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4 Tasho Tashev

Introduction

Goals and objective of the dissertation

Information technologies (IT) are used in the most diverse spheres of activity of modern
society, of course - first of all - in the information sphere. They enable the optimization of various
information processes and end with information modeling and forecasting of global processes in the
development of nature and society.

The development of IT in many aspects determines the improvement of other technologies,
and allows to effectively solve the problems of informatization of the world community, taking into
account the time and volume (memory) complexity of the algorithms used. Success in solving any
task is mainly determined by the algorithm, the development of which to one degree or another uses
a formal model with laws of composition, decomposition and properties. The main subject of the
dissertation work are algorithms, which are an element of the so-called network IT - realizable in
the form of local and global information systems.

Currently, telecommunication flows are digital based on packet exchange. In information
exchange networks, the main nodes are switches (switch nodes), also called routers and routers.
Their central unit is the switch (switching field and control circuit), which carries out the necessary
"transfer” of the data packets from the input to the output communication lines by executing a
calculated "schedule". The control scheme implements conflict-free transmission through the
switching field following this schedule, which is calculated by a corresponding algorithm. Such
conflict-free scheduling algorithms are the subject of this dissertation.

In the current dissertation, existing algorithms for conflict-free scheduling in a packet switch
with a matrix switch are modeled with the means of the formal apparatus of Generalized Networks
(GMNSs), and an OM-model of a new algorithm called MiMa (MiMa—Minimum of Maxima) is
proposed. The conducted computer simulations of the throughput of the MiMa-algorithm switch
allow to determine its positive sides and also its disadvantages. This makes it possible to point out
future research to improve the MiMa-algorithm.The purpose of this dissertation is:

To gain methodological experience in the use of the Generalized Networks apparatus in the
modeling of conflict-free scheduling algorithms for a matrix switch packet switch with input
buffering of the "virtual output queues™ type and to propose a new algorithm and its formal OM-
model for contention-free scheduling in a matrix switch packet switch. To approve a methodology
for large-scale computer simulations of its throughput, providing an unambiguous comparison of
different algorithms.

For this purpose, the following tasks are defined:

1. To specify models using the Generalized Nets (GNs) apparatus of classical algorithms for
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ALGORITHMS FOR CONFLICT-FREE SCHEDULING OF A PACKET CROSSBAR SWITCH NODE 5
conflict-free scheduling in a switch matrix packet switch, thereby gaining methodological
experience from the application of the GNs apparatus to working algorithms.

2. To synthesize a new algorithm for conflict-free scheduling in a packet switch with a
matrix switch and obtain its specification in the form of an GNs model.

3. To propose inbound traffic patterns realizing uniquely different loads for computer
simulations of the throughput (PT) of conflict-free scheduling algorithms

4. To develop a procedure for calculating an accurate upper bound on the throughput (PS) of
contention-free scheduling algorithms in a matrix switch packet switch, to
unambiguously adequately compare the PS of contention-free scheduling algorithms.

Dissertation structure
The dissertation is structured in five chapters.

In the first chapter, an analytical overview of the approaches and methods for synthesis of
models and information interactions and structure of complex systems is made. The necessity of
using the apparatus of Generalized Networks (GNs) as a formal means of describing parallel
processes is motivated. The task of calculating a conflict-free schedule in a packet switch node was
chosen as a specific object for their application (GNSs).

In the second chapter, the developed GNS-models for the "WaveFront™ and "Observation™
algorithms and their three modifications are presented. The algorithms are of sequential calculation.
In this way, the methodology for selecting the minimally necessary components of the GNs for the
formal specification of the algorithms for conflict-free scheduling has been worked out.

In the third chapter, a method for sequential construction of the GNs-model of the PIM-
algorithm (Parallel Iterative Matching, "size" type) is described, which uses parallel computation of
a conflict-free schedule. As a result, the synchronization points of the parallel processes are clearly
displayed. An GNs-model of a "weighted" algorithm type - LPF - is specified. The model allows
easy determination of the most "heavy" computational operation (sorting). For the purposes of
computer simulation of the switch throughput, families of patterns of known types of incoming
traffic (uniform, Chang, Chao, Rojas-Chessa) are defined.

In the fourth chapter, a new algorithm - MiMa - is described. It is of a "weighted" type with
a sequential calculation based on a "hard" conflict criterion formulated by us. The four options for
choosing weighting coefficients were investigated. The computer simulation confirms that the
classical discipline "max-max" gives maximum throughput (THR), and "min-min" - minimum
THR.

In the fifth chapter, a numerical procedure is specified for calculating an exact upper bound
on the throughput of the switch, with an unlimited input buffer. A heuristic solution has been found
for a given range of commutator field dimensions. On this basis, a comparison of THR for the PIM,
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6 Tasho Tashev
MiMa and LPF algorithms was made. Proposals were made to "improve" the new MiMa-algorithm
A summary of the obtained results is presented in the Conclusion. Directions for future
research and development are identified. A list of scientific publications on the topic and noted

citations is presented.

Chapter 1 - Approaches, methods and tools for research on information
interaction models

1.1 Information technologies, information processes and interactions

Information technology is the concentrated presentation of scientific knowledge and
practical experience presented in a formalized form, allowing to organize in a rational way one or
another frequently repeated information process [1, 2]. The most important properties of IT are
described, for example, in [3]): In information systems with the application of IT, many information
processes are carried out simultaneously. Those that, in order to achieve effective work, will have to
interact with each other, are called interacting information processes (11P).The general question is -
which of the existing approaches to the design of complex systems would be effective for the
design of RInS. And the specific - which of the existing formal methods and tools for synthesis of
structures of complex objects are suitable for synthesis of VIP.

1.2 Synthesis of models of information interactions

More and more complex systems are becoming the object of modern science research. The
complexity of the created systems and the traditional approaches to their design (“top-down" - top-
down, composition of modules, "direct synthesis” [4]) determine one of the central problems in the
theory of systems - the synthesis of their effective structures.

Characteristic properties of complex systems have been formulated [5, 6]. Distinctive
features of such systems are parallelism, non-determinism, presence of interacting processes,
combination of synchronous and asynchronous control, etc.

1. 2.1 Approaches and methods for synthesis of the structure of complex systems.

Currently, various approaches to the analysis and synthesis of the structures of complex
systems are known. They include decomposition, coordinationand aggregation methods [7]. the
methods of aggregative description of complex systems [5], the structural approach [8, 9], the
approach based on the theory of complexity [10]. We are talking about a systemic approach, a
structural approach Within the described design approaches, design methods are proposed, among
which the following are distinguished: decomposition and aggregation, formal synthesis, synthesis
based on heuristic methods, synthesis according to a generalized model [5, 11, 12, 13].

1. 2.2 Formal means of describing parallel processes.
The purpose of the formalized description of the structure of the InS is the presentation of
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ALGORITHMS FOR CONFLICT-FREE SCHEDULING OF A PACKET CROSSBAR SWITCH NODE 7
the available data and parallel processes in the form of special formal objects, convenient for
carrying out computational and simulation experiments on a computer.

Many studies emphasize the fact that graph models are convenient and efficient means of
describing and studying parallel structures and processes [8, 14, 15]. Gradually, these models were
practically replaced by Petri nets (MP) [16, 17]. An interesting possibility is the application of the
tensor approach of G. Kron [18, 19, 20] to the MP according to the methodology of V. Kulagin [21,
22].

However, our previous research led us to the conclusion that applying G. Kron's ideas to the
apparatus of Petri nets (the methodology of V. Kulagin) does not lead to the expected results due to
incompleteness in the mathematical apparatus (in the methodology of V. Kulagin). Therefore, we
have chosen as the main mathematical apparatus Generalized Nets, which can be considered as a
successor (upgrade and extension) of Petri nets, but have more possibilities (modeling power).

1.3 Generalized Nets (GNs).

Generalized nets are a formal apparatus designed to represent in detail the relationships
between structure and temporal correspondences in parallel processes. The concept was originally
presented in [23]. They are used in modeling the processes of a wide range of systems, objects and
models [24], expert systems [25], machine learning [26].

The main elements of the GN are transitions - modeling actions and positions - modeling
states. Positions contain kernels that go through transitions according to logical conditions. Cores
have the necessary characteristics that can change when passing through transitions. The necessary
theory and technique are described in [27, 28]. Of course, every Generalized Net model has a
graphical representation, but it only carries part of the information about the GN model (unlike Petri
nets).

After accepting the proposed formal apparatus, the practical question is: what part of all
elements but GNs are needed for a specific (engineering) task. In our experience, this is a question
with an informal answer. In the sense - for the specific task, such a minimal set of parameters is
used, which is sufficient for the specification of the task with GN[29].

A new review of studies using GNs covering 272 titles was published in 2021 [30]. My work
is also cited there. GNs are used in a variety of fields. The author of GNs K. Atanasov himself
continues to actively use them - we will mention 3 publications in MATHEMATICS (MDPI, Basel,
Switzerland,) [31, 32, 33].

Let us describe for what purpose and task we will use the GNs apparatus.

1.4 The conflict-free scheduling problem of a matrix switch packet switch

Abstracts of Dissertations 5 (2023) 4-38



8 Tasho Tashev

Scientific and technical progress allows increasing the number of subscribers connecting to
global information networks and the provision of new services. This requires new features and new
gigabit/terabit routers and switches. At high speed, switching nodes have complex management for
differentiated and integrated services, different interfaces, protocols, packet formats, etc. Networks
must have high-speed transmission, switching and control equipment for large capacity to ensure:
high reliability; great security; dynamic control [34].

Accordingly, the packet switching architecture is moving from time-division to space-
division [35], shown in Figure I.1.

In this work, we are interested in crossbar - matrix switch commutator. To transmit the
maximum number of requests, parallelism is used in the switching field. This is solved by
"building™ the so-called conflict-free schedule (BR). Crossbar can be with input; outgoing; input-
output or internal buffering [36].

A lot of attention has been constantly drawn to the possibilities of "virtual output queue”
(VOQ - virtual output queue), figure 1.2. At each input, buffers are mapped for each output [37]. For
the management of this transmission through the switching field, the so-called conflict-free
schedule (BR) is calculated. Many algorithms have been proposed for this purpose, and research is
ongoing.

When creating a schedule for a switch, the goal is not only to transmit the maximum amount
of packets per unit of time through it, but also to minimize the time for packets to wait, and also to
minimize the probability of packet blocking.

Simultaneously achieving these three goals (mathematically, the problem is known as b-
partite graph) leads to problems with non-polynomial solution complexity (NP-complete) [38] and
available algorithms can partially solve this problem. That is why new proposals are appearing, also
related to new technological possibilities (FPGA) - for example [39]. The last general overview of

the problem can be found in [40]. As the most recent studies, we can point to [41, 42, 43, 44, 45].

| MakeTHa KomyTaluusa |
I

[ 1
PazaensaHe MpoCcTpaHCTBEHO

no Bpeme pazaensHe
I_I_I I 1 1
Odwa Oowa EauH MHoro
cpeaa namert nsT NbLTHLWA
YBenu4eH
Banan| |Knoc BaHaH
MenHOCBBLP3aH MHoropaBHUHeH

Figure | 1. Architecture classification of packet commutation [35]
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Figure 1.2 Logical structure of a switch with VOQ buffers [37]
Various formalisms have been used as formal means in the description and study of the

characteristics of algorithms. In our research, we use the Generalized Networks apparatus [28].

1.5 Conclusions

Information technologies for their progress need developed formal means for specification,
analysis and synthesis of complex systems with parallel processes. Generalized networks are a
powerful modern formal apparatus suitable for this purpose. Conflict-free scheduling algorithms in
switch-matrix packet switches are an area of research that is concrete, promising, and needed.

Validation of the effectiveness of new BR algorithms begins with modeling the throughput
of a switching node with a uniform traffic load. Performance check for uneven traffic follows. We
need families of hardware and software independent traffic simulation models. It is necessary to
synthesize models of well-known algorithms with means of OM. We want a new algorithm for BR.
The proposed models for the study of traffic with different load loads should be used in computer

simulations to clarify its strengths and weaknesses.
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10 Tasho Tashev
Chapter 2 - Generalized-Nets Models of Algorithms with Input Buffering and
Virtual Output Queues (VOQ)

As stated, from a mathematical point of view, the bipartite graph problem is non-polynomial
complexity (NP-hard) [38]. Therefore, various conflict-free scheduling algorithms have been
proposed, which approach the ideal to varying degrees.

The efficiency of the operation of a switch is primarily assessed by the realized throughput
(PS - throughput). Incoming packet traffic is divided into two types - uniform (uniform load traffic)
and non-uniform (non-uniform) [35]. These types are further divided into balanced, asymmetric,
non-balanced, bursty, and other sub-types of traffic (hot-spot, Pareto) [34, 40]. With this diversity,
the question of the adequate comparison of the results arises, since the publications often do not
specify the specific parameters of the traffic models used in the computer simulations.

We will start using the GNs apparatus by specifying the intuitively "simplest” algorithm
"WaveFront"[34]

2.1. OM-model of a centralized (sequential) *'size'* algorithm ""WaveFront™

Inputs to the algorithm are packet-switched requests. Packet transmission requests (at VOQ)
through an n x n switch are described by a traffic matrix T of dimensions n x n. Each of its elements
tij, tij € [0,1] represents a request to transmit packets from input i to output j [36]. T is formed by the
row vector of the queries of all inputs.

A conflict situation is created when, on any row and/or column of the traffic matrix, the
number of units is greater than one. Conflict avoidance is directly related to the efficiency of the
communication node.

The presented algorithm computes a set of matrices that have only one element 1 (if any)
in each row and column. This set of matrices defines a contention-free schedule for the transmission
of requests in the switch.

2.1.1 GNs-model of the ""Wave Front™ algorithm

The task is to build a model of the algorithm (given in the full text) by means of GNS. The
proposed solution in the form of GNS is shown in Fig.11.1.

The capacity of all arcs is equal to one. GNs does not have local and global time
components. The analysis confirms the receipt of a conflict-free schedule. But from the chosen
(deterministic) way of traversing the matrix M, priorities appear in the execution of requests.
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Figure I1.1. GNs-model of the "Wave Front" algorithm

2.2 Two modifications (*'extensions') of the GNs-model of the ""WaveFront'* algorithm.

We will use the GNs apparatus to specify two modifications of the algorithm by changing
the discipline of traversing the columns of the traffic matrix. In the first modification ("left-right™),
there is a discipline of traversing the columns of the traffic matrix "right-to-left" for even rows. In
the second modification ("matrix"), when calculating the odd solutions, a discipline for the pillars is
used as the main algorithm. For even solutions, we use a "right-to-left" discipline. The algorithm
terminates when there are no queries left in matrix T.

2.2.1 GN-model of the first and second modification of the ""Wave Front™ algorithm

In the main text, the GN-specifications of the two variants of "Wave Front™ ("left-right" and
"matrix™) are given. A comparison of the second modification with the first, in which rows are
checked sequentially in a different direction, is shown in Table 1.

When we have full traffic (T, ti,j=1), in the case when n = 2k + 2k-1, keN (k=1,2,3,...), all
three algorithms work optimally (100% throughput ability - THR). In other cases, the PS drops
sharply.

The presented first modification of the algorithm has a better PS than the second
modification in the first half of the interval if n € [2k,2k + 2k-1], keN (k=1,2,3,...), and by - bad -
in the second. That is, the benefits of modifications cannot be unambiguously declared in relation to
the THR..

Table 1. Comparison of traffic matrix occupancy

n 32 |33 |34 |35 |36 |37 [48 |60 |61 |62 63 |64
Kleftr |32 |48 |48 |51 |48 |54 |48 |76 |84 |86 |88 | 64
k matrix | 32 | 51 | 50 |52 |48 |52 |48 |68 |75 |76 |76 | 64

Table 1 shows the number k of the calculated matrices (Q) as a function of the optimal
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12 Tasho Tashev

number (n) of filling the traffic matrix T (number of requests = n?)

2.3 GNs-model of a centralized (sequential) "'rib™ algorithm **Observation™.

This algorithm is the "simplest” possible - an analogue of Time Division Multiplexing [36].
The point is to choose for solution the elements of the main diagonal of T and its parallel diagonals..
The formal description with GNs to obtain a conflict-free schedule is given in the main text. The
proposed solution in the form of GNs is shown in Fig. 11.2. Main benefit - minimal amount of

memory is used.

z 72 z3 4 5z
25 - |
:11
7

Fig. 11.2. GNs-model of the "Observation" algorithm

The capacity of all arcs is equal to one. GNs has no local and global time components. The
selected discipline introduces priorities in the service of requests. The algorithm is effective only
when the input lines are fully and evenly loaded. Therefore, we will make a modification to the

discipline of choice.

2.4 Modification of the GNs-model of the **Observation® algorithm

The essence is instead of selecting requests from the diagonal of T ("hard" discipline), in
the next row we select the element from the pillar next to the right of the already selected pillar (if
there is a request). The full formal description is given in the dissertation.

The formal description with GNs is given in the main text. Computer modeling was
performed using the Vfort software package of the Institute of Mathematical Modeling of the
Russian Academy of Sciences [46].

The deterioration of THR-result — a larger number of matrices Q with resolved non-
conflict connections is similar to the basic variant.. The two algorithms optimally solve the task
only at the maximum request load. At 50 percent filling of the traffic matrix with requests, the two
algorithms are approximately equal with the THR getting worse
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2.6 Conclusions

A model of the "Wave Front" algorithm was built using the formal apparatus of Generalized
Networks (GNs). Analysis of the pattern indicates the emergence of priority in the servicing of
switching requests from different inputs. This is not a desirable property. The "Monitoring"
algorithm is good (100% PS) only at full input load (which is not enough) and its modification does

not help.

Using the GNs-models, a computer simulation of the throughput should be performed, in
which the time complexity of the algorithm execution should be determined at the same time.
As a result, the following conclusions were drawn:

1. It is shown that Generalized Networks (GNs) can be used to model the set tasks, because
they have the ability to model both the structure of the studied object and the dynamics of
the processes in it.

2. For the specification of algorithms for conflict-free scheduling, only a part of the formal

parameters of the GN apparatus is needed.

3. The specified algorithms, as representatives of an intuitive-obvious approach, do not have
good throughput (THR).
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14 Tasho Tashev

Chapter 3 — Generalized Nets Models and the computer simulation of the

efficiency of a conflict-free scheduling algorithm

In this chapter, the GNs apparatus is used to synthesize a model of the well-known Parallel
Iterative Matching (PIM) algorithm [34], in which parallel processes are explicitly specified during
transmission in a packet switch. This algorithm has served as the basis for many algorithms for
obtaining a switching schedule with explicit parallelism. It is also modeled with GNs and the LPF
algorithm. Thus, we have representatives of the two classes of algorithms - "edge" and "weighted",

and we can study their characteristics and compare them.
3.1 Types of incoming traffic. Inbound pattern families with inbound stacking

In the THR studies of the conflict-free scheduling algorithms we model, we use a "simple"
uniform input traffic template (i.i.d. Bernoulli uniform [35]). Its type is shown in Fig.lll.1, we
denote it as Unil. We can perform a simulation with a "heavy" incoming traffic template (we'll call
it "Pythagorean™ type - the sum of each row/column is n2). Its appearance is shown in Fig. I11.2.,
and its convergence rate proved to be very good. But the cost turns out to be an n times increase of

the simulation time (where n x n is the dimension of the matrix switch).

1 2n-1 2n-3 .. 3
11 1 3 1 21-1 e 3
11 1 5 3 1
. . 5 3
11 e 1 : 5 2n-3
2n-3 : : T 2n-1
-1 2n-3 -1

Fig.l111.1 "simple" pattern Uni;  Fig.l11.2 "heavy" "Pythagorean” pattern

Using the information that a sufficient condition for the "triggering” of a region of instability
is that the main diagonal in the traffic matrix has zero values (for non-uniform traffic proposed by
Chang [36]), we come to the conclusion that "Simple" pattern with a "zero™ main diagonal is a
Chang-model solution. We will refer to such a pattern as Chang; (or “1-0”).

And in the case of non-uniform traffic, the sums of the elements of the matrix T by
rows/columns must be equal [36]. In our computer simulation, we will use a necessary number of
matrices T such that the total number of packets in each row and column of matrix T is equal. We
will call these matrices a pattern family for the respective traffic type. They have the following
properties:

* easy generation for any size of switch (n x n);
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* generation does not depend on the type of hardware, compiler and operating system used,;
« their exact, optimal, conflict-free schedule is known.
A family of patterns based on the hotspot traffic model [36], which we call Chao-model, is
proposed. This model is given by: X;j=0,5p for i = j, and A;=0,5p/(n-1) in all other cases, i, je 1, ...
, N, where p is input load.
The first matrix type in the pattern family is called Chao;. Its optimal schedule requires 2(n-
1) switches of the n x n switching matrix. In the general case, the i-th matrix is denoted as Chao;. Its

optimal schedule requires 2i(n-1) switches. These types of matrices are shown in Figure 111.3.
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Fig.111.3 Matrices of types Chao; and Chao;

3.2  Generalized Nets model of PIM-algorithm

This study presents the results of a computer simulation of the generalized network model of
the well-known PIM-algorithm (Parallel Iterative Matching) [34]. In it, parallel processes are
explicitly specified during the operation of the packet switch.

3.2.1 Description of the PIM-algorithm

he PIM algorithm computes a series of conflict-free matrices Qx, each of which passes
through three phases.

1. Each input sends a Request to each output for which there is a packet to transmit.

2. Each output randomly selects one of the received requests and reports (Grants) it to the
corresponding input.

3. Each input that received grants randomly selects only one of them. This package will be
sent for transfer (Accept) [34].

In each phase there is parallelism - a direct invitation to use the GNs apparatus. This
parallelism is our basis for implementing GNs.

3.2.2 Building a generalized network model of the algorithm

In the main text, the GNs model is formally described. The described three phases of the
algorithm lead to no less than three transitions in the GNS-model. The graphical representation is
shown in Figure 111.4.

The most interesting part of the design of the GNs-model is the need to introduce the

Abstracts of Dissertations 5 (2023) 4-38



16 Tasho Tashev
additional position p. In this way, we achieve synchronization of the three phases of the algorithm
(positions p, g, out). Such a result can be seen as a consequence of the strict formal apparatus of
GNs.
Each of the transitions has the same priority. Analysis of the model using shows that it
computes a conflict-free schedule.
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Fig.l11.4 Graphic representation of the final GNs-model of the PIM algorithm
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3.3 Computational experiments

The transition from GNs-model to an executable program is implemented using the VVFort
package [46]. An IBM compatible Pentium 1V computer with a frequency rate of 3000 MHz and 2
GB RAM was used in the computational experiments.

From the performed simulations, it follows that for a "quick" evaluation of the THR of new
algorithms, the "Simple" pattern Uni is satisfactory. But to assess the existence of a region of
instability, Chang; should be used.

The simulation results with the starting patterns Uni; and Chang; are shown in the main text.
Time differences are negligible. THR differences can also be neglected. PIM-algorithm has no
region of instability.

In simulations with increasing size of input buffers (pattern index i), using a personal
computer is a limiting factor. We sought access to greater computing power. The transition from
OM-model to an executable program is implemented using the VFort package [46]. The source
code is compiled using the grid cluster at CERN (http://Ixplus.cern.ch), and the resulting code is
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executed locally on the same. The allowed execution time was 240 hours. Thus we simulated THR
for PIM up to Uniggeo , and found it to be tending towards the known theoretical limit for THR of
63,2 %. For control, we conducted simulations on the grid structure BGO1-IPP of IICT-BAS

(www.grid.bas.bg). With results matching, our grid turned out to be about 10% faster.

For THR with the Chao; pattern family, we performed simulations on the grid structure
BGO1-IPP of IICT-BAS. In the figures below, Chao; is marked as C-i for i=1,2,... Figure IIL.6
shows the result of computer simulations of the PIM-algorithm with input data Chao; Chao,,Chaos
and Chaojp, and also for indices 20, 60, 100. The resulting throughput is averaged over 10,000
simulations for each size, except for Chaojo and larger indices, where the average of 1000

simulations is taken.
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Fig.111.6 . PIM THR results forChaos 2.3 10 2050 1 Chaoio

As shown in Fig.6, the speed of approaching the specified upper limit increases. Clearly, this
limit is less than 100% and greater than 76%.

3.4 A generalized-network model of a ""weight™ LPF algorithm

For the LPF-algorithm [40], the existence of an upper limit of THR is confirmed for all
cases of admissible traffic (THR tends to 100%).The author of LPF presents a mathematical study,
according to which LPF - is optimal in two respects [40]. Therefore, we chose the LPF algorithm
for our study.

A description of the LPF-algorithm is given in the full text. The THR of the algorithm
follows from the choices made in Step 5. If more than one element with the same maximum weight
appears, the choice between them is made randomly [40].

3.4.1 Generalized-network model of the LPF-algorithm

The graphical representation of the GNs-model is shown in Fig.l11.7. The priority of each of
the transitions is the same and they have the same relation to the cores. Analysis of the model using
GNs shows resolution of the conflict-free problem. The model provides additional information (k,r,

etc.) that can be used to calculate the mean THR. There are options for other information as well.
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Fig.111.7. Graphic representation of the GNs-model of the LPF-algorithm.

3.4.2 Computer simulation

We use the GNs-model to write a computer program with the Vfort package (free access
[46]). Compilation is carried out using the AVITOHOL supercomputer of I1ICT-BAS
(www.iict.bas.bg). The binary code is executed locally on AVITOHOL. The operating system is Red

Hat Linux. The used resources reach 16 processors, 16 GB of RAM. The execution time does not

exceed 240 hours.
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Fig.111.8 Throughput and mean per-simulation time U-1,...,U-4
Figure 111.9 presents the total time complexity for solving one pattern: ->O(n*"). This is quite
high complexity.
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Fig.l11.9. Time complexity of the LPF-algorithm for Uni-1, Uni-4 traffic
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Inbound traffic — a family of uniform Bernoulli distribution patterns are used to simulate
uniform traffic with [1=100%. (Uni-i). The dimension n varies from 3x3 to 44x44. 1,000,000
simulations are run for patterns Uni-1, Uni-2, Uni-3, Uni-4. Figure I11.8 shows the resulting

throughput (average) - on the left, and the time for one simulation on the right.

3.5 Conclusions

The computer simulation of the PIM algorithm is based on its generalized network model.
The GNs-model presents a clear parallelism of the algorithm processes. The formal apparatus used
makes it possible to obtain quantitative characteristics as a result of the operation of a modeling
algorithm.

A family of patterns has been developed to simulate irregular traffic. The results of the
computer simulations carried out on the grid clusters of CERN and IICT-BAS are shown. The
simulations use the PIM conflict-free scheduling algorithm specified by the Generalized Networks
apparatus. In the design of the developed GNs-model, the additional position p is introduced, which
allows to obtain symmetry in the specification of the three phases of the algorithm.

The Generalized Networks apparatus is applied to describe the LPF-algorithm for conflict-
free scheduling modeling. The GNs-model leads to conflict-free scheduling. It is shown that the

execution time of a simulation depends on the degree of the dimensionality n -> O(n*").

As a result, the following conclusions have been drawn:

. It is shown that the apparatus of generalized networks can be used to model and analyze
parallel processes in algorithms used in switches.

. « GNs-models of PIM and LPF algorithms are proposed. Modeling in the context of
GNS leads to the explicit designation of the synchronization points of parallel processes
in the PIM algorithm.

. The simulation of the PIM algorithm for the proposed Chao; pattern family shows that

the throughput tends to an upper bound that is less than 100% and greater than 76%.
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Chapter 4 - Anew MiMa conflict-free scheduling algorithm

The Generalized Nets apparatus is used in this chapter to describe our MiMa (Minimum of
Maxima) algorithm, which computes the conflict-free scheduling of a matrix switch packet switch
with Virtual Output Queues (VOQ).

4.1 Conflict criteria for ""weight'* algorithms

We will define 3 forms of the conflict criterion of the elements of the virtual output queues
of the inbound traffic.

Weak form: The elimination of conflicts starts with those located in only the column (or
only the row) of the query matrix T where there is a maximum number of conflicts.

Strong form: The elimination of conflicts starts with those located in the column, and then
in the row, of the query matrix T where there is a maximum number of conflicts.

Complete form: The elimination of conflicts starts with those located in the matrix T
element that has the maximum sum of conflicts in its rows and columns.

For the "weak™ and strong "form™ we introduce the terms "row conflict weight" Col(n) and
"column conflict weight" Row(n) . For the "full" form of the criterion - the term "request weight
w;j(n), for a request from input i to output j* is defined in [40]. We propose the MiMa algorithm

implementing the strong form. The goal is to get more speed while sacrificing a bit of THR.

4.1.1 The MiMa algorithm
We will give a brief description of the MiMa algorithm (for the purpose of calculating the

matrix Q).

Start. First we enter nand R (n, rjj, i,je {1,...,n}).(Ris a copy of T).

(1) The column vector Col(n) is calculated, which consists of the sum of the conflicts of
each row (weight of the conflicts in the row). If there are no requests (the column vector contains
only 0-elements)) then we go to End; otherwise we continue.

(2) The row vector Row(n) which consists of the sum of the conflicts in each column (the
weight of the conflicts in the column), is also calculated. In the row vector, we select the largest
element that defines the column with the most conflicts. In the column vector, we select the largest
element that defines the input with the most conflicts.

(3) If there is a query at the intersection of the row and column, then we take that query as
an element of the conflict-free matrix Q;. We temporarily record a zero weight for these input and
output rows. We go to (1); otherwise (if there is no query) we select an element of the vector Col(n)
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that is closest to the maximum weight value (row selection remains the same).

(4) We check if there is an element (query) at the intersection, and then proceed as in (3)
(omitting the details). As a result, in the selected column of R, we have a query selected for
commutation (if such a query exists at all). The row and column containing the selected request are
excluded from the calculations on Q1.We go to (1).

End.

The next elements of Q; are calculated by repeating the (1)-(4) procedure. As a result, the
matrix Q; may consist of the elements with maximum conflict weights from R. The final matrix Qn,

will contain only conflict-free queries.

4.2 Constuct of a Generalized Nets model of a new "weight™ algorithm MiMa

The information processing steps in the MiMa-algorithm are clearly defined and therefore
we can effectively describe these processes using Generalized Networks. We build an OM-model
based on the following rules:

- to each comparison operator (from the algorithm) corresponds a single transition in the
OM-model;

- to each group of successive assignment operators (from the algorithm) corresponds one
transition in the OM-model.

The formal description with OM is given in the full text.

The model of the algorithm is for a node with ¢ n inputs and n outputs. The graphical
representation is shown in Figure 1V.1. At the first instant of the current modeling time, the core
(one) enters position I; (start). The end of the execution of the MiMa-algorithm is indicated by the
arrival of one core in position I, (end). At this point, position |,y contains the core of the final

conflict-free schedule (the core represent the solutions Q1,Q>, ... ,Qx ).
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Fig.IV.1. Graphical representation of the OM-model of the MiMa-algorithm.
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4.2.1 Formal description of MiMa algorithm
The form of the first transition in the GNs-model is::

Y= <L1', Li", r1,v (Ll')> where L, = { |1} Ly :{lz }

I,

M H Y rl f—
and the index matrix is: I, | true

The characteristic function is:
» O, =" k=0, Qx=0, Col(n), Row(n) «

Y=< Ly, Ly", 13, v (L) > where Ly" ={lz, lie}; L2" ={ Is}

» ®3 =" Col_m(n) :=Col(n); Col_t(n) :=Col_m(n); Row_t(n) := Row(n)”
Ys=< L3, L3", r3, v (L3') > where Ly :{ |3};L3" :{|4}

I,
I, | true

« ®;="Y_0:=YjRow(j) <, G=1,2,....n) .

r, =

Y=< L4, L4", 14, v (L4') > where L, :{|4};L4" :{|5 , |5}

o | s ls
* 1, | —end end

The predicate in r4 has the following form:
eend="Y_0=0"

The characteristic functions are:

s ®s="r :=0; k := k+1” * ®g="to end “

Ys=<Ls', Ls", Is5, v (Ls') > where Ls" ={ls, l17};Ls" ={ I}

. q)7 _» j_num = maX[ROW_t(n)]”

Ye=<L¢, L¢", I, v (L¢) > where Lg' ={l7, li2};Ls" ={ Is}
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. q)8 =" X:= Z|C0|_t(|) “, (1:1,2, .,n) .

Y=<L7, L7", 17, v (L) > where L7 ={lg};L7" ={lo, l10}

‘ ly Lo
l, | —sum_X sum_X

r, =

The predicate in r7 has the following form:
esum X="X=07

The characteristic functions are:

. (Dg =2 *» . q)lO —9 3k

Yg=< Lg’, Lg", 1g, v (Lg') > where Lg :{ |9};L8" :{|11}
o I,

1, | true

* dg3 =" i_num := max[Col_t(n)] «.

Yo=<Ly¢, Lo", 1y, v (Lg") > where Lo’ ={l11};Lo" ={l12, l13}

oo |l |1
° 1, | —match match

The predicate in rq has the following form:

» match=""R(i_num, j_num) #0”

The characteristic functions are:

» ®1,="Col_t(i_num) :=0” e D3 ="r:=r+1“

Y10=< L1¢’, L10", 10, v (L1o") > where Lio" ={ lis};L10" ={l14}

. Dy =7 Qk(i_num, j_num):=1; R(i_num, j_num):=0;Col_m(i_num):=0;
Row(j_num):=Row(j_num)-1; Col(i_num):=Col(i_num)-1 .
Y1u=<Ly', Lu", r, v (Lu') > where Lig" ={l10, l1a};L11" ={ l15}

* O35 =" Col_t((n):=Col_m(n); Row_t(j_num):=0"
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Y12=< L1, L12", 112, v (L12) > where Lip" ={ l1s};L12" ={l16}

|16
I, | true

r12
« O ="Y = YjRow_t(j) “, =1,2,...,n) .
Y13=< L13’, L13", I3, v (L13") > where Liz" ={l16};L13" ={l17, l1s}

_ ‘ Il7 I
~ g | —sum_Y sum_Y

18

r-13

The predicate in ri3 has the following form:
esum Y="Y=0"
The characteristic functions are:

o Oy="*7 e Og=" Qkisready “

Y14=< L14', L14", 114, v (L14") > where o Lia" ={l1g};L14" ={l19 , |20}
| o I

N, =

I, | true true

The characteristic functions are:

s Og="*7 * Dy =" Qx, k, r*

The form of the last transition in GNs model is:

Y15= <Lis', L1s", r15,v {L15'}> where Lis'={ le};L15" ={ lo1, I22 }

| IZl IZZ
I, | error —error

l’-21.5 -

The predicate in ry5 has the following form:
serror="k=0"
The characteristic functions are:
*®,; =" input error My, =" stop “

Each of the transitions has the same priority. This also applies to cores. The model provides
information on the number of switching configurations of the switching field (the variable k) as well
as the number of packets transmitted during one switching (the variable r). This information will be

used to calculate the average THR. Other information may also be collected.

4.2.2 Results of the grid simulations
In this study, we use extended and mirror patterns. The example for the case (for size 3x3) is

shown in Figure 1V.2. In this case, the resulting throughput is averaged over n simulations for each
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switch size (n x n).

112 P 2] 'll
gL 21 |_>1 11 1 2
o2 211 112 31

Fig.IV.2. Example of matrices of Chao’; types for size (3x3)
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The transition from the OM-model to the calculation program is carried out as shown in our
publication. The code was created using the Vfort package (open source) [46]. It was compiled on

the grid-cluster BGO1-IPP of IICT-BAS (www.grid.bas.bg). The resulting code is executed locally

on the grid cluster. The operating system is ScientificLinux rel.6.5. Resources: up to 16 processors
(2 blades), 32 threads, 2GB RAM. Execution time is < 72 hours.

In the figures below, Chao'; is denoted as Cz-i for i=1,2,... Figure IV.3 shows the computer
simulation results of the MiMa-algorithm with input parameter Chao',. The throughput for one
simulation is calculated as (2i(n-1))/k, i.e. normalized to the full throughput of the switching node
(1 equals 100%); time is given in seconds.

Figure IV.4 presents the results with Chao', as an input parameter, and Figure 1V.3 presents
the results with Chao'®, as input parameter. Comparing the two figures, we see that the throughput
increases when the number of patterns (i) is large, and the execution time also increases. Results

show that the rate at which a certain limit is approached also increases (Figure 1V.5).

; throughput

Fig.IV.3 THR and time at Cz-1 Fig.IV.4. THR and time at Cz-10

Figure IV.6 presents the comparison of execution time for Chao'®, and Chao'®, patterns.
Here y is the approximation of the polynomials for the size of the matrix R from 13x13 to 97x97; R2
is the correlation in the data. Figures 3 to 5 show that the THR limit is less than 100%, but tends
towards this. It is also shown that the execution time increases linearly with the increase of the
pattern index i for i=1,10,100. This corresponds to a linear increase in the size of the input buffer.

Figures 3 to 5 show that the THR limit is less than 100%, but tends towards this value. It is
also shown that the execution time increases linearly with the increase of the pattern index i for

i=1,10,100. This corresponds to a linear increase in the size of the input buffer.
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Fig.IV.5. Comparison of THR Cz-10, Cz-100 Fig.IV.6 Time for Cz-10, Cz-100

The solution time of for the entire matrix T is proportional to O(n*°). The time includes the
computation of i.2.(n-1) commutation solutions. So the power of the time complexity for one
solution (one matrix Q;) should be reduced by one. Therefore, for a Chao', pattern, the execution
time of the MiMa-algorithm is proportional to the power of n equal to 2.6. This is very close to the
known minimum, theoretically calculated at O(N5/2) [40] for the complexity of weight algorithms
such as the MiMa-algorithm.

4.3 Verification of the ""always choose the heaviest coefficient™ principle

The new algorithm MiMa (Minimum of Maxima) is proposed by the author of this thesis. The
throughput of the switch in MiMa algorithm runtimes approaches 100% for both uniform Uni traffic
and "hot spot” (Chao) traffic. However, in both cases there are observed certain fluctuations of the
THR as it approaches the limit, in contrast to the monotonous approach to the THR limit for the
classical PIM algorithm. The question arises whether it is possible to modify the MiMa-algorithm to
obtain a "smoother" course of its THR. And may be to increase it.

For this purpose, a version of the MiMa algorithm with a new initial element selection (min-

max) compared to the original version of the algorithm (max-max) was investigated.
4.3.1. Selecting an initial element for conflict-free switching in MiMa

The essence of the algorithm is given by the characteristic function ®7 of the transition Ys

and by the characteristic function d®1; of the transition Y.

The MiMa-algorithm implements the "max-max" type selection - the element with the
maximum "conflict weights” on output and input (in this order) is selected. Therefore, 3
modifications of the algorithm are possible: selection of the "min-min" type; type selection "max-
min"; "min-max" type selection. The THR simulation result of the first modification is not good.
Here we will show the results for the "min-max" option.

4.3.2 Computer simulation of the THR

Inbound traffic uses the Uni model of uniformly distributed traffic with uniform load. Figure
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IV.7 shows the results of the algorithm for the pattern families U-1 and U-10. The designation U-i is
used for traffic type T'. The dimension n of the input matrix T'(i) is shown along the horizontal
coordinate axis. The left vertical axis shows the throughput of the algorithm. On the right vertical
axis is shown the time to calculate the graph (in seconds). When comparing the THR of the
algorithm for the family of patterns U-1,10,100, it increases with the increase of the index i and
tends to the limit THR (100%). The computation time is of the order of the third power of n.
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Fig.IV.7 THR for modified MiMa,, (U-1, time) and MiMa, (U-1, U-10).

4.3.3. Comparison of the type selection options

Compared to the min-min case, the obtained result is undoubtedly "better”, so min-min is
not shown here. But compared to the max-min modification, the THR result was unexpected for us -
the THR is the same. So we had to compare the computation time. This is shown in the full text.
The last studied modification has a slightly better calculation time (less time spent).

The main finding is that changing the selection of an initial switching element did not result
in a “smoothing” or increase in THR when approaching the limit. In addition, the rate of increase of
THR to the limit slows down (relative to the max-max case). The simulation results lead to the

conclusion that the max-max variant gives the best result.

4.4 Conclusions

Our simulation results of the MiMa-algorithm show that the throughput tends to the upper
bound, which has a maximum value of 100%. We have shown that the complexity of the MiMa-
algorithm tends to the optimal theoretical one. Therefore, MiMa can serve as a benchmark for the
speed of "weighted" type algorithms.

A version of the MiMa algorithm with a new initial element selection (min-max) compared
to the original version of the algorithm (max-max) was investigated. The obtained results are
compared with the simulation results of two other choices (max-min) and (min-min) for the initial
element. It is concluded that the application of the "always choose the heaviest coefficient"

principle (the original MiMa algorithm) gives the best results for node throughput.
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Chapter 5 - Numerical procedure for an exact upper bound on the throughput of

algorithms

This chapter describes a numerical procedure for calculating the upper limit of the PS. If it
exists, then the solution is unique. In this procedure, we use the results of the computer simulation
of THR, conducted on the grid-structure BGO1-IPP of IIKT-BAS (www.grid.bas.bg) and the
supercomputer "AVITOHOL" of BAS. Our PS modeling starts with the PIM-algorithm, the Chaoi
model for “hotspot” (Chaoi) incoming traffic [36] and 100% load intensity at each entrance. The
obtained results give the upper limit of PS for n € [3, 100], which allows us to calculate the limit of
THR for n->infinity: the result is 0.775+/-0.001

5.1 Input Data. Setting the task. Existence of the solution.
Here we use a Chao pattern matrix family for input data.. If we consider the Chao pattern

matrices as an additive sum between Uni-traffic and non-conflict traffic, we have an upper bound of
PS=1-1/(2e-1) = 77,460 .. %~=.
Figure 1 shows the results of the algorithm. The abscissa shows the dimension n of the

matrix T (from 2 to 70). The ordinate in Fig.1 shows PS. Each point is the mean value for 10,000

simulations.
0.8 throughput
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Fig.V.1 THR of the PIM-algorithm for Chao-traffic.
The data in Figure V.1 show an increase in throughput as n increases for each template used.
When "switching" to a "heavier" pattern (increasing i), the minimum shifts to the left, and the rate

of increase of PS decreases. This gives us reason to assume the existence of an upper limit.

5.2 Procedure for calculating the upper limit of the PS in a determined operating range

The described procedure calculates the convergence of the THR of the commutator to a
specific value (upper limit) for each resistance of n according to the result of the computational
experiments. An image is given in the main text and this is given by Fig.1 — for the selected pattern
sequence Chaoi , i = 1,m1,m2,m3,m4, where m=7 (Chaol, Chao7, Chao49, Chao343, Chao2401,) .
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First of all, it is important for us to check the theorem d=m-%: (this is the heuristic solution, for
m=2,3,4,5 it is true).

The modeling results show that excluding the PS minimum displacement zone (2 < n < 20),
the PS differences between the "steps™ of the templates decrease in geometric progression. It is
known from the theory that an infinite numerical series of the form 1/a + 1/a® + 1/a° +...+1/a'+...,
when a>1, converges for i—oo to the value Sum(a)=1/ (a-1). Assuming that in our case the
differences A2, A3,... form such a series with a=2.64575, then the convergence coefficient for the
displayed results is Sum(2.64575)=1/(2.64575-1)= 0.607625.

Then we obtain the values of the upper bound for specific n using the template with the
largest number - Chao2401, as follows: LimitPS(n) = PS(Chao2401 (n)) + Sum (2.64575). A4 (n)=
PS(Chao2401 (n)) + 0.607625. A4 (n) .( in figure V.2).
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Fig.V.2 The calculated upper limit of THR. Fig.3 The initial data and the border of the THR.

The largest values are THR (Chao2401(70))=0.772005, A4(70)=0.003401, Limit
Efficiency(70)=0.774031. Relative to the data for the first and largest template used in the
simulations, the THR boundary is shown in Figure V.3.

5.3 Accuracy problems in operating range

Consider the case where the upper limit is calculated not by multiplying the difference A4 by
the constant Sum(2.64575), but by multiplying by a variable. Namely Sum(d3)=1/(d3-1). Thus, we
can estimate the influence of the inaccuracy of the simulation data on the final result (upper bound).

The comparison between the curve of Fig.V.2 and the new result is shown in Fig.\V.4.

The results already obtained can be compared. We will do this with the calculated upper
bound for "step" m=2. There, d5=1.41+ 0.025 was chosen as the best result.

Accordingly, the upper bound was calculated on the data from Chao64 and Chao32
templates (10,000 simulations). A comparison of this bound with the one obtained above is shown
in Figure V.5. Specifically, we can derive the following benefit. The estimate for the limit value of
PS (based on the data for m=2) is 0.775+ 0.001. From Figure V.8 we conclude that this is a slightly
inflated estimate. We believe that the limit value of the PS has a value of 0.7748+ 0.0005 (at n—o0
theoretically 1-1/(2e-1)).
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Fig.V.4 Upper limit of THR at 63=const, dz-var Fig.VV.5Upper limit of THR at m=7, m=2.

5.4 Specification of the numerical procedure

In our research, we solve the problem in two steps: proving that the solution exists;
calculating the solution. The formal description of the procedure is given in the full text. If there is
an upper bound on the throughput of a switch, it is unique.

The next research question is whether the procedure is robust. The case of small,

asymptotically decreasing perturbations of incoming traffic is considered.

5.5 Computer simulations to study the stability of the numerical procedure

We introduce perturbations to the Chao model as follows: we first modify the template
family to the “mirror” variant (described in the full text). Second, we reduce the number of requests
in the selected (first) input row by one (minus one request).

Our computer simulations confirm the applicability of the proposed procedure with modified
traffic load patterns. The result of the simulations shows (in the main text) that the numerical
procedure is robust in the sense that small values of the intensity perturbations of the input requests
lead to small changes in the output. The obtained results give an upper limit of PS for n € [3, 97],
which allows us to estimate the limit of PS (THR) of MiMa-algorithm for n>infinity. The obtained
value is 100%

5.6 Exact upper limit in a specified working interval THR of PIM-algorithm with Chao-input
The THR upper bound result for PIM-algorithm with Chao-input (m=2) is shown in Figure V.6.
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Fig.V.6 Upper limit of PS (THR) at ds=const=1.4142 and m=2.(PIM, Chao)

The ratio & with increasing pattern index quickly reaches the expected value 1/1.41 (m=2).

This is a consequence of the property of the PIM-algorithm to process the inputs equally. At the end

of the operating range (n=100) we have the largest value for THR.

THR of LPF-

algorithm with ¢ Uni-input

Figure V.7 shows the upper bound result of THR for LPF-algorithm with Uni-input (m=2).

The ratio 6 with increasing pattern index tends to the expected value 1/1.41 (m=2). Achieving and is

expected at larger pattern indices. At index i= 131072, a value of 1/1.46 is obtained at the end of the

working range. This is clearly a consequence of the inherent properties of the LPF-algorithm - we

assume due to the presence of “starvation" -

unequal processing of the inputs. Therefore, the

calculated upper limit of THR is inflated. At the end of the operating range (n=100) we also have

the largest value for THR.
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Fig. V.7 Upper limit of PS (TH) at 66=var and m=2. (LPF, Uni)

Abstracts of Dissertations 5 (2023) 4-38



32 Tasho Tashev
THR of MiMa-algorithm, Chao - input with decaying perturbation
Figure V.8 shows the result for the upper limit of PS for LPF-algorithm with Chao-input
(m=2) under decaying input disturbance. The ratio & with increasing pattern index predictably tends

to the expected value 1/1.41 (m=2). Achieving the upper bound is also expected at larger pattern

indices.
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Fig. V.8 Upper limit of PS at 66=var and m=2. (MiMa, Chao damping disturbance)
We also assume here non-equivalent processing of inputs because of the presence of
"starvation" (MiMa uses the same kind of criterion as LPF, but its weaker form). Therefore, the

estimated upper limit of PS is more inflated than with LPF, because MiMa generally lags behind
LPF in THR.

We can make time comparisons for the solution of the entire input matrix in Figure \V.9. The
time complexity is the estimate for one commutation. Therefore, since the solutions are respectively
ksol, the degree of time complexity for one solution (commutation Q) will have to be reduced.
More precisely, for the corresponding values it turns out (in the main text) that we have (O(n2.9))
for LPF, and (O(n2.6)) for MiMa.
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Fig.V.9 Solution time of the entire input matrix (LPF-left, MiMa, - right)

Conclusions that can be drawn:

The results of our simulation of the algorithm show that the MiMa throughput tends to the

upper bound, which has a value of 100%. In the operating range up to n=100, Mima lags behind PS
by 3-2%, and the difference is decreasing. The complexity of the MiMa-algorithm (O(nZ'G)) is very
close to the optimal theoretical one. (O(n2'5)). Therefore, a further increase in the execution speed

can be achieved by using parallel computations of the algorithm's transitions and also by
modifications of the deterministic discipline for selecting a principal for the conflict-free solution.

Can the THR be "smoothed out" at the same time - this is a question for future research
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Conclusion

The dissertation presents studies of the modeling of the switching processes in a
communication node using the Generalized Networks (GNET) apparatus. Formal cn-models of 4
known algorithms for calculating a conflict-free schedule in a packet switch with a matrix switch
(crossbar switch node) are specified. A new algorithm for conflict-free scheduling (MiMa-
algorithm) is proposed. The model of this algorithm is presented formally in the form of a
Generalized Network. A comparison of its performance with that of other algorithms is discussed.
The loss of 2 to 3 % of the bandwidth is the price for its speed - the MiMa algorithm is at the lower
limit of time complexity (time forinplementation) for its class ("weighted") algorithms. The results
were obtained in large-scale computer simulations of the grid-structure of IIKT-BAS and of the
supercomputer "Avitochol" of BAS, by applying a newly developed numerical procedure, resistant
to asymptotically damping disturbances, to the numerical data from the simulations. possible
adequate and unambiguous comparison of the throughput of conflict-free scheduling algorithms in a

given operating range.

Summary of the obtained results

In view of the work carried out in the dissertation and the conclusions obtained in the course
of the research and presented above, the following scientific and application results can be
formulated:

1. A new MiMa (Minimum of Maxima) algorithm for conflict-free scheduling in a matrix
switch packet switch is synthesized and investigated. The throughput of the algorithm
approaches 100%, and its execution time complexity is (O(n*®)). The theoretical limit for
the class of "weighted" algorithms to which MiMa belongs is (O(n*®)).

2. GN-models of 4 classical algorithms for conflict-free scheduling in a matrix switch
packet switch are modeled with the Generalized Networks (GNs) apparatus and
investigated.

3. Four pattern families for 4 classical (uniform, Chang, Chao, Rojas-Chessa) types (i.i.d.
Bernoulli) incoming traffic are synthesized, designed for large-scale computer
simulations of the throughput (PS) of conflict-free scheduling algorithms, at 100 % load
on incoming lines.

4. A numerical procedure is developed to calculate an exact upper bound on throughput
(UP) of contention-free scheduling algorithms in a matrix switch packet switch. The limit
is calculated for a given operating range of the switching field (n) in large-scale computer

simulations of the THR with the synthetic patterns of incoming traffic. The procedure is
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robust to asymptotically decaying perturbations. The procedure is applied to the results of

computer simulations of the THR of the synthesized GNs-models.

Future development

The main directions for future research on the topic of the dissertation include:

e Research the possibilities of improving the characteristics of the proposed MiMa-algorithm,
by modifying the discipline for selecting the main element, similar to those used here when
modifying the models of the "Wave Front™ and "Monitoring" algorithms.

e Investigating the possibilities of obtaining a load of less than 100% on the incoming lines by
modifying the families of incoming traffic templates proposed here.

e Investigating the limits of validity of the proposed numerical procedure for determining an
exact upper limit of throughput, for non-i.i.d. Bernoulli types of incoming traffic (such as

burst-growing and self-modifying).
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YBoa

Nndopmarmionnure texnonorun (MT) ce usnomssar B Hal-pazHooOpazHu cepu Ha
JIeHOCTTa Ha CHBPEMEHHOTO OOIIECTBO, pa3dupa ce - Haii-Hampen - B nHopMarmonHata cdepa. Te
MO3BOJISIBAT  ONTUMH3UPAHETO Ha PAIMUHM HMH()OPMAIMOHHM TIPOLIECH U 3aBBPIIBANKU C
MH(POPMALIFIOHHO MOJICITPAHE U MPOTHO3UPAHE Ha TII00ATHH MPOIIECH B Pa3BUTUETO HA TIPUPOJIATA U
00IIIECTBOTO.

PazBurrero Ha T B MHOrO actieKTy onpesiensi yChbBbPIIEHCTBAHETO Ha IPYTUTE TEXHOJIOIMH,
U TO3BOJSIBA €(EKTHBHO Ja ce peliar npoOieMuTe Ha HMH(OpMATH3AIMATA HA CBETOBHOTO
cpoOIecTBo. MeroTe M CpelcTBaTa 3a TOBA C€ JaBaT OT MH(opmaThkara. 3a pazimka OT
KJIaCHYecKaTa MaTeMaTnKa HH(opMaTHKaTa H3ydaBa He IPOCTO PEIIaBaHeTo Ha 3a71a4H, A PEIIaBaHeTo
UM Ha KOMITIOTBp C OTYMTAHE OIPaHUYEHHUSITA HA N3YHUCIUTEIHUTE CPE/ICTBA TI0 BpeMe U 00eM TaMeT,
T.€. C OTYMTAHE HA BpeMeBaTa M 0O0eMHa (TTAMET) CJIOKHOCT Ha M3IOJ3BAHHUTE AMOPHTMH. Y CHIEXHT
NIPH PElIaBaHETO Ha KOS J1a € 3a/1a4a OCHOBHO C€ OTIPEICIIsl OT ATOPUTHMA, TIPU YHATO pa3paboTka B
e/lHa WM JIpyra CTeNeH ce M3I0II3Ba (popMaseH MOJIeN ChC 3aKOHHM Ha KOMITOZHIWS, IEKOMIIO3IMS U
cBoiicTBa. OCHOBEH MpeIMeT Ha JUcepTalioHHaTa padoTa ca ajrOpUTMH, KOUTO Ca €IEMEHT OT Thi
HapeyeHuTe MpexxoBu 1T - peamizyemi BbB BUJT Ha JIOKATHU U TJI00ATHA HH(OPMAIIMOHHU CUCTEMH.

KBM HacCTOSIIIMST MOMEHT TEJIEKOMYHHKAIIMOHHUTE TIOTOIH Ca OT IM(POB BUJI HA OCHOBATa Ha
oOMeHa Ha naketH. B MpexwuTe 3a oOMeH Ha HH(pOpMAIWs OCHOBHH BB3JIU ca KoMyTtaTtopute (Switch
node), HapryaHu OIe pyTepH M MapIIPyTH3aTOpu. TexeH IeHTpaleH OJIOK € TPEBKIFOYBATEIIST
(KOMYTaIMOHHO TIOJIE H YIPABJISABAILA CXEMA), KOMTO OCBHIIECTBSIBA HEOOXOMMOTO ,,IIPEXBBPIISIHE HA
MAKETUTE JTAHHM OT BXOJHUTE KBbM M3XOJHUTE KOMYHMKAIIMOHHW JIMHWM 4pe3 VRIBIHEHHE Ha
M3YHUCIIEHO ,,pasnucaHne”. YTpapisBalaTa CxeMa peam3upa Oe3KOH(IMKTHO TpeiaBaHe Ipe3
KOMYTAIMOHHOTO TI0JIE CIIEJIBAMKK TOBA PA3MICAHKE, KOETO CE U3UMCIISBA OT ChOTBETEH AJITOPUTHM.
TaxuBa anroputMu 3a 6€3KOH(ITMKTHO pasIFicaHre ca 00EKT Ha HACTOSIIYS ICEPTALMOHEH TPY/I.

B HacTosSmusAT mucepTalMoOHEH TPYA C€ MOJCIHPATChC CPEeICTBaTa Ha (GOpMAaTHHS
amapar Ha OO0o0OmennTe Mpexu (OM) chliecTByBalM alrOPUTMH 32 O€3KOHQIUKTHO
pa3nucaHye B MaKETeH KOMYTaTOp ¢ MaTpU4EH MPEBKIIIOYBATEN U ce npemtara OM-mozaen Ha
HOB JITOpUTHM, HapedeH MuMa (MiMa—Minimum of Maxima). [IpoBeneHHTE KOMIIOTHPHU
CHUMYJIALIMM Ha TMPOMyCKaTeJHaTa CHOCOOHOCT Ha KoMmMyTatopa ¢ MuMa-anropursm
MO3BOJISIBAT J1a CE€ OMPEAEIAT HETOBHUTE TOJIOKUTEIHN CTPaHH, a ChIIO U HeJOCTaThlu. ToBa
JaBa BB3MOXKHOCT Jia ce HabesexaT ObJAemM u3cienBaHUs 3a moaoOpsBaHe Ha MuMa-

JITOPUTHMA.
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Iea u 3a1aun HA TUCEPTAUOHHUS TPY/

IlenTa Ha HACTOALIMS TUCEPTALUOHEH € !

Jla ce HaTpyma METOJOJIOIMYEeH OIUT B MCIOJ3BAaHETO Ha amaparta Ha OO0oOueHuTe
MpPEXH IpPH MOJCIUPAHETO HA AITOPUTMHU 32 OE3KOH(JIMKTHO paslUCaHHe 3a IaKeTEeH
KOMYTaTop C MAaTpUYEH MPEBKIIO3BaTENl C BXOAsIO OydepupaHe OT TuHa ,,BUPTYaTHU
M3XOJHM OMALIKK’ M Ja c€ HPEJIOKU HOB aJIrOpUThM M HeroB ¢opmaineH OM-mognen 3a
0e3KOH(DIMKTHO pa3lUCaHue B NAKETeH KOMYTaTop ¢ MaTpuueH mpeBkiarouBares. Jla ce
anpoOupa METOAMKA 33 MIMPOKO-Mal[aOHU KOMITIOTHPHH CHMYJIAIIMM Ha TMPOITycKaTelIHaTa

My CHOCO6HOCT, ocurypsaBalia €CAHO3HAYHO CPABHCHHUEC HA PA3JIMYHU aJITOPHUTMHU.

3a Ta3u uen ce AeuHUpAT CIeIHUTE 3aJauu:

1. Ja ce cnemudumupar MOIeIMd ¢ H3MOJA3BaHe Ha amapata Ha OOOOIICHHUTE MPEXH
(OM) Ha KJIacHYeCKHd alrOpPUTMHU 3a OC3KOH(DIUKTHO pas3luCaHWe B IMaKeTEH
KOMYTaTOp C MaTPUUEH MPEBKIIOYBATEN, YPE3 KOETO /1a C€ MOIyYH METOA0JIOIHUECKH
OIUT OT MpHUJIAaraHeTo Ha anapara Ha OM 3a paboTely aaropUTMHU.

2. Jla ce cuHTe3upa HOB QITOPUTBM 3a OE3KOH(JIMKTHO pa3MHUCAHHE B MAKETECH
KOMYTaTOp ¢ MaTPUYEH NPEBKIIOYBATE M C€ MOJIYYH CIEIU(PHUKANNUATA My BbB BUJI
Ha OM.Mmozen

3. Jla ce mpeayoxat mabIoHH 3a BXOAM] TpaduK, peau3upaliy eIHO3HAYHO PA3IUYHU
HATOBapBaHUs, 32 KOMIIOTHPHU CHUMYJAlMU Ha mpoiyckarennara crnocooHoct (I1C)
Ha aJTOPUTMH 33 OE3KOH(DIMKTHO pas3NucaHue

4. Jla ce pa3paboru mpoleaypa 3a H3YMCISBaHE Ha TOYHA TOpHA TpaHUIA Ha
nponyckarenHaTta cnocooHocT (IIC) Ha anroputmu 3a 6€3KOH(IIMKTHO pa3lUCaHKE B
MaKkeTeH KOMYTaTOp C MaTpHueH TMPEeBKIIOYBATEN, 32 €IHO3HAYHO aJIeKBAaTHO

cpaBusiBaHe Ha [1C Ha anroputmuTe 3a 0€3KOH(IIMKTHO pa3NHUCaHue.

CrTpykTypa Ha qucepTrauusita

JIcepTalMOHHUAT TPYA € CTPYKTYPHUPaH B €T TJIaBH.

B mbpBa riiaBa e HanpaBeH aHAIMTHYEH 0030p Ha TOJXOJIUTE ¥ METOJIUTE 3a CHHTE3
Ha Mojenu ua WHPOPMAIMOHHHM B3aUMOACWCTBHUS U CTPYKTypa Ha CJOXKHU CHCTEMHU.
MoTuBupaHa € HHOOXOAUMOCTTa OT M3MOJI3BaHe amapaThbT Ha O000meHuTe Mpexu (OM)

KaTo (GOpMaJHO CPEACTBO 3a ONKCAHWE Ha MapalielHu nporecu. Kato KoHKpeTeH 00eKkT 3a
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npuiaradero M (OM) e u3bpaHa 3aavara 3a U3YUCICHUE Ha 0€3KOH(IMKTHO pa3MUCaHue B
MaKEeTEeH KOMYTaTop.

BbB BTOpa riaama ca mpencraBeHu pazpaboreHute OM-Mopenu 3a aJrOPUTMHTE
,,BBIHOB (poHT u ,HabmogeHue um TexHW Tpu MoaupuKauU. ANTOPUTMHUTE ca C
nocjenoBareaHo u3uuciaeHue. [1o To3n HauMH € oTpaboTeHa MeToaukara 3a Hu300p Ha
MUHUMQJIHO HeoOXxonuMute KoMroHeHTH Ha OM 3a ¢dopmanHa crnenmdukanus Ha
ITOPUTMUTE 32 0€3KOH(DIUKTHO pa3NucCaHue.

B Tpera riiaBa e onucaH MeTOJ 3a IOCIEA0BATEIHO NocTposiBane Ha OM-Mozen Ha
PIM-anropursma (Parallel Iterative Matchingjf, tum ,,pe6po‘), koliTo H3MONI3Ba HapaeTHO
U34YuCIIeHne Ha 0e3KOH(IIMKTHO pa3nucanue. B pe3ynTar B siBEH BHJI c€ MIOKa3BaT TOUKUTE Ha
CHUHXPOHHU3AIMA Ha mapanenHuTe npouecu. Crnenudumupan ¢ OM-Mozen Ha ,, TErJIOBEH ™ THIT
anroputrbM — LPF. MonensT no3BosisiBa JecHO onpezesssHe Ha Haii-,, Te)KKaTa* H3UUCIUTEIHA
onepaius (copTupane). 3a LENUTE HA KOMIIIOThPHATA CUMYJAIMsS Ha MPOIyCKHATa
CIIOCOOHOCT Ha KOMyTaTopa ca Je(pUHUpaHU ceMelcTBa IIa0JOHM Ha W3BECTHH BUIOBE
sxozsi Tpaduk (uniform, Chang, Chao, Rojas-Chessa).

B 4erBBpTa N1aBa € onucad HOB anropuTbM — MuMa. Toil € OT ,, TeraoBeH™ TUI C
MOCJIEIOBATEITHO H3YHCIICHUE, OCHOBAH Ha (opmynupan ot Hac "Texbk (hard)" kpurepuii 3a
KOH(pIMKTHOCT. M3cnenBanu ca yeTupuTe BapuaHTa 3a M300p Ha TETrJIOBHU KOe(ULIMETHH.
KommroTspHara cumysanuys MOATBBPK/IaBa, Y€ KiIacudecKaTa JUCLMIUIMHA ,,MaX-maX ‘raBa
MakcuMaliiHa rpoiyckarenana crocoonoct (I1C), a ,,min-min“— munumanua I1C.

B mera riaBa e cnemuduimpaHa 4yuclieHa MpoOLEAypa 3a W3YUCISIBAHE HA TOYHA
rOpHa I'paHUIlAa Ha MPOIyCKaTeIHATa CIIOCOOHOCT Ha KOMYTaTOpa, P HEOTPAaHUYEH BXOJISII
Oydep. HamepeHo e eBpUCTHUHO pellleHHE, 3a 3a/JaJeH Iuana3oH OT pa3MEpHOCTH Ha
KOMYTAIlMOHHOTO TOJie Ha KoMyTaropa. Ha Ta3u 6a3a e HampaBeHo cpaBHeHue Ha IIC 3a
anroputmute PIM, MuMa u LPF.Hanpasenu ca npeanoxenus 3a ,,[1000psiBaHe" Ha HOBUS
MuMa-anroputsm

B 3akuaroueHueTo € mpeacTaBeHO pe3lOMe Ha MOoJydyeHuTe pesyirtatu. OnpeneseHu
ca HAcOKM 3a ObJemM Wu3cleBaHUS U pa3BuTHe. [IpeAcTaBeH € COUCHK C Hay4HU

ny6n1/n<au1/11/1 10 TeMaTa ¥ 3a0elsI3aHu HUTHUPAHUA.
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I'naga 1. Iloaxoam, MeTOAU M cpeacTBA 3a U3CJICABAHUA HA MO/I€JIH 32
HH(POPMALMOHM B3aMMOAeHCTBUSA

1.1 UudopManiuOHHM TEXHOJIOT UM, HH(POPMALMOHHHU MPOLECH H 3aUMO/IeliCTBUSA

WudopmanvionHa TEXHOJIOTHS € TIPEICTABEHOTO BBB (DOpPMAIMBUPaH BHI KOHIICHTPUPAHO
M3NIOKEHUE HA HAYYHH 3HAHUSI M MPAKTUYECKH OIUT, MO3BOJISBAILO [0 PAIMOHATIEH HAuMH Jia Cce
OpraHv3upa €IUH WK JPYT IOCTaThYHO YeCTO MOBTapsil ce MHopMarmoHeH nporiec [1, 2].. Haii-
Baxuute cBoiictBa Ha WT ca ommcanu, Hampumep B [3]): B uH(popMaimoHHHWTE CHCTEMH C
npuiaraseto Ha T ce u3BbpIBaT eTHOBPEMEHHO MHOTO HH(OPMAITOHHH TIporiecH. Te3u, KOUTo 3a
nocturane Ha eekTuBHa paboTa Ie TpsOBa Ja B3aUMOJCHCTBAT TIOMEXIY CH, Hapuyar
B3auMoyIelicTBanm uHpopmMaroHnu mporeck (BUIT). OOImsT BHIPOC € - KOM OT ChIICCTBYBAIIUTE
TIO/TXO/IM 32 TPOSKTUPAHE HA CIIOKHH CUCTeMH Onxa O e)eKTHBHU 3a rpoektupaneTo Ha PUHC. A
KOHKPETHHSIT - KOM OT CBIIIECTBYBANIMTE (POPMATTHITE METOJIM M CPEJICTBA 32 CUHTE3 HAa CTPYKTYPH Ha

CJIOKHH 00EKTH ca MOAXoadIy 3a cunte3 Ha BUIT

1.2 CunTe3 HAa Mo IM HA MH(OPMALIMOHHU B3aUMO/1€iiCTBUSA

OOekT Ha u3CieIBaHMATA HAa CHbBPEMEHHATa HAayKa CTaBaT BCE I0-CIIOKHH CHUCTEMU.
VYCnoXKHSIBaHETO Ha CH3JaBaHUTE CHCTEMH W TPAJUIMOHHUTE TOIXOAM 3a MPOCKTUPAHETO WM
(13 9 (13 29
(“otrope-Hagomy” - top-down, KOMIOZUIIUSI OT MOMYNH, “TIpSK cuHTe3 [4]) ompenensT emuH OT
HEHTPATHUTE TIPOOJIEMH B TEOPHSATA HA CHCTEMUTE - CHHTE3a Ha TEXHU (DEKTUBHH CTPYKTYPH.

dopMyIpaH ca XapaKTepHHU CBOMCTBA Ha CIIOKHU CHCTeMH [5, 6]. OTmmuuTenTHl 4epTH Ha
TaKMBa CHUCTEMH CE€ SIBSBAT TMapaJieTIM3bM, HEICTEPMHUHHPAHOCT, HAJMYME Ha B3aMMOJCHCTBAIIN

IIpoLecCu, CbYCTaHUC MCKTY CHHXPOHHO H ACHHXPOHHO YIIPABJICHUC U OP.

1. 2.1 IToaxoam m MeTOAH 32 CHHTE3 HA CTPYKTYpPaTa Ha CJI0KHU CHCTEMH.
KbM MOMeHTa ca M3BECTHH Pa3IMYHH MOAXOIU KbM aHAIM3a M CHHTE3a Ha CPYKTYpUTE Ha

CIIOKHM cucTeMd. KbM TSIX crajar MeToauTe Ha JEKOMITO3MIIMS, KOOpAWMHALMS U arperamys [7].
METO/IUTE HA arperaTUBHO OIMMCAHKE Ha CII0KHHU CUCTEMH [5], CTPYKTypHHUS 1oaxo [8, 9], momxona Ha
OCHOBaTa Ha Teopusita Ha crokaoctTa [10]. 'oBOpH ce 3a crcTeMeH MoaXo/, CTPYKTypHEH noaxosn B
paMKUTE Ha OMMCAHWTE TIOIXOM 3a TPOCKTHPAHE Ca TMPEIOKEHH METOAM Ha TPOSKTHpaHEe, Cpell
KOUTO OTJIMYABAT CICAHHUTE: JEKOMIIO3UIIUS U arperatvpane, (popMasieH CHHTE3, CHHTe3 Ha Oazara Ha

€BPUCTUYHH MPUHOMH, CHHTE3 110 00001eH Mozen [5, 11, 12, 13].
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1. 2.2 ®dopmaiHM cpeACTBa 32 ONMCAHHUE HA MAPaJIeJHU MPOLECH.
Ien Ha (opmam3upaHoTO OrvicaHue Ha cTpykTypara Ha MHC ce sBsiBa mpeacTaBsHeTo Ha

HAJIMYHUTE JIAHHU W TIAPAJIETHU TIPOLIECH BHB BUJ Ha CHEIMATHUA (OpMaTHH OOSKTH, YIOOHH 3a
M3BBPIIBAHETO HAJl TSX Ha M3YMCITUTETHA U IMHUTAIIMOHHN EKCIIEPUMEHTH Ha KOMITFOTHD.

B mHoro m3cnenBanus ce nomgdueprana ¢akta, ye rpadoBUTE MOJIENH ca YI0OHHU 1 ePeKTUBHI
CpEJICTBA 3a OIHMCAHKE W W3CIICABAHE HA TIApAJICIHU CTPYKTypH U rniporiecH [8, 14, 15]. TlocrenenHo
TE3M MOJCIM Ca MPAKTUYeCKH H3MeCTeHH OT Mpekure Ha [letpum (MIT) [16, 17]. Warepecna
BBE3MOYKHOCT € mpmiaragero Tersopuusi moaxox Ha I Kpom [18, 19, 20] xem MII mo Ha
metononorusita Ha B.Kynarun [21, 22]..

Hamm npexomay u3cineiBanust HA JI0Be0Xa 00adye 70 U3BO/a, Ye NpUIaraHe Ha HienTe Ha
I'. KpoH xbM BbpXy amapara Ha mpexurte Ha lletpu (Meromonorusta Ha B.Kynarun) ve Bomu 1o
OYAKBAHUTE PE3YJITATH TIOPaI HEJOBBPIICHOCT B MaTeMaTHUYECKHs arapar (B METOMOJIOrUsTa Ha
B.Kynarun). 3atoBa m30paxme 3a OCHOBEH MaTeMaTiiecky anapar OO00IIEHNTe MPEXH, KOUTO MOTaT
Ja Ce Pa3IVISKIAT KaTo HACICIHUK (HaArpakKIaHe M pa3llMpeHne) Ha Mpexute Ha [lerpu, HO mmar

TOBEYE BE3MOYKHOCTH (MOJIEITMpAIIa MOIITHOCT).

1.3 O606menu mpexu (OM)

O06006mennTe Mpexu ca GopmalnieH anmapar, npeIHa3HaYeH Ja MPEACTaBs B JCTAMITH
BPB3KUTE MEXAYy CTPYKTypara W BPEMEBHTE CHOTBETCTBUS B IApPAJICIHU MPOIECH.
[TbpBOHAUYaHO KOHIENIMsATa € npeacraBeHa B [23]. Te ce u3nonssar npu MojearpaHe Ha
MPOIECUTE HA IIUPOK KPBI' OT CUCTEMH, OOCKTH M Mojenu [24], ekcrieptHu cuctemu [25],
MaIMHHO 00y4eHue [26].

OcHoBHute enemeHTH Ha OM ca npexoau - MOAENUPAIIU ACUCTBUS U MO3ULUU -
MOJICIUPAIN ChCTOSIHUA. [lO3UIMHUTE CHABPKAT SAApa, KOMUTO MPEMUHABAT TpPE3 MPEXOau
CIIOpe/1 JIOTHYECKH yCIOBUS. Slapara nMar HeOOXOJUMHUTE XapaKTEePUCTUKH, KOUTO MOTaT Ja
ce TMPOMEHAT NpU TNpeMHHaBaHE Mpe3 mnpexoau. HeoOxoaumarta Teopwss W TEXHHKa ca
omucanu B [27, 28]. Pasbupa ce, Bceku OOOOMICHO-MPEXKOB MOJET UMa TpahuIHO
npejcTaBsiHe, HO TO HOCH caMo 4acT oT uHpopmammsata 3a OM.mojena (3a pasiuka OT
mpexute Ha [letpw).

Cren kato ce Bp3NpHEeMe Mpe/yiaranus (hopMalieH amnapar, MpaKTHYECKHUT BBIIPOC € :
KaKBa 4YacCT OT BCHYKH eineMeHTH HO OM ca Hy)XKHH 3a KOHKpEeTHa (MH)KEHEpHA) 3aj1adya.
Hammsat onut couw, 4e TOBa € BBIPOC € Hepopmaau3dyeM OTroBop. B cmucen — 3a
KOHKpETHaTa 3ajiada Ce H3M0J3Ba TaKbB MHUHHMAJIMH HAa0Op OT MapaMeTpH, KOHTO e

JOCTaThYeH 3a crenuduIpaneTo Ha 3aaadara ¢ OM [29].
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Hor 0030p Ha wm3cnenBanusita, u3nonsBamu OO0oOIeHn Mpexu, ooxBamamm 272
3arnaBus, usnese npe3 2021 r. [30]. Tam uma murupana u most pabora. OM ce u3MoI3BaT B
Hai-paznuyHu obsactu. Camusar aBtop Ha OM K.ATaHacoB mpoab/KaBa aKTHBHO J1a TH
u3nosBa — e nocounM 3 mybnukaruun B MATHEMATICS (MDPI, Basel, Switzerland,)
[31, 32, 33].

Jla omuiiieM HYe 3a KaKBH IIJT M 3a/1a4a IIe u3MoysBamMe amaparta Ha OM.

1.4 3apauara 3a 6e3KOH(JINKHO Pa3NMHUCaHUE HA MAKeTeH KOMYTAaTOp ¢ MAaTPUUYeH
NMpPeBKJII0YBATE

Hay4HO-TeXHHUYECKUAT TpOrpec TO3BOJISIBA YBEIMUYaBaHe Oposi Ha aOoOHATHUTE
BKJIIOYBAIM CE€ KbM CBETOBHM MH(POPMALMOHHU MPEXU M MPEJOCTaBIHETO HA HOBH YCIYTH.
ToBa M3MCKBAa HOBM XapaKTEPUCTUKA M HOBU TUTAOMTHU/TEPAOMTHU MapIIPyTH3ATOPU U
KomyTaTopu. IIpyu BHCOKa CKOPOCT KOMYTAIlMOHHHTE BB3JIM MMAT CIOXKHO YIpPaBJICHHE 32
nudepeHIMpaHd U UHTETPUPAHK YCIYTH, pa3indHu HHTEp(ErcH, IPOTOKoIU, popMaTu Ha
nakeTure u Ap. Mpexure TpsOBa J1a UMaT BUCOKOCKOPOCTHO HMPEHOCHO, KOMYTAllMOHHO U
yHpaBisiBamo o0OpyJBaHE 3a TOJSIM KalallUTeT, KOWTO /1a OCUTYPU: BUCOKA HAJIEKIHOCT;
roJiiMa CUTYpPHOCT; HUHaMU4HO yrnpanieHue [34]. ChOTBETHO, apXUTEKTypaTa Ha IMaKeTHA
KOMYTAIUsl Ce MPUIBHMXKBA OT pas3jiesiHE MO0 BPeMe KbM MPOCTPAHCTBEHO pasneinsiHe [35],
nokasaHo Ha ¢urypa |.1.

B Ttasu pabGora ce wuHTepecyBame OT Crosshar — KOMyTaTop C MaTpHYCH
MPEeBKIIIOYBATEN. 3a TNpeJaBaHe Ha MaKCHMaJieH Opol 3asBKM CE W3IOJ3Ba ITapaliein3Ma B
KOMYTAaIlMOHHOTO Tmosie. ToBa ce pemaBa 4Ype3 ,,[IOCTPOSIBaHE HAa Taka HApPEYCHOTO
6e3xoHpaukTHO pasnucanue (bP). Kpocbap moxe na 60b11e ¢ BXOAAIIO; U3XOIAII0; BXOASIIO-
M3XOJISII0 WK BBTpeIiHo Oydepupane [36].

[oyisiMO BHUMaHWE TIOCTOSIHHO € TPUBJICYCHO KbM BB3MOXKHOCTUTE Ha ,,BUPTYAIHO
u3xoasmo Oydepupane” (VOQ - virtual output queue), ¢urypa 1.2. Ha Bceku Bxoa ce
ceroctaBiaT Oydepu 3a Bceku u3xon [37]. 3a ympaBieHHETO Ha TOBa NpeAaBaHe Ipe3
KOMYTAI[HOHHOTO I0JIE C€ M3YHUCIIABA Thil-HapedeHOTOo Oe3koH(pmukTHO pasnucanue (bP). 3a
IeJITa ca MPEeIIO’KEHH MHOTO aITOPUTMH, M U3CIIEIBAHUATA B TIPOIBIDKABAT.

[lpu ch3maBaHEeTO Ha pa3mUCAaHUE 32 KOMYTAaTop Ce IeNId He caMO MpeJaBaHeTo Ha
MaKCHUMAaJIHO KOJMYECTBO MAaKeTH 3a €JUHMIIAa BpeMe Ipe3 HEro, Ho W MHUHUMHU3UpPaHE
BPEMETO 3a HM3YaKBAaHE Ha MAKETUTE, a ChII0 M MHUHUMH3UpAHE Ha BEpPOSATHOCTTA 3a

OJIOKMpPOBKA HA TTAKETH.
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[TocTUraHeTo ¢THOBPEMEHHO Ha TE€3W TPH IeJin (MaTeMaTHYECKHU 3a/1a4aTta € H3BECTHA
karo b-partite graph) Boau kbM mpoOJeMH ¢ HEMOJMHOMHAIHA CIIOKHOCT Ha PEIICHUETO
(NP-complete) [38] u HaaMYHUTE aIrOPUTMH MOTaT YaCTHYHO Ja pEIlaBaT Ta3d 3ajava.
3aToBa Cce MOSBSIBAT HOBU MPEIIOKEHUS, CBbP3aHH U C HOBUTE TEXHOJIOTUYHU BH3MOKHOCTH
(FPGA) — nanpumep [39]. [TocnenuusT o6 0630p Ha npobiemarukata npucheTBa B [40].

Karo Haii-HOBH H3cieBaHUs MOKeM ja mocounm [41, 42, 43, 44, 45].

| MakeTHa KomyTauua |
1

1 1
PaspensiHe MpocTpaHCTBEHO

no Bpeme pasnensiHe
I_I_I I 1 1
Obwa Odwa EAauH Muoro
cpeaa namer nsT NbTHILA
YBenu4eH
BaHaH| |Knoc BaHsH
MbNHOCBbp3aH MHoropasHWUHeH

Queypa 1.1. Knacugukayus na apxumexmypume 3a naxemuna xomymayus [35]

1 Matching MM

Tnput 1 [ — — — — — | Qutput 1
. -~
switching fabric |

N |

I

I

| |

I

I | Output N
|

|
Input N
_____ |
N
Scheduler

Queypa 1.2 Jlocuueckas cmpykmypa na kommymamop ¢ 6ygepu VOQ [37]

Karo (bOpMaJ'IHI/I CPCACTBA ITPH OIMMCAHUCTO U U3CJICABAHCTO HA XaAPAKTCPUCTUKHUTC HA
AJITOPUTMUTEC Ca U3IIOJI3BAHU PA3JIMYHH (bOpMaJ'II/ISMI/I. Hue B n3CciacaBaHusATa CU U3II0JI3BaMEC

amapara Ha O6o0uIeHnTe Mpexu [28].

1.5 U3Boau

NudopMalioHHUTE TEXHOJOTMM 332 CBOSI HANpPEIbK CE€ HYXKAASIT OT Pa3BUTH (hOopMaTHU
CpeAcBa 3a crelMQuKalys, aHAIM3 W CHHTE3 Ha CJIOKHU CHCTEMH C TapaJiellHH TPOLIECH.

O000IIIeHHTe MpPEKH Ca MOIICH ChBpeMEHEeH (OpMalieH anapar, HOIXOMAN 3a Ta3d IIel.
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AJropuTMuTe 32 0e3KOH(IIMKTHO pa3NHCaHUe B TAKETHH KOMYTAaTOPH C MaTpUUeH NMPEBKIIