» 0
110 «0» | 0 ]1]0]«=»| 1 |1]0]«=»|1]1[0]|«=>»]|1
1|1 |«=»]1|1]1] «1» 1 |11 |«» |0 ]|1]1]| «0» 0

The converter is used in four fixed states for which the operation O; 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 u;.

The circuits in Figure 1 show the use of such pairs of converters for
implementing some logical functions on photonic demultiplexers D and
multiplexers M for the two-rail variables z, u, and y.

For such circuits, we will follow the notation given at the bottom
of Figure 1.

A photonic 1 x 2 demultiplexer D and a photonic 2 x 1 multiplexer M
are used in Figure 1. They are assembled from several thin-film layers
of metamaterials with electro-optical or magneto-optical properties [6,7].
A peculiarity of these elements is that an optical signal is used to control
switching. In the demultiplexer, they are converted into two control signals
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FIGURE 2. The circuits of a multiplexer and a demultiplexer
for two-rail variables

of an electronic or magnetic nature 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 sent to one
of the two optical outputs.

In this paper, one 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 1 provides the truth tables of the logical operations used in the
circuits in Figure 1. 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;Nu;
(any of the sixteen logical operations) on a pair of the converters. Figure 2
also shows the circuits of a multiplexer (M,,) and demultiplexer (D,,)
controlled by the variable u for two-rail variables.

When nodes are placed sequentially, 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 sequentially bitwise. To execute their addition,
the numbers are transmitted with the least significant bits first; to find
their maximum, with the most significant bits first.

In non-blocking SANs, there always exist cyclic sequences of nodes
in the form of Hamilton graphs, and each such graph has a path passing
through each node exactly once. This property directly follows from
those of non-blocking networks ensuring conflict-free routing on arbitrary
permutations of data packets. With the use of Hamilton loops, conflict-free
data transmission is guaranteed and linear sequences of photonic units
implementing group CCC operations are embedded in non-blocking
networks. In this case, all data sources and sinks are defined.
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Ficure 3. The N-node distributed adder

In each loop of nodes, an initial (first) node is separated to start the
construction of the others (see the next section). This node triggers the
command of the operation to be executed. For all nodes, the command
sequentially synchronizes the start of executing a distributed operation
r. At each node, there is a set of executive units, U(r), configured to
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 3 shows the units Us(1) and Uy (1) at the second and Nth
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 X7, containing a binary multi-bit number starting from the
least significant bits (on the two- rail value line), and slot S of the same
bit length (on the two-rail synchronization line). In slot X, the bits
are transmitted by the variables x%; in slot S, by the variables s’, where
i denotes the bit number. The first bit of slot S has value s' = 1 and
the other bits s = 0 for ¢ > 1. The dots on the lines indicate the nodes
of light signal separation by branching optical lines. The unit Us(1) of the
distributed adder is connected to the first and second network nodes.
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F1cURrE 4. The timing diagram of the distributed adder

The circuits in Figure 3 are based on the well-known single-bit adder [9],
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.

Slots S, X1, and X5 are supplied to the inputs of Us(1) synchronously
bitwise; its output is slot Y5, containing the sum of numbers from slots X3
and X,. In this unit, the values of the variables z¢ and z% are added
mod 2 at the converter C(x}, ®) to produce an intermediate result, i.e.,
the variable z&. Together with the carry pé_l from the previous bit, the
latter variable forms the output variable y4 of this bit at the converter
Clpy ' ®).

At the converter C'(x%, A), an intermediate variable &% is obtained from
the variables # and 5. It is further used at the converter C(6%,A) to
form the carry value p to the next bit. In turn, the last bit is generated
from the intermediate variable €} obtained at the converter C(p5~*, A)
from the result 24 and the carry value pé_l from the previous bit.

The circuit C(s*, V) forms the carry value from the previous bit for
the first bit. The carry value in the first and other bits is passed through
the multiplexer M (s).

Any kth node of the network (2 < k < N) transmits to its unit Uy(1)
slot X, containing the values of the variables x% for each bit; the other
input of this unit receives slot Yj_1, containing the output bits y,i_l from
the unit U,_1(1). In addition, this unit receives slot S from the executive
unit of the previous node.

Figure 4 presents the timing diagram of the unit Us(1) in the first two
bits with the following notations: 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 33 appears in all bits
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FIGURE 5. The N-node distributed maximizer

TABLE 2. Logical functions by converter states for the maxi-

mizer
Logical switching for the | Logical repetition for the unit
unit Uy (2)(k > 2) Ui (2)(k > 2)
N=g N==#=A
Tk—1 | Tk 0] Zk—1 Zk—1 Ok—1 (0] 5#(1971)
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

with a delay of 27 and is defined by signals of duration T — 27.

Also, Figure 4 (left and right) shows the timing diagram of the units
Us(1) and Ug(1) of the distributed adder (in the same notation). Note that
the right diagram is valid for any unit Ui (1), k > 2. In other words, the
output variable yi appears with a delay of 27 with respect to the beginning
of the synchronization signals s® for any k and i (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 the network nodes). Following this command from the source node, an
executive unit Ug(2) (maximizer) is selected at each next node; see the
circuit in Figure 5.

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

The first node of the network outputs to the unit Us(2) slot X,
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 z¢; in slot S, by the variables s*, where i 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).

Any other node of the network (1 < & < N) transmits to its unit U(2)
slot X}, 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 5 (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. Optical
signals can be attenuated using photonic amplifiers at the output of the
units Uy (2) [10].

The variable 47 must have the value 6% = 1 for all bits i < j with
x% > x} and the value §7 = 0 for all bits i > j (after the jth bit) with
27 < 3. This value sequence of §; is formed by the converters C(x}, &)
and C(z%,#) together with the multiplexer M (s?) and the one-bit delay
line DL. The former converter generates the value of the intermediate
variable z¢ from those of the variables 2} and z%, implementing logical
switching (Table 2) for k > 2. The latter converter forms the value of the
variable &%, implementing logical repetition (Table 2) for k > 2. The
multiplexer M (s%) and the delay line DL produce the values of the variable
st = 5;&1 for the next bit.

For bits j < j with the value §7 = 1 stored, the output variable yi = z}
is obtained through the multiplexer M (5;1),. However, for bits j > j with
the value 6¢ = 0 stored, the output variable y4 = z% is obtained through
the multiplexer M (5;&1). For the ith bit, the resulting value is y = 23 = 1.

Figure 5 (right) presents the circuit of the unit U (2), actually repeating
for (k > 1) that of the unit Us(2) with x; replaced by yx—1 and 2 by k
in the subscripts.

Figure 6 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.

Concluding section 1, note that the distributed photonic adder and
maximizer can also be easily implemented in the electronic element base by
replacing the delay line DL with a 1-bit shift register.
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FIGURE 6. The timing diagram of the two-node maximizer for
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J

LY

IS,
‘N
TR

FIGURE 7. A two-dimensional ternary hypercube as a graph
(left) and a digraph (right)

2. Hamilton Loops in Non-blocking System Area Networks

In section 2 we introduce non-blocking SANs as switches with the
highest speed and complexity. Figures 7-9 demonstrate principles for
building non-blocking self-routing distributed switches. First (Figure 7,
left), consider a two-dimensional m-ary hypercube as a graph. If processors
and switches are distinguished at its nodes, the hypercube becomes
a digraph (Figure 7, right), which can be represented in bipartite form
as a quasicomplete digraph (Figure 8). It can be built in the element
base of m x m switches Sp, 1 X m demultiplexers, and m x 1 multiplexers
(Figure 9), thereby forming the distributed switch Sy (N1, m). The latter
is a self-routing and non-blocking switch on arbitrary permutations for
Ny = m? users [4,5].

Connections in the switch S1(9, 3) are given by different incident tables
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FIGURE 9. The switch S1(9, 3) with the quasicomplete digraph

topology
TABLE 3. The incidence table for a quasicomplete digraph

with m =3

Arcs to users

Arcs from users

Switches

for arcs from users and to users (Table 3). They exist for any switches

Sl(Nlam)a

see Table 4 and [4, 5].



TABLE 4. The incidence table for a quasicomplete digraph with arbitrary m

Switches Channels from users Channels to users

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

m+ 1 m + 2 m—+m

m+m m+1 m+ 2 m+m m+m m+m(m —1)
m>2—m+1|me—m+1|ms—m+2 ma 14+m 1+ m(m—1)
.. m?>—m+1|me—m+2 ma 24+ m 2+ m(m —1)

m?—1 ma—m-+1|ma—m+42 mo
m? mo—m-+1|ma—m+2 mo m+m m+ m(m — 1)

i

AOZVTAOd 'S HOLMIA

>
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TABLE 5. The incidence table for the non-blocking switch

$2(27,3)
K1(9,3) From users To users

1 1(2(3(10 11{12|19 20({21|1|4|7 10|13|16|19|22|25
2 1(2(3({10 11|12(19 20(21|2|5|8 11|14|17|20|23|26
3 1(2(3(10 11{12(19 20(21|3|6|9 12|15|18|21 (24|27
4 415(6(13 14 (15|22 23|24|1|4|7 10|13|16|19|22|25
5 4156|113 14|15(22 23|24|2|5|8 11|14|17|20|23|26
6 415(6|13 1415|122 23(24|3|6|9 12|15|18|21|24|27
7 7181916 1718|125 26|27|1(4|7 10{13|16|19|22|25
8 7181916 17|18(25 26|27|2(5|8 11|14|17|20|23|26
9 7181916 17 18|25 26(27[3(6|9 12|15|18|21|24|27

Routing in the switch S7(N7,m) is performed using the wormhole

technique, i.e., by the output port numbers of the demultiplexer and switch.

With the internal scaling method [11], the non-blocking switch
Si+1(Nit1,m) with N;y1 = m'™! can be built from several non-blocking
switches S;(N;, m). More precisely, the switch S;1(N;11,m) is obtained
from N; switches S;(IN;, m) and a layer of N;;; couples of 1 x m demulti-
plexer and m x 1 multiplexer. Each switch S;(NV;, m) is divided into parts
of m ports; in each part, a separate switch S;(N;, m) is constructed from
all switches with initial numbering in each part and end-to- end numbering

across all parts.

Table 5 provides an example of the incidence table of a switch S5(27, 3)

from the incidence tables of switches S1(9,3).

The connections in the switch S;11(N;11,m) are constructed as follows.
According to the source and sink numbers given, the switch S;(N;, m)
with both numbers (from the source and to the sink) is searched in the
incidence table. The connection between the users is routed through
the selected switch. For example, in Table 5, source 2 and sink 23 are

connected through the switch with number 2.
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Routing in 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 switches S;_1(N;—1,m).

The switch S7 (N1, m) has the complexity C7, expressed in the number
of switching points; see formula (1). The number of channels in this switch,
3

L, = 2N}, is significantly smaller than in the complete graph.

4 2 3
Cy =2(m* +m?) = 2(N{ + N7?)
(1) s
Ly =2m?® = 2N}

The complexity and number of channels in the switch S;(N;, m)
are given by the recurrence relations C; = C;_1 N1 + 2mN; and L; =
L;_1 N + 2mN;. After straightforward transformations, we obtain the
complexity and number of channels described by the formulas

2(i4+1) 2(i+1)
Si=2 ) mt —2ZN1+1

k=i+2 k=i+2

(2) 2i+1 21+1
LfQZm—ZZNl“

k=i42 k=i+42

In non-blocking switches S;(N;,m), it is possible to construct non-
intersecting cyclic sequences of users (Hamilton graphs) with direct channels
and completely defined nodes with initial data and the result. They are
created by the sequential transmission of packets with intermediate sink
addresses (in the form of packets of output port numbers) by the source
nodes, with fixing the connections made.

As an illustrative example, Table 6 gives the incidence table of the
switch S5(8,2), and Figure 10 shows its circuit with two non-intersecting
sequences of users. In this circuit, the connections for sequences 1-6-3-8-1
and 7-2-5-4-7 are highlighted in color, including initial users 1 and 7 creating
them. The sequences are conflict-free by channels, and transmissions
in them can be performed independently and in parallel.

Between each user and its channel splitters, it is possible to insert the
executive unit U of the CCC operation from Section 1 (in the electronic
version, see Figure 11). In the resulting SAN, different CCC operations can
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TABLE 6. The incidence table for the non-blocking switch
S2(8,2) obtained from the switch S1(4, 2)

S1(4,2) | From the source To the sink
1 1 2156|356 |7]10
2 112 |56 4|6 |8]20
3 4 1718137115 ]330
4 314|782 |8 6|40

FIGURE 10. The switch S2(8,2) with cyclic sequences 1-6-3-8-1
and 7-2-5-4-7

My N
”i’*’:\‘i}?’/“ 4»«’4/
AV, vv W N W W W W

] (Y]

O O 0 0 6 o O ©®

1-6-3-8-1, 7-2-5-4-7

FI1GURE 11. The switch S3(8,2) with executive nodes for
CCC operations

be executed in cyclic sequences of nodes independently. The source nodes
construct these cyclic sequences and set particular operations in them and,

moreover, synchronize their execution (see section 1).
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We compare the execution time of the group addition operation
of numbers placed at N nodes of the networks similar to those in Figures 10
and 11.

In the first network, addition is executed by steps on a binary tree.
The first step is to add, in parallel, the pairs of initial numbers at neighbor
nodes, yielding N /2 intermediate sums of this step. At the ith step
(1 <i<logy N), the parallel addition of the intermediate sums of the
(¢ — 1)th step is executed.

Let us introduce the following notation: 73y is the time for transmit-
ting a number to the network; 7 is the average time for transmitting
a number through the network to a neighbor node; § is the time for

executing addition at a node. Then the average addition time is given by

0= (Thum+9)logg N+7(14+24-- -+ N/2)+7 = (Thum+9) logy N+7N.

A Hamilton loop of nodes is formed in the time
w = N(T + Tadd) + Tcodev

where Ty 44 is the time for transmitting an address to the network and
Teode is the time for transmitting the code of an operation under execution.
Then the total time of the addition operation is

Y=0c+tw= (Tnum + 5) logg N + 27N + NTgaq + Teode-

In the second network, the addition time (CCC operation) is given by
=Nt + NTadgqa + Teode + Thum-

As a matter of fact, it includes the formation time of a Hamilton loop
of nodes. Indeed, the CCC operation is executed on the trailing edge of the
transmission of the operation code immediately after the transmission
of the address packet for forming the Hamilton loop; hence, the additional

transmission time over the network 7 is not required here.

Obviously, ¥ > 260. Note that the first operation is executed with
program control of its steps whereas the second one is executed entirely

in hardware, which even strengthens the above inequality.
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F1GURE 12. The switch S2(8,2) with executive nodes for
CCC operations

3. Non-blocking System Area Networks from Optoelectronic
Switches Based on Mach-Zehnder Interferometers

An optical network for CCC can be built from optoelectronic switches
based on Mach-Zehnder interferometers (MZI) [12,13]. A conventional
2 x 2 MZI switch involving electrooptical properties (a passive EO-MZI
structure) consists of two equal-length interferometric arms connected

between two couplers; see Figure 12.

It operates as follows: the first coupler is used to uniformly split light
into two parts, which experience a net phase change of 2A¢ while passing
through the interferometric arms. This phase difference is due to the
pull-push effect of the field applied in opposite directions through the
waveguides under the electrodes. As discovered for this structure, the
output intensity is periodic with minima and maxima occurring at odd and

even integer multiples of the voltage applied.

Therefore, light can be produced at the output ports through construc-
tive or destructive interference phenomena. When the phase difference
between the two arms is appropriately accumulated, it causes the appearance
of recombined light in one of the output arms (i.e., the function of an

optical 1 x 2 demultiplexer is realized).

Such switches can be used to assemble an optoelectronic 4 x 4 switch
[13] with data transmission by optical signals and electronic control by
a network node. Currently, the speed of such switches reaches up to
100 Gbps [14] and they have a fairly high packing density [15].
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A non-blocking optical network can be based on tandem switching
devices consisting of similar electronic and optoelectronic components.
The former are involved in routing and route fixing as well as set 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 copies of electronic and optoelectronic networks.

At the inputs/outputs of the second network, it is possible to place
photonic executive nodes (Section 1) to execute CCC operations with
higher speed and higher noise immunity.

Conclusion

In this paper, we have considered a method and circuitry for building
non-blocking system area networks (SANSs) to execute group operations
in Hamilton loops of network nodes. Group operations are executed as
common channel computing (CCC) operations with the highest speed. The
SANs can have electronic and optoelectronic (tandem) implementation.
The executive units of CCC operations can have both electronic and
photonic implementation.

Note that the purely photonic implementation of executive units is one
of the four innovations of this paper. The second innovation is the internal
scaling method for non-blocking SANs with the digraph structure. The
third one is a way to embed group operation circuits into a non-blocking
SAN through the use of Hamilton loops. Finally, an innovation is the
tandem method for organizing an optoelectronic non-blocking network.
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I'pynmoBbie BbIYMCIIEHUsI B HEOJIOKUPYEMBIX CUCTEMHBIX
ceTax

Bukrop Cepreesuu Iloamaazos™
WNHetntyT npobnem ynpasneHus umenn B. A. Tpanestukosa PAH, Mockea, Poccus

Epodlazm)@i;ou. U

AnHoTauus. Paccmorpenbr HEOTOKHDYEMbIE ONTOIIEKTPOHHBIE CETH, B KOTOPBIX
BBIIOJIHSIIOTCS TPYIIIOBBIE OIIEPAIMY HAJ MHOXKECTBOM YHUCEJ 33 BPEMsl IepeIadn
OJIHOTO 4YKCJia. PacCMOTPEHO BBINIOJIHEHNE I'PYTIIOBBIX OMEPaIiil NCIIOJTHUTETBHBIMEI
doTOHHBIME GJIOKAMU, PA3MEIIEHHBIME TP KaXKI0M abOHEHTE CETH, U MPEICTaBICHA
CXeMOTEeXHUKa 3TuX 6s10Kk0B. VceaenoBana BOSMOXKHOCTD BBIIIOJIHEHUS] IPYIIIOBBIX
ornepanuy B IUKJINIECKUX I10CJIEI0BATEIBHOCTAX Y3JI0B, 3aaBa€MbIX I'aMUJIb-
ToHOBBIMU Tpadamu. [IperiokeHbl IPOIEyPhl TIOCTPOEHUST STUX ITUKINIECKUX
[I0CJIe/I0BATEIbHOCTEN U BBIMOJHEHUsI B HUX I'PYIIIOBBIX onepanuii. PaccMorpena
BO3MOXKHOCTB IIOCTPOEHUsI HEHJIOKUPYEMOil 9JIEKTPOHHOW CUCTEMHOI ceT Ha Jro6oe
qucsao aboHeHTOB. IIpeioXkeH crrocob MOCTPOEHUsT ONITOIIEKTPOHHON CETH KakK
TAH/IEMHOM CETH, B KOTOPOI OMTOJIEKTPOHHBIE TEPEKTIOYATEN YIIPABISIOTCS UX
aHaJIoraMU U3 JeKTPOHHOM ceth. ((Ceazamnmvie MeEKCmor CMAMbl HA AH2ZAUTCKOM U
HA PYCCKOM A3DIKAL )

Kntouesble cnoBa n cpasbl: HEGJIOKUPYEMble CUCTEMHBIE CETHU, IPYIIIOBLIE
oreparni, (GOTOHHBIE U ONTOIIEKTPOHHBIE MEPEKTIOUATEN U KOMMYTATOPHI,
TaMHUJIBTOHOBBI ITUKJIBI Y3JIOB CETU, TaHJIEMHbIE HEOJIOKUPYEMbIE CETH

Onsa untuposanus: Iomiazos B. C. I'pynnosvie sviuucaenus 8 HebAoKupyemvs
cucmemmvix cemaz // IIporpammuble cucTeMsl: Teopust 1 npuioxkenus. 2025. T. 16.
Ne5(68). C. 3-42. (Anea.+pycc.) https://psta.psiras.ru/read/psta2025_5_3-
42 . pdf
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Beepenne

B nacrostiee BpeMsi pa3BUBaIOTCS BBIYUC/IUTE/IBHBIE CHCTEMBI HA OCHOBE
CHCTEMHBIX ceTell, B KOTOPBIX JIaHHbBIE MIEPEJIAI0TCH BMECTE C KOMAaH/IaMU,
obpasys spatial data flow ctpykrypst [1]. VIx 9acTHBIM cirydaeM sIBISIIOTCST
CHCTEMBI C MAPAILIEIBHON 00pabOTKO TAHHBIX B MIPOIECCE UX HEPEIATH 110 CeTH,
B KOTOPBIX BBINIOJIHSIETCs TPYIIIOBAst OMEPAIXst HAJ MHOXKECTBOM IHCEJ BO BpeMsi
repeIadn 1Mo obIIeMy KaHAJIY CeTH OJJHOTO UHCJIA, SIBJISAIONIETOCT Pe3yJIbTATOM
omeparuu. Takme oneparun Ha3bIBAIOTCA «Boraucenus B obmemM KaHaes
(BOK) [2] u oHE MOrYT BBIIOJIHATBHCS B IPSIMBIX KaHatax 6e3 Oydepusarnuu
[POMEXKYTOUHBIX 3HAUeHUH («Ha JjieTy» ). IIpocreiimumu npuMepamn oneparuii
BOK sBistroTcst cyMMUpOBaHIE MHOYKECTBA UHUCEJ U3 PA3HBIX Y3JI0B WJIH
HaXO0XK/IEHNE M3 HUX MAKCHUMAJBbHOTO IUCJIA.

Kanas saBasiercs obmum, eciii aDOHEHTHI MOT'YT IIapaJljIeIbHO BECTHU
repeJiady CUCHAJIOB B HErO € UX HAJIOXKEHHEM, KOTOPOe MOXKHO UCIOJIb30BATE IS
IpyInoBbIX Borancsenuii. OOmmuit KaHaJT SBJISIeTCS IPSIMBIM, €CJIT B HEM IMEIOTCSI
TOJIBKO 38JIEP2KKU PACIIPOCTPAHEHNSI CUT'HAJIOB WA UX KOMOUHAIMOHHBIE
3aJIePKKIA U OTCYTCTBYIOT KaKue-Jnub0 TakToBble 3ajepkku. Oneparun
BOK MOKHO BBITIOJIHATD B IUKJIUIECKUX MTOCJIEI0BATETBHOCTIX CETEBBIX
Y3JI0B, 00pa3yoIux raMuibTOHOBBI rpadel. [Ipu stom onepanmun BOK
Ha HelepeceKaonmxcs rpadax MOTYT BBIOJIHATHCS apasjiesbHO.

IIpu kaxkaoM y3jie ceTr HEOOXOAUMO MMETh MCIIOJHUTEIbHBIE OJIOKT
st pasubix onepanuii BOK. VX MOXKHO cTpouTh B 3jIeMeHTHOI Oaze
pasBeTBUTENEH ONTHIYECKUX KaHAJIOB B 4ucTO (PDOTOHHON peasnmsanuu (6e3
JIEKTPOHHOTO ylpasjenus osokamu) [3]. 3aech npeonaraercs, Bo-nepBbIX,
YTO CeTEBbIE y3JIbl UMEIOT BO3MOXKHOCTD I1ePeaBaTh/IPUHIMATE JAHHBIE
B/H3 MCIOJHUTEJIBHBIX GJIOKOB ONTUYECKUME CHTHAJIAMU, BO-BTOPBIX, 9TO
UCIOJHUTEIbHBIE OJIOKH PabOTAIOT TOJBKO C STUMHU ONTHIECKUMHU CATHAJIAMM.
WcnonanTeibHbBIE OJI0KU TIO3BOJISIIOT BBIOJHSATH ApU(DMETUIECKHE U JIOTHIECKIE
olepaIu HaJl YUCIaMU, [IPEJICTABJIEHHBIMUA OITUYECKIMU CUTHAJIAME, Oe3
UCIIOJIb30BAHUS CIIEMUATBHBIX (hOoTOHHBIX AJTY.

[urimyaeckne mOC/IeI0BATEILHOCTH Y3JI0B C MPSMBIMUA KaHAJIAMUA MOYKHO
CTPOUTH B HEOJIOKUPYEMBIX CHCTEMHBIX CETSIX, KOTOPBIE sIBJISIOTCS OECKOH-
(DIMKTHBIMEU Ha MPOU3BOJILHBIX [TEPECTAHOBKAX IMAKETOB MEYKIIY Y3JIaMHU.
B sseMenTHOlN 6a3e KOMMYTATOPOB M PA3BETBUTENEH KAHAIOB (MYJILTHILIEKCO-
POB/ IEMYJIBTUILIEKCOPOB) MOYKHO CTPOMTDH HEOJIOKUPYEMbIE CETH C MPSIMBIMU
KaHaJIaMU JII060ro pasMepa 1o Yuciy aboHeHTOB ceru (4, 5].

Ha ocHoBe BbIlIenIEpEUNCIEHHBIX CBOUCTB B paboTe CTaBUTCs 3a/a4a
pa3paboTaTh MEeTOJMKY TOCTPOEHUsT HEDJIOKUPYEMOil CHCTEMHOI ceTn, KoTopast
00J1a/1aeT BO3MOXKHOCTBIO BhimostHeHust oneparuiit BOK «ma jery» ma mpowns-
BOJIbHOM MHOXKECTBE y3JI0B IIpu (DOTOHHOI peaim3aliiil UCIOJTHUTETbHBIX
6JI0KOB.
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JLJ1s1 BBIIIOJIHEHNS TTOCTABJIEHHOM 33124l TOTPEOOBAJIOCH PEIIUTD CJIELYI0-
e YaCTHBIE 33/Ia4N:

(1) Beibop mMeTo/ia m3MeHeHnsT 3HAYEHUI pa3psi/IoB B KAHAJE HA OCHOBE UX
mapahaszHoro mpeCTaBICHNS.

(2) Bei6op snemenTHO# 6a3b1 1151 (DOTOHHBIX UCHOJHUTEIHHBIX OJIOKOB.

(3) PazpaboTka 6a30BBIX 9716MEHTOB /It (POTOHHON pean3ainy ITPOU3BOJIb-
HBIX JIOTHIECKUX (DyHKIUH.

(4) BoImosiHeHne CHHXPOHU3AINK TTIOPA3PSIIHOTO HAJIOKEHUSI THCesT B O0IIEeM
KaHaJe.

(5) Pazpaborka (pOTOHHBIX UCIOJHUTEIHHBIX OJIOKOB, KOTOPBHIE BBITOJIHSIIOT

ortepanuu BOK ¢ unciamu n3 pasHbIX CeTeBBIX Y3JIOB.

Paszpaborka MeToma mocTpoenust HEOJIOKUPYEMOl CHCTEMHOM CEeTH TPOM3-

BOJIBHOTO pa3Mepa B JIEMEHTHOI 6a3e KOMMYTATOPOB U Pa3BeTBHUTEJIEH

KAHAJIOB 33JIAHHOTO Pa3Mepa.

(7) Pazpaborka Mero/1a BBIIOJIHEHNSI TPYIIIIOBBIX OI€PAIUil B CUCTEMHOI ceTn

[TOCPEJICTBOM (DOPMUPOBAHUS B HEll TaMUJIBTOHOBBIX IINKJIOB CETEBBIX

V3JI0B.

Paszpaborka meToma mocTpoeHusi HeOJIOKUPYeMOil (DOTOHHOI ceTn Kak

9aCTU TAHJEMHOI CeTH, B KOTOPOil (pOTOHHBIE y3JIbl HAXOJISATCS TIO/I,

VIPABJIEHUEM 3JIEKTPOHHBIX y3JI0B.

~

(6

—
[¢§)
—

B pazzerne 1 paccMmarpuBaeTcss METOINKA IOCTPOEHUsT (POTOHHBIX MCIIOJ-
HuTebHBIX 610k0B BOK 1 mpegiaraercss cXeMOTEXHUKA UX PeAJIU3alin.
B pazzene 2 paccMarpuBaeTcss METOIUKA TOCTPOEHUsI HEOJIOKMPYEMBIX CHCTEM-
HBIX CeTell ¢ MpsSIMBIMU KaHaJIaMU 1 0Opa30BaHuUs B HUX TaMIJIBTOHOBBIX IPad OB
€O crocoboM BCTpamBaHusi B HUX HCrnoHUTENbHBIX y370B BOK. B pazzene 3
paccMaTpUBaeTCsi METOIMKA TOCTPOEHMT HEOJIOKUPYEMBIX OITOIJIEKTPOHHBIX
ceTei Ha ocHOBe mHTEpdepoMerpoB Maxa-3amaepa, Kak 0a3bl JIJIsi IPUMEHEHUsI
(POTOHHBIX UCIOJTHUTEIBHBIX OJIOKOB.

1. PacnpepenenHas apudmeTtuka Ha ocHoBe POTOHHbIX KOMMYTaTOPOB

st semmostnernst onepanuit BOK jiorndeckue nepeMeHHbie iepeaioTest
1o KaHajy B napada3noM Buje, T.e. o aByM junausm 0 u 1. Suagenue 0
repeaeTcs curaajgoM B Juaun () Ipu OTCYTCTBUU CUTHAJA B JIMHAA 1, &
3HadeHre 1 — curaasoM B jimHun 1 npu orcyTcrBum curaasa B junuu 0. Jlunun
0 u 1 mpoxomsaT Yepe3 KoHBepTOp-KOMMyTaTop C; Kaxkjioro i-ro ysiaa cetu. On
BBINIOJIHSAET yHAPHYIO oreparnuio O; TpeoOpa30BaHus BXOIHOM JIOTHIECKOH
[IePEMEHHON T; B BBIXOJHYIO JIOTHYECKYIO TlepeMeHHyo y; = O;x;.

Omneparust O; COCTOUT U3 CJIEYIONMNX TPeoOPA30BAHUI: TTIOBTOPEHUS
y; = x; («=»), orpunanus y; = —x; («—»), nepesoga B sHadenue y; = 0 («0»)
u nepesosia B 3Hauenue y; = 1 («1»).
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KousepTop ucrosib3yercss B 9€ThIPEX (HhUKCUPOBAHHBIX COCTOSTHUSIX, JIJISI
KOTOpPBIX oreparust O; canTaeTcss BbIIOJHEHHON. Kaxk10e n3 HUX 3a/1aeTcst
HEKOTOPOit KoHduryparmeit mapbl OTPE3KOB BOJIOKOHHBIX JIMHUN CBsI3H,
3a1aBAEMbIX 3HadYeHneM TapadasHoil yIpaB/IaoNei TepeMeHHoN u;.

Ha pucynke 1 npejcraBiena cxeMbl HCIOIb30BAHNS TAKUX IIAD KOHBEPTOPOB
JUTS PeasTu3aliui HEKOTOPBIX JOrndecKux MYHKINN Ha GOTOHHBIX JAEMYIbTU-

C(u, N C(u, v) C(u, ®) C(u, V)

PucyHoK 1. CxemHas peanu3aiiusi JOTHIeCKUX (DYHKIAN U3 Tab-
smnsl 1 st napadas3HbIX HepeMeHHbIX

wiekcopax (D) u mysabrumiekcopax (M) aust napadasHbIX epeMeHHbIX T, U 1
Y.

st 9TUX cXeM B JaJIbHEHIIIeM HCIOIB3YIOTCsT 0003HAYEH YS!, IPUBEICHHBIE
Ha pucyHke 1 cHu3Y.

TabauuA 1. Jloruyeckue pyHKIUU IO COCTOSHUSIM KOHBEPTOPA
JJIsl CyMMaTopa

Dyxrms <M DyHKIUT «Cuioxkenne «HavaapHbIit
«JJIN» mo mod2» 3aILyCcK»
N=A N=V N=0P N=V
z|lu| O ylz|lu| O y lz|lu| O y |lz|lul O y
0[]0 <«0» | 0O ]0]0]«=>»[0]0]0]|<«=>»]0]0]0]<«=»]0
0|1 ]«=>»]0][0]1] «1» 1 [0 1] «» | 1]0]1] «0» 0
1101 «0» [0 ]1]0|«=>» |1 ]1]0]<«=>]1]1]0]<«=»]|1
1] 1 ]«=> |1 |11 <«I» [ 1 [1]1]<«» | 0][]1]1]<«0»]0

Ha pucynke 1 ucnosnbsyrorcs dororuble 1 X 2 memysbruiiekcop D u
2 x 1 mynbrumiekcop M, cobupaemble U3 HECKOJIBKHUX CJIOEB IJIEHOK MeTaMa-
TEPHUAJIOB C IJEKTPOONTUICCKUMHU WM MATHUTOOITUIECKUMU CBOMCTBAMHU
[6,7]. OcoberHOCTD WX MTPUMEHEHNUST COCTOUT B TOM, UTO JIJIsl YIIPABJIEHUS
KOMMYTAaIlel UCIOJIb3yeTcsd ONTHYIeCcKnil curaaja. B memynbruruiekcope
OHU PeodPaA3yIOTCHA B JIBA BHYTPEHHUX JIEKTPUYECKAX WU MATHUTHBIX
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VIPABJISIONIAX CUTHAJIA, KOTOPBIE TOJAI0TCS Ha YIPABJISIOIIMIA CJIOH, KOTOPBIH
3aJlaeT JIBa HAIIPABJIEHUs] PACIIPOCTPAHEHNS NHMOPMAITMOHHOTO CUTHAJIA,
MTOCTYIHUBIIIEr0 HA €r0 ONTUYECKUi BX01. B pe3ysibTare BXOIHON ONTHYIECKUIT
CUTHAJI HAIIPABJISETCS HA OJIMH U3 JABYX ONTUYECKUX BBIXOIOB.

B pabore ucnosnb3yercs ojiHa yupasJidionias nmapadasHast lepeMeHHast,
IIO9TOMY MOXKHO HCITOJIB30BaTh JIPYTHe OIHOCIONHBIE YCTPOCTBa Ha JIBa
BbIXO/Ia (,II‘eMy.HbTI/IH.HeKCOp) NJIM BXOIa (I\/IyJII)TI/HI.J'[eKCOp)7 HallpuMep, II.J'[éHKI/I
apcernga rajms [8]. OHE MO3BOMAIOT CTPOUTH (POTOHHBIE JIOTHUECKUE
3JIEMEHTHI, YIIPABJIEMbIE CBETOM HAIPAMYIO.

B Tabsune 1 mpuBoggTces TabnIbl HCTUHHOCTY JIOTHIECKUX OTEPAITNii,
HUCIOJIb3YEMBIX B cXeMaX Ha pucyHke 1. BujHo, uro Kaxjasi omepaiust N
3aJ1aeTCs TOJIBKO Mapoit cocrosinnii KouBepropa C;, KOTOPbIe BBIOMPAIOTCS
10 3HAYEHUIO IIepeMeHHoil u;. Kak pe3yiprat, Ha mape KOHBEPTOPOB MOXKHO
BBITIOJIHUTH OMHAPHYIO OIepanuio y; = x;Nu; — Jioby1o n3 16 jormaeckux
onepanuii.

Ha pucynke 2 mpejicraBjieHa Tak»Ke CXeMHas peajiu3aliysi Jjis napagasHbX
[epeMEHHBIX MyJbTuILiekcopa (M,,) u aemynbsruiiekcopa (D,,), ynpasisiemMbx
epeMeHHON u.

—0
o ¥-1

{vol T

Yu=X

Pucynok 2. Cxemuasi peaju3aliisi MyJIbTUILIEKCOPA U JIEMYJIbTH-
IeKcopa it mapada3HbIX MePEMEHHBIX

[Ipu mociteroBaTEIBHOM PA3MEIIEHUN Y3JI0B MOYKHO 38 BPEMsI IIePeatin
110 00IIeMy KaHaJ Iy OHOTO YHCjia 00pa30BaTh B HEM CYMMY Pa3MEIEHHBIX
110 y3JIaM YHCeJI WU BBIIEJUTh U3 HUX MaKCAMaJbHOe uncio. [jst sToro
qHCIIa IePeJaloTcs KaK JIBOUTHBIE TUC/IA TOCIEIOBATEIBHO IO PA3PsiIaM.
LIt cyMMUpOBaHMsT OHE [IEPEIAIOTCS MJIAJIIIIMEA PA3PsIIaMU BIIEPe, a st
HAXOXKJIEHUST MAKCUMYMa, — CTapIIUMI Pa3psiIaMu.

B HebIOKMpYEeMBIX CHCTEMHBIX CETSX BCErIa CYIIECTBYIOT MUKIMIECKAE
[IOCJIeIOBATEJIBHOCTH Y3JIOB B BHUJIE TAMUJIBTOHOBBIX IpadOB, B KaXKJIOM
U3 KOTOPBIX CYIIECTBYET IIyTh, IIPOXOISNINI Yepe3 KaxKJIbIil y3eJ POBHO OJUH
pa3. DTO CBOMCTBO SIBJISIETCS MPSIMBIM CJIE/ICTBHEM CBONCTB HEOJIOKUPYEMBIX
ceTeit, 00ecreanBaONNX OECKOHMINKTHYIO MAPIIPYTAZAINIO HA TPOU3BOIBHBIX
[IepeCTAaHOBKAX IMIAKETOB JAHHBIX. VICIIOIb30BaHNEe TaMIIBTOHOBBIX ITMKJIOB
[TO3BOJISIET TAPAHTUPOBATH O€CKOHMIIMKTHYIO IePeIady JAHHBIX U BJIOXKUTH
B HUX JIMHEWHBIE TI0C/IeJ0BATETLHOCTU (DOTOHHBIX OJIOKOB, PEAA3YIOIINX
rpyunossie onepanuu BOK. IIpu sToMm yraercs: 3a1aTh BCe UCTOIHUKH U
[IPUEMHUKHN JIAHHBIX.
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B kaxknoM mmKiie y3J10B BBIAEISIETCS MCXOTHBIN MEePBBIH y3esI, ¢ KO-
TOPOI0 HAYMHAETC UX HOCTPOeHHe (CM. CJEAYIONIUN pa3/ies), U KOTOPbIi
BBLJIAET KOMAH/LY BBITIOTHSIEMOI OMepaIiiy . JTa KOMAH/A OCIeI0BATEIHHO
CUHXPOHU3UPYET JIJIsI BCEX Y3JIOB HAYAJIO BBINIOJHEHUS PACIIPEeIeIeHHON
oneparuu . IIpu KaxaoM y3sie umeercss HabOp UCHOJHUTENbHBIX 6y0K0B U (1),
HACTPOEHHBIX HA BBIIIOJHEHNE OT/IEJIbHBIX oneparuii. Komanaa omeparnn
BBIOMPAET KOHKPETHBINH UCIOMHUTENbHBIN 6/10K. KaxK apIit mcrotHuTe IbHBIH
OJIOK COCTOUT U3 CXEM, BBITTOJTHSIONINX HEOOXOIUMBIE JIOTUIECKUE OTIEPAITAH
B OIIPEJIeJIEHHOI IIOCJIE/I0BATEILHOCTH, 3a8JJaHHON UX MEXKCOETMHEHUSIMU.

Ha pucynke 3 upexcrasienst 6inoku Us(1) u Un(1) upu Bropom u
N-M y3J1ax IMAKJINIECKON MMOCJIeT0BATEIbHOCTH, BBITTOTHSIIONINX OIEPAITHIO
cymmupoBanus N wuce.

Node2 ]| 1 Node N)-+-

o
xS X' W |s Va1

P Clxy', N
(SVI D i 1
oy o) :

Us(1) Un1)

i i

1 i 1 i
s ROCRRL S VN YN

PucyHok 3. N-y3710Boit pacupeneseHHbIIl CyMMaTOD

Ucxomablit epBBIl y3es ceTn He ncnoabsyer csoi 6ok Up(1). On
BBIJAET 10 MapadasHoil JIUHUU 3HAYEHUN cJI0T X1, COJIepKAINiil JIBOUTHOE
MHOTOPa3PSITHOE UUCI0, HAUMHAS C MJIQJIIINAX PA3PsIoB, a 1o napadas3Hoi
CHHXPOJIMHIE — CJI0T S Toli 2ke paspsaanocT. B ciore Xy paspsansr neperarorcs
TIePeMeHHBIMHA T, a B c0Te S — IepeMeHHbIMH §° me 1—9TO HOMED Pa3psIa.
Tlepsblit paszpsan ciora S uMeer 3Hadenue 1 ( = 1), a ocTajbHBIE €r0
pa3psiabl — 3HaYeHus 0 (si =0 upu ¢ > 1). Toukn Ha TUHAAX 0GO3HAIAIOT
Y3JIBl pa3JIe/IeHUs] CBETOBBIX CUTHAJIOB TIOCPECTBOM BETBJICHUS] OITHIECKUX
quauii. Book Us(1) pacupenesieHHOro cyMMaropa HOJCOEIUHSAETCI K [IEPBOMY
U BTOPOMY CETEBBIM y3JIaM.
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CxeMBl Ha PHCYHKE 3 TOJIyYeHBI Ha OCHOBE M3BECTHOM CXEMBI OJHO-
paspsaHoro cymmaropa 9], Kk koropoii qobasiena cxema hbOPMUPOBAHUS
HYJIEBOTO 3HAYEHUN [EPEHOCA U3 MPEbIIYIIEro Pa3psia st IIEPBOro paspsiia
U CXeMa [EePEHOCa 3HAYCHUsI B CJCYIONINI Pa3psl Yepes JIMHUIO 33EePKKI
DL namrebHOCTA B OJIMH TaKT.

Ha Bxompt Uz (1) moparorest CHEXPOHHO 1O pa3psiaM ¢IoT S u cjorbl Xp u
X, a Ha BbIXOJEe 00pa3yeTcs: CJAOT Y, COAEPKAIIUI CYMMY YHCEN U3 CJIOTOB
X1 u Xs. B srom 6ioke na xouseprope C(xh, @) cKIabIBAIOTCS 0 MOJIYITIO 2
3HAYMEHNs TIePeMeHHBIX 2l u 2, 0bpasyst TPOMEKYTOUHBIH PE3YIbTAT B BHJIE
nepeMenHoft 22 [Mocnenuss nepemeHHas{ BMECTE C IIEPEHOCOM I3 IIPEJIBILYIIEro
paspsza ps ! ma xomseprope C(ph *, @) o6pasyer BBIXOMHYIO IIEPEMEHHYIO 1/}
JIAHHOTO pa3psija (Takra).

Ha xouseptope C (ﬂcé7 A) U3 TIepeMeHHBIX T8 U T4 obpasyercsa mpome-
JKyTOUHAs IIEpeMeHHasl 05, KOTOpasl JaJbIIle UCIOJIb3YeTCsl HA KOHBEPTOPe
C(65,\) st o6paszoBaHus 3HAYEHHs HMepeHoca Pl B CJISLYIONIHii pasps/I.
Hoceannit paspaz, B cBoIO 0MepesD, 06pa3yeTc;1 W3 MPOMEZKYTOTHOf TepeMen-
HOf €}, oIy eHHol Ha KousepTope C' (p2 ,\) U3 pe3ysbTaTa zh U mepeHoca
U3 TIPEJIBIIYIIEro paspsia (Takra) py-

Cxema C(s', V) obpasyer 3HadeHme TIepeHoca u3 MpeIbILyIero TaKTa
N1 TIepBoTo paspaia (taxTa). Yepes mymbrumiexcop M (s') mpormyckaroTcst
3HAYEHUE TIEPEHOCA B IIEPBOM U JIPYTUX TaKTaX.

Jhioboit k-it ysen cetn (2 < k < N) nepesaer B cpoit 6ok Ug(1) cror X,
cofeprKaluii 3HAYMEHNs IEPEMEHHBIX X}, JJId KayKI0ro paspsia, Ha Ipyroil
BX0JI KOTOPOT'O TIOCTYIAET CJIOT Yj—1, COAEePIKaIuil BBIXOHbIE P3PS/l Yh
u3 6soka Uy_1(1). Kpome Toro, B 910T GJIOK IIOCTYIIAET CJIOT S, IPOIIe it
Yepe3 UCIOJHUTENbHBIH GJI0K MPeIbIIyIIero y3Ia.

Ha pucysnke 4 npezcrasiena BpeMeHHas quarpaMma paborst 6ioka Us(1)
B [IEPBBIX JIBYyX Pa3ps/iax ¢ UCHOJB30BAHUEM CJIEYIONMX 06o3Hauenuit. [Tepuos

» Ty ——— ) ToT—’

S P T
xli—| yH’ —|
x| x
&'|« [ | o] [ |

p ] Jralid S .

PucyHoOK 4. Bpemennas quarpaMma pacipeseIeHHOTO CyMMATOPa

pa3psana 3amaeTcs Kak 1, JIUTeTbHOCTh aKTUBHBIX CUTHAJIOB B HEM —Kak g,
a BpeMd HacTPOHKHN KOHBEPTOpPa WM MYJIbTHUILIEKCOPa II0 YIIPpaBJIAIONIeN
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TIepeMenHoit u— Kak 7. BUIHO, 9TO BBIXOHAS TIepeMeHHas 45 BO BCeX paspsiax
MOSABJISIETCST C 3aJIePXKKOI Ha 27 U 3aJ[aeTCsl CUTHAJIAME JymTesbHocTd Ty — 27.

Ha pucynke 4 (cieBa u cupasa) npeJCTaBIeHa BDEMEHHAs JUAIDAMMA
pabotet 6s10k0B Us(1) u U (1) pacnpeneseHHOrO CyMMAaTOpa U B TEX YKe
oboznavenusx. Cieayer OTMETHTH, UTO IIpaBasl AuarpaMMa CIPaBeInBa JjIsd
mo6oro 6oka Ug(1) mpu k > 2. DTo 03HaUaeT, YTO BBIXO/IHAsH IEPEMEeHHAs! Y,
HOSABIAETCH ¢ 3a1ePKKOif Ha 27 OTHOCHTEILHO HAYaJa CHHXPOCHTHATIOB s' IIpH
JIOOBIX k U 4, T.e. IpU JIIOOOM UHCJIE Y3JI0B U BO BCEX Pa3PsiaxX dUCesT U
3a/1a€TCsl CUTHAJIaMu Juinreabnocta 1o — 27.

Hapsiny ¢ pacemorpennoit Boie omneparmeit BOK «cymvupoBanues mnepBblii
y3€JI MOYKeT 3a/1aBaTh U OIEPAINI0 «MAKCHMU3AIUSI», 10 KOTOPOH HAXOIUTCS
HAMOOJIBIIIEE YUCIO U3 IHUCEsI, PA3MEIEHHBIX B y3iax cerd. [1o aroit KoMamHe ot
HCXOJTHOTO y3J1a [IPU KAXKIOM CJIEIYIONIEM Yy3JIe BHIOUPAETCs MCIOJTHATEIbHBIN
6710k Ug(2) — «MaKCUMU3ATOD», BBIIOJHSIONMI 3Ty OLHEPAIUIO, CXeMa KOTOPOTO
IIpe/ICTaBJIeHa Ha PUCYHKE 5.

PucyHok 5. N-y310Boit pacrpe/ie/ieHHbIi «MaKCHMUA3ATOP»
B 6mokax Uy (2) JONOMHUTEIEHO UCIONB3YIOTCS CXeMbl, KOTODBIE BBIIOJIHsI-
IOT JIOTWYEeCKHe (DYHKIINK, IIPeACTaBIeHHbIe B TabmIe 2.

TapuiA 2. Jlorudeckne DyHKIUHU IO COCTOSTHASIM KOHBEPTOPA
JUIsl «MAKCHUMHU3aTOpa»

Jloruueckast pyHKIUs Jlormueckast
«Ilepekmouenues st GJI0Ka dyukius«[loBropenunes ist
U(2)(k = 2) 6uoka Ui (2)(k > 2)
R=0 R=#=A
Tp—1 |2k | O Zk—1 2p—1 | Ok—1 | O ds(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

Ilepsorit y3en cetu BbigaeT 1o napada3Hoil JUHUN 3HaYEeHUil B OJIOK
Us(2) cnor X1, comepzKamuii JBONTHOE MHOTOPA3PSAIHOE THUCII0, HAUNHAS
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CO CTapInX PaspsiIoB, a 10 napadasHoil CMHXPOJUHUN — CJIOT S TOH 2Ke
paspgaHocri. B ciore X7 paspajipl nepejaercs nepeMeHHbMu x}, a B ciore
S —nepemennbiMu 8°, T71e i—3TO HOMep paspsiia. Ilepsoiit pasps ciora S
umeer suauenne 1 (st = 1), a ocrambuble ero paspsiipl— snadenus 0 (s° = 0
opu i > 1).

JIio6oit npyroit y3en cetn 1 < k < N nepejiaer 10 JIMHAN 3HAYECHUN B CBOM
6u10k Uk (2) cinor X, conepzxkainuii 3HAUEHHsI IEPEMEHHBIX x}c JUISL KaXKJI0T0O
paspsia. Kpome Toro, B 3ToT 6J10K mIocTymaer cjaor S, IpOIIe il depe3
WCIIOJTHUTEIHHBIN OJIOK TPEIBIYINEro y3Ja.

Ha pucynke 5 (cieBa) npejcrasiena cxema 6s10ka Us(2), mopcoeaunsemoro
K IIEPBOMY U BTOPOMY CETEBBIM Y3JIaM PACIIPE/IEJICHHOTO «MAKCHMHU3ATOPAY.
Toukn Ha JUHUSX 0003HAYAIOT y3JIbI PA3JIEIEHIs] CBETOBBIX CUT'HAJIOB HOCPEI-
CTBOM BeTBJIeHUS onTmyeckux juunit. [ITpobema ocmabiienus onTuaecKux
CHUTHAJIOB MOXKET OBITH PEIeHa IOCPEICTBOM HUCIIOJIH30BAHUS (POTOHHBIX
yeuamresel Ha Bbixoge 6s0koB Uk (2) [10].

Ilepemennas &% JMo/?KHA HAXOMUThCS B 3Hauenun 0F = 1 i Bcex
PaspaIoBs i < j, 1y KOTOPBIX o} > xb, W HaxoauThea B 3Hadenun 6; = 0
JUTsT BCEX Pas3pAJIoB ¢ > j 1ocJe paspsiia j, st KoToporo x] < x3. Takyto
TI0CJIe/IOBATEBHOCTD 3Havenuil d1 (pOpMUPYIOT KOHBEPTODBI C(xh,2) un
C(24,#) coBmecTnO ¢ My/brumiekcopom M (s') u nunueit 3anep:kxku DL
Ha OJTUH Pa3psiJI.

ITepBplit KOHBEPTOP 1O 3HAYEHUAM IE€PEMEHHBIX x! u 2 dopmupyer
3HAYEHNE IIPOMEXKYTOIHON IMEPEMEHHOM 2], Peaan3ys JOTHnIecKyIo (QDYHKIIIO
«Ilepekrrouenne» no Tabuue 2 npu k > 2. Bropoit kouseptop dopmupyer
3HAYEHNE ITePEMEeHHO ), %1, peannsys jormdeckyio gynkuuio «Ilosropenue»
1o Tabmure 2 npu k > 2. Myabrumiekcop M (s') u sunus sagepsxku DL
06pa3yIoT 3HAYEHUS IePEMEHHO 0] +l 5#1 JUIS CJIEIYIONIETO Pa3PSIa.

JIjist Tex paspsiioB j < j, IS KOTOPBIX COXpaHsdAeTcs 3HadeHne 0t
91€PE3 MyJIHTHILIEKCOD M(6 #1) dbopmupyercst 3HaUEHUE BBLIXOIHOM nepemeHHon
y4 = xi. Onmako, mjist Tex paspsijioB j > j, JJist KOTOPBIX COXPAHSIETCs
snagenne 8 = 0, yepes MyJIBTHILICKCOP Mo #1) dbopMupyeTcs 3HaTEeHnE
BBIXOIHOM nepeMeHHon ys = x%. Ilpu sTom s paspsisia j dpopMupyercs
3HaveHue vy, = w3 = 1.

Ha pucyuke 5 (cupasa) npusogurcs cxema 6Jioka, Ug(2), KoTopast npu
k > 1 noBropsier cxemy 6s10ka Us(2) ¢ 3aMeHOll 1 HA Y1 U UHJEKCA 2
Ha UHIEKC K.

Ha pucynke 6 mpuBomuTCss BpeMeHHast AuarpaMMa, (POpMUPOBAHUS PA3HBIX
TepeMeHHBIX JIJIs Pa3pssioB j U j + 1, Tje 7 obo3HadaeT BpeMs HACTPONKM
KOHBEPTOPOB M MYJLTHILIEKCOpa, a 1T m Ty — JJIUTEeBbHOCTH pa3psga 1
AKTUBHOTO CUTHAJIA B HEM.

BuiHO, 9TO aKTUBHBINA CUTHAJ YKOPAUMBAETCA HA BpeMsl He GoJibIiee 37,



32 B.C. IToazoB IRUmEN:
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PucvyHOK 6. Bpemennast quarpaMma JBYXy3JIOBOIO «MaKCHMHU3a-

TOpay JJId j-TO pa3psiia
KOTOPOE He 3aBUCUT OT 3Ha4YeHUs j. B 3akiroueHue pasjesna 1 HeoOXo1mMo
OTMETHUTB, YTO pacIpeeeHHble (POTOHHBIE CYMMATOP U «MAKCAMU3ATOD>
MOTYT OBITB JIETKO BBIIIOJIHEHBI U B 3JIEKTPOHHON 3JIEMEHTHO 6a3e ¢ 3aMeHOit
JmHann 3a7epKKu DL Ha OZHOPA3PSIHBIN CABUTOBBII PETUCTD.

2. TaMUNBTOHOBbLI LMKJIbI B HEDOKUPYEMbIX CUCTEMHbBIX CETSIX

B paznene 2 npejcrasistiorcs HeOIOKAPYEMbIe CUCTEMHbBIE CETU KaK
KOMMYTATOPbBI ¢ HAMOOJIBIINM OBICTPOIeiCTBHEM U OOJIBINOI CJI0KHOCTH.

Ha pucynkax 7-9 mpejicraBjieHbl OCHOBaHUS JIJIsl TIOCTPOEHUsT HEGJIO-
KUPYEMBIX CAaMOMAPIIPYTU3UPYEMbBIX PACIIPEIEIEHHBIX KOMMYTATOPOB.

PUCYHOK 7. nByMepHBII TpOHYHBIN runepkyd npu m = 3 Kak
rpad (creBa) u oprpad (cupasa)

Cravasa (pUCYHOK 7 cjieBa) 9TO JIBYMEPHBIH m-MIHbI runepky6 Kak rpad.
Ecau B ero y3max pazimgars mporeccopbl 1 KOMMYTATOPBI, TO OH UMEET (DOPMY
oprpada (puCyHOK 7 cupasa), KOTOPbI MOXKeT ObITh [IPEJCTABJIEH B JABYI0IbHON
dopme kak KBasunosHbI oprpad (pucyrok 8). OH MOKeT CTPOUTHCS B
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b mpu m =3

Ba3UIIOJIHBII Oprpa

K

C TOTIOJIOTUEl KBA3UIIOJIHOTO

Pucynok 9. Kommyrarop Ki(9, 3)

oprpada
3JIEMEHTHOM 0a3e u3 m X Mm-KoMMyTaTopoB Ky, 1 X m-1eMyJIbTUILIIEKCOPOB

u m X l-mynbruiiekcopos (pucyHok 9) m o6pa3oBaTh pacrupeeeHHbIi

koMmmyTarop Ki(Ny, m)

, KOTOPBIil ABJIAETCA CaMOMaPIIPYTU3UPYEMBIM U

m? abonenTtos [4,5].
Coenunenus B kommyrarope Ki(9,3) 3amarorcs pasHpiMu TabuiunamMu

UHIUJIEHTHOCTH JIJI JyT OT aDOHEHTOB U AyT K abonentam (rabiuna 3). Ouun

He6JIOKI/Ipyel\/IbIM KOMMYTaTOPOM Ha ITPOU3BOJIBHBIX II€PECTaHOBKaX JIJIf

Ny

Tasmuna 3. Tabsiuia HHIRAEHTHOCTH J1s1 KBA3UIIOIHOTO oprpada

upu m =3

Jyru k aboHeHTaM

Hyru or aboHEHTOB

KommyTaTopsr

[4,5].

rabiuna 4)

) (

1(N1,m

CYIIECTBYIOT JJIsA JIIOOBIX KOMMYTAaTOPOoB K



TasuyA 4. Tabiuna MHIMAECHTHOCTH JIJIs KBa3UIIOJTHOIO oprpada IIpu IIPOU3BOJILHOM 1M

KommyTaTopst

KanaJjiel or abonenToB

KanaJjiel k abonenram

1 1 2 m 1 [ 1+m |... | 1+m(m—1)
2 1 2 m 24m | ... | 24+ mim—1)
m 1 2 m m | m+m|... | m+m(im—1)
m+1 m+1 m+ 2 m4+m | 1 [14m |... [ 1+mim—1)
m+ 2 m+1 m+ 2 m+m| 2 [ 24m | ... | 24 m(m—1)
m+1 m+ 2 m+m| ...
m+m m+1 m+ 2 m+m | m [ m+m|... | m+m(m—1)
m>—m+1 [me—m+1][mg—m+2 ma 1 |14m | ... [ 1+mm=—1)
.. m>—m+1|me—m+2 ma 2 24m | ... | 24 m(im—1)
m2 —1 mo—m-+1|mes—m-+2 mo
m> ma—m-+1| me—m+2 mao m | m+m|... | m+m(m—1)

e

dgoeviulol] "D'g
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Mapmpyrusamnus B kommyrarope Ki(Ny,m) ocyliecrBisgerca MeTo-
JIOM 9ePBOTOYMHBI — [0 HOMEPAM BBIXOJIHBIX [TIOPTOB JIEMYJIBTUILJIEKCOPa U

KOMMYTaTopa.

Cymecrsyer [11] MeTos BHyTpEHHET0 MACIITAOMPOBAHUSI, KOTOPBIN MO3BO-
JIFIeT CTPOUTDH U3 HeGJIOKUpyeMbIx KoMMyTaTopoB K;(INV;, m) uHebiokupyeMblit
kommyTatop Kip1(N; +1,m) ¢ Nip1 = m**L. Kommyrarop K11 (N; + 1,m)
crpourest u3 N1 kommyTaTopos K;(N;, m) u ciost u3 Nj41 JeMyJIbTUIIEKCOPOB
1 xm u mysbruiekcopos m x 1. Kax st kommyrarop K;(NV;, m) pasbusaercs
Ha JIOJIU TIO 1M TOPTOB, U B KAXKJION J0JI€ TI0 BCEM KOMMYTATOPAM CTPOUTCS
OTEJIbHBIA KOMMYTaTOD Ki(Ni, m) C UCXOOHOI HyMepaluell B KaxKI0i J1o01e 1

CKBO3HOII HyMepaluei 110 BCeM JI0JISAM.

B Tabaurme 5 mpuBoguTca mpuMep MOCTPOEHUsT TAOIUIIBI WHITHIEHTHOCTH

kommyraropa Ko(27,3) u3 Tabuun unnuaearaoctu kommytaropos Kq (9, 3).

TassmyA 5. Tabsmita WHIUAECHTHOCTH J/IsT HEOJIOKHUPYEMOTO
kommyTaTopa Ko (27, 3)

K1(9,3) Ot aGoHEeHTOB K aBonenram
1 1121310111 (12({19(20(21|1|4|7(10|13|16|19|22|25
2 1121310111 (12({19(20|21(2|5|8|11|14|17|20|23|26
3 112131011 (12({19(20|21|{3|6|9(12|15|18|21|24 |27
4 4156|1314 |15(22|23|24|1(4|7[10|13|16|19|22|25
5 4(15|16|13(14|15(22|23|24|2|5|8|11|14|17]20|23|26
6 4(15|6|13(14|15(22|23|24|3|6[9|12|15|18 (21|24 |27
7 71819161718 (25|26(27|1|4|7|10(13|16|19|22|25
8 71819161718 (25|26(27|2|5(8|11|14|17|20|23|26
9 71819161718 (25(|26(27(3|6|9|12|15|18 (21|24 |27

IMocrpoenne coequuenuii 8 kommyrarope K;1(N;y1,m) ocymecrssiercs
csieayrommM obpaszoMm. [lo HoMepaMm UCTOYHMKA W IIPUEMHHUKA B TabJINIE
MHIUJAeHTHOCTU uiiercs kommyTrarop K;(N;,m), B KOTopblii BXoIAgT 00a
HOMeEpa: OT UCTOYHHUKA U K npueMHnKy. CoeqnHenne MexKIy abOHEeHTAMNI
IIPOKJIaBIBAETCSI Yepe3 BhIOpaHHbIil KoMMyTaTop. Hanpumep, B Tabsuie 5

WCTOYHUK 2 W MPUEMHUK 23 COEJIMHSAIOTCS Yepe3 KOMMYTAaTOp C HOMEPOM 2.
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Mapmpyruzanus B kommyTarope K; (N;, m) ocyiecTBiigercs o-pesKHeMy
METOJIOM YePBOTOUYMHBI — ITI0 HOMEPAM BBIXOJHBIX [TOPTOB JEMYJILTUILIEKCOPOB
OT UCTOYHUKOB U Jiajiee 0 HoMepaM IIopToB B KommyTaropax K;_1(N;—1,m).

Kommyrarop Kq(Ny, m) umeer cjI0KHOCTD S, BRIPAXKAEMYIO B UHCJIE
3
Touek KomMmyTanuu 1o dopmyste (1). Hucso xkanamoB B Hem Ly = 2N?
CyIIECTBEHHO MEHBIIE, YeM B ITOJTHOM Ipade:
3
4 3 2 5
S1 =2(m* +m>) =2(N; + N?)

(1) p
Ly =2m?® = 2N?.

CutoxkHOCTD M uncsio Kanauos KommyTaTtopa K;(N;, m) sanatorcs cite-
JIYIOIIAMU PEKYPPEHTHBIMU cOOTHOMeHusIMu S; = S;_1 N1 + 2mN; u L; =
= L;_1N1 4+ 2mN;. B pesynabrare ux pa3perieHus MMoJydaeM 3HATCHUS
CJIOXKHOCTH M YHCJIa KAHAJIOB, 3a7aBaeMble dopmymamu (2)

2(i+1) 2(i+1) .
S; =2 Z mF =2 Z N

k=i+2 k=i+2

(2) 2141 2i+1
=2y mh=2Y)" N”l.

k=i+2 k=i+2

B nebaokupyembix kommyraropax K;(N;, m) MOXKHO CTPOUTH Helepece-
KAIOIIUECs] UKJINIECKUE TIOCIeJ0BATEIbHOCTH a00HEHTOB (raMUIbTOHOBDI
rpadbl), CBA3AHHBIX IIPSIMBIME KAHAJIAME, B KOTOPBIX MOJHOCTBIO OMPEIE/ICHBI
V3JIbI ¢ UCXOMHBIMU JTAHHBIMU U [OJIyY€HHBIM pe3ysibraroM. OHU CO31at0TCst
TOCJIE/IOBATETLHON TIepeJiatieil NCXOTHBIME y3JIaMU ITAKETOB aJIPECOB ITPOMEXKY-
TOYHBIX IPUEMHUKOB (B BUJIE IyTOB HOMEPOB BBIXOIHBIX IIOPTOB) ¢ (buKkcarmeit

MTPOJIOYKEHHBIX COETUHEHUIA.

Jlns mpumepa B Tabsmre 6 TpUBOIUTCA TAOJIUIA WHIUIEHTHOCTH KOMMYTa-
topa K2(8,2), a Ha pucyHke 10 IpUBOAUTCS €ro cXeMa ¢ JByMsl HEIIEPECEKAko-
IIUMHUCS TTOCTIEI0BATEILHOCTAMI ab0HeHTOB. Ha cxeme IIBETOM BBIAETEHBI
COeJIMHEHUsT JIJIsI TTocieoBarebHocTeit 1-6-3-8-1 u 7-2-5-4-7, ¢ ucxXoiHbIMUI
aboHeHTaMn 1 U 7, KOTOPBIE UX U CO3JAIOT. DTU IOCJIEI0BATEIHLHOCTH SBJIAIOTCS
06ecKOHMIMKTHBIME 110 KaHaJIaM, U IepPeJladil B HUX MOTYT OCYIIECTBJIISITHCS
HE3aBUCHUMO U TAPAJLIETIBHO.

Mezxny Kax1pIM aOOHEHTOM U €TI0 PA3BETBUTEISIMU KAHAJIOB MOXKHO
BCTaBUTh ucHOHUTEIbHBIH 610K U onepanuun BOK us pasmesna 1 B 31eKTpOH-
HOM ucrosHeHnn (pucyHok 11). B pesysbraTe mosryauTest cCuCTeMHAs CETh,
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TasuyA 6. Tabauia UHIMIEHTHOCTH JIJ1sI HEOJIOKUPYEMOI'O
kommyTaTopa Ks(8,2), mosyuaemoro uz xkommyraropa Ki(4,2)

Ki(4,2) | Ot ucrounuka K npuemHuKy
1 1 215163 5| 7110
2 1712|5646 ]8]|20
3 4 | 71813 7|5 1]3]30
y 304 |7|8|2]8]6]40

i%::ég‘\\<”
W W W W W W
EEEEER

Pucynok 10. Kommyrarop K2(8,2) ¢ mukimmaeckumu nocsemosa-
TenpHOCTAMU 1-6-3-8-1 1 7-2-5-4-7

B IUKJ/JINYICCKHUX ITOCJICAOBATC/IBHOCTAX y3JI0B KOTOpOf’I MOZKHO HE3aBUCHUMO
BBIIIOJIHATH Ppa3HbIe Ollepalluun BOK. HpI/I 9TOM HCXOJIHbIE Y3JIbl HE TOJIBKO

CTPOAT 93THU NUKJ/IMYECKHE I10C/IeIOBATEJIbHOCTHU, 3a/al0T B HUX KOHKPETHDbIE

OllepaINH, HO U CHHXPOHU3UPYIOT UX UCHOJHeHHE (CM. pa3zen 1).

1-6-3-8-1,7-2-5-4-7

Pucynok 11. Kommyrarop K2(8,2) ¢ ucronHuTe IbHBIME y3/1aMu
st onepanuii BOK
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CpaBHEUM BpeMsi BBIIOJHEHUS IPYIIIOBON OMEPAINE CyMMUPOBAHUS IHCEJ,
pa3MmerneHHbIX B [N y37ax cereil, KOTOpPblE aHAJOIMYHBI CeTsM Ha pucyHke 10 u

pucyHok 11.

B nepBoii ceTn cyMMHpPOBaHHE OCYINECTBIAETCH MAraMy 110 JTBOTTHOMY
nepeBy. Ha 1-oM miary mpousBoauTCs apaJIeIbHOE CyMMUPOBAHUE TIap
UCXOJHBIX YUCEJI B COCEIHUX y3Jax ¢ obpasoBanueM N/2 IPOMEKYTOUHBIX
cymM 1-ro mara. Ha i-om mary (1 < ¢ < logy N) npousBoguTcs napajiiebHoe

CYMMHUDPOBaHUE IMTPOME2KYTOIHBIX CyMM (’L — 1)—1"0 mara.

O6o3HaunM BpeMs Mepeadn 9ucjia B CeThb Kak 1y, CpejHee BpeMs
rnepejaun 4ucsa 10 ceTU B COCeHUIT y3es KaK T, a BpeMd CyMMUPOBaHUS

B y3Je Kak 0. Torja BpeMst CyMMUPOBaHUs B CPEJIHEM 3aJIA€TCS BHIPAZKEHUEM:
o= (Ty+0)logg N +7(1+2+---+N/2)+ 7= (Ty +6)logg N+ 7N.
Bpemst 06pa3oBaHus TaMHUILTOHOBA [UKJIA Y3JI0B 33/1a€TCA KAK
w=N(T+T,)+ T,

rae T, 9To BpeMs nepejadu aJipeca B ceTh, a Ty — BpeMs Iepeiadn Koaa
UCHOIHsAEeMOil ornepariuu. Toraa moIHoe BpeMsi OePAInd CyMMUPOBAHUS

BbIpazKaeTCd KaK
Y=0+4w=Ts+0)logg N +2rN + NT, + Tx.

Bo Bropoii cetn Bpemst cymmupoBatust kak onepaiuu BOK 3anaercss Beipazke-

HHUEeM:
0=Nr+NTy+ T+ Ty

B HeMm yke yureno BpeMss pOPMUPOBAHUS TAMUJILTOHOBA, KA Y3JI0B. leso
B ToM, uro oneparus BOK BwinosiHsieTcs: Ha 3ajiHeM (DpOHTE Iepeadn
KOJ[a OIIEPAIUU CPAa3y IIOCJIe IEPEIadn aIPECHOTO TaKeTa (POPMUPOBAHUS
raMUJIbTOHOBA IUKJI&, U HE TpeOyeT JOMOJHUTE/IBHOTO BPEMEHU HEPEeIadn

II0 CEeTH T.

Bugmo, ato ¥ > 26. Ilpu 3T0M HYKHO yUIUTHIBATDH, YTO IIE€PBAL OMEPAIHS
BBITIOJIHSIETCS C IIPOIPAMMHBIM YIIPABJIEHUEM €€ IIaroB, a BTOpasl Ollepallust
BBIMIOJIHSIETCST [TOJTHOCTBIO AIIIAPATHO, UTO elre Dojiee yCUINBaeT PUBEIEHHOE

HEPABEHCTBO.
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3. Hebnokupyembie cMCTEMHbIE CETU M3 ONTO3IEKTPOHHbBIX
nepekntoyarenei Ha base untepcepomerpos Maxa-3aHaepa

Onruaeckyro cersb aist BOK MOXKHO TOCTPOUTDH M3 ONTO3IEKTPOHHBIX
nepeksodaresieii Ha 6ase nHTepdepomerpos Maxa-Sannepa (MZI) [12,13].
O6branbrit 2 X 2-niepexstodaresb MZI Ha 0CHOBE 9JIEKTPOONITUYIECKUX CBOHCTB
(naccuBnas crpykrypa EO-MZI) cocroutr u3z aByx unrepdepoMeTpudecKux
IJIed PaBHOMN JIJIMHBI, COEJIMHEHHBIX MEXKJIy JIBYMsI OTBETBUTEJISIMHU, KaK
II0Ka3aHO Ha PUCYHKe 12.

Electrodes )
Interferometric arms

IN1 ¥ “OUT1
po 3 T~ L~ sp.,
IN2 ﬁ:QOUTz

—3dB coupler —3dB coupler

Pucynok 12. Ob6mas cxema nepeksaouarenss EO-MZI

Ero paboTy MOKHO IIOHATH CJIEAYIONMM 00pa30M: MEPBLI OTBETBUTEb
HCIIOIB3YEeTCA I PABHOMEPHOTO Pa3esIeHIs CBeTa Ha JIBE YaCTH, KOTOPBIE
[P IPOXOXKICHUM Yepe3 HHTePPEPOMETPUIECKAE IIEUN UCILITBLIBAIOT YUCTOE
u3MeHeHue dasbl Ha 2A¢. DTa pasHoCTh Pa3 obycsosieHa 3pdeKToM
«TAHU-TOJIKAH », BLISBAHHLIM II0JIEM, IIPUJIOKEHHBIM B IIPOTUBOIIOJIOKHBIX
HaIpaBJIEHUAX YePe3 BOJHOBOMABI IO 3JIEKTPOIAMM.

Kaxk 6bu10 3aMedeHo, ¢ 9TOM CTPYKTYPOil BBIXO/IHAS WHTEHCUBHOCTH
ABJIFETCS TIEPUOJAMYECKON ¢ MUHUMYMaMH U MaKCUMyMaM#, BOSHUKAIONTUMU IIPU
HEYETHBIX M YETHBIX IEJIbIX KPATHBIX IIPUJIOYKEHHOrO HanpsikeHus. [losTomy
CBET MOXKET OBITH IIOJIy9Y€H Ha BBIXOJAHBIX IIOPTAX MOCPEICTBOM SIBJICHUMA
KOHCTPYKTUBHOI min JgecTpykTuBHO# naTepdepernuu. [Ipu coorBercTByomem
HaKOIIJIEHNH PA3HOCTHU (a3 MeXKTy ABYMs IJIeYaMU IIPUBOJUT K IOSBJICHIIO
PEKOMOMHUPOBAHHOIO CBETA B OJHOM M3 BBIXOJIHBIX IJIEY, T.€. PEAIN3IYETCSI
GBYHKIMS ONTUYIECKOTO NEeMYJIbTUILIEKCOpa 1 X 2.

W3 Takux nepexjodareseil MOXKHO cOOPaTh ONTO3JIEKTPOHHBI KOMMYTa-
Top 4 X 4 [13], B KOTOpOM Iepejiava JTAHHBIX Yepe3 KOMMYTATOD BEJIeTCs
OIITUYECKUMHU CUTHAJIAMU, a ylIPaBJIeHue KOMMYTAaTOPOM OCYIIIEeCTBJISIETCS
Y3JIOM CeTH 3JIeKTPOHHLIM 06pa3oM. B HacTosImee BpeMs GbICTPOIefiCTBIE TAKIX
nepekJsrouareseii goxoxut 1o 100 I'6ur/cex [14] u OHE MMEIOT JIOCTATOYHO
BBICOKYIO IIJIOTHOCTD YIIAKOBKH [15].
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He6soknpyeMyIo ONTHIecKyI0 CeTh MOXKHO CO3/IaTh Ha OCHOBE TAHJIEMHBIX
KOMMYTHUPYIOIIAX YCTPOHCTB, COCTOSIINX U3 AHAJIOTHYHBIX JIEKTPOHHBIX U
OITO3JIEKTPOHHBIX KOMIIOHEHT. I]epBble yuacTBYIOT B IPOKJIAJKE U (DUKCAIIH
MapIIPYTOB, U 33J]aI0T KOH(MDUIYPAIMIO BTOPBIX. TAHIEMHbBIE KOMMY THPYIOIIAE
YCTPOHCTBA JIOZKHBI IMETh HJICHTUIHYIO KOHMDUIYPAIIO 1 PaOTATh B PEKUME
master (37ekTponuka)-slave (onruka).

Takum 006pa30B co3MaeTCs TaHAEeMHAs HEOJTOKUPYEeMasi CETh, COCTOIIAS
U3 KOIMIA 3JIEKTPOHHOI M OMTOJIEKTPOHHOI cereit. Ha BXoax /BbIX0oaX BTOPOi
CeTU MOXKHO PasMeCTUTh (DOTOHHbBIE MCIIOJIHUTEIbHBIE Y3Ibl (pasmuesn 1) s
oinosiaernst onepanuit BOK ¢ 6oibmmm 6bicTposeiicTBueM u ¢ 0oIbIeit
HOMEXO03alIUIIEHHOCTBIO.

3aknto4dedue

PaccmoTpena MmeToauka U CXEMOTEXHUKA, [IOCTPOEHUST HEOJIOKMPYEMBIX
CHCTEMHBIX ceTeil, 00eCIIeYnBAIONINX BBIIIOJHEHNE I'PYIIIOBBIX OIEPAaIlnii
B TaMUJIBTOHOBBIX IMKJIAX CETEBBIX Y3JI0B. ['pyIIIIOBBIE OlIEpAIN BBIIOIHIIOTCS
Kak onepaimu Boraucienuii B oomem xanasie (BOK) ¢ manGosbimmm 6uicTpo-
neficrBueM. CuCTEMHBIE CETH MOTYT MMETH 3JIEKTPOHHYIO U OITO3JIEKTPOHHYIO
(ranzemuyio) peasmsanuio. Vcnosnuresbable 6J0KU BBIIIOJHEHMs ONEPAIi
BOK moryT nmeTh Kak 3JeKTPOHHYIO, TaK U (DOTOHHYIO PEAJU3AIUIO.

Heobxonnmo oTMeTUTD, 9TO 9rcTO (DOTOHHAS PEATH3AIUs UCTIOJTHUTETLHBIX
OJIOKOB SIBJISIETCSI OJHOII M3 YeThIpex HOBAIWil JIAHHOW paboThl. Bropoii
HOBAIUel sIBJIsieTCsi CIIoco0 BHYTPEHHET0 MACIITAOMPOBAHUST HEOJIOKUPYEMBIX
CHCTEMHBIX ceTeil ¢ oprpadoBoit cTpykTypoit. Tperbeit HOBalmeit SBIIsIETCS
c1roco® BCTPAWBAHUS CXEM BBIIOJIHEHUS IPYIIIOBBIX OlepaIyii B HEOJIOKH-
PYEMYIO CUCTEMHYIO CEeThb IIOCPEJICTBOM HCHOJIb30BAHUA I'aMUJILTOHOBBIX
mukJj0B. Hakonerr, HoBaIel IBJIsieTCS TAHJIEMHBIN CIIOCOO OPraHU3aITNN
OIITO3JIEKTPOHHOI HEDJIOKUPYEMOil ceTu.
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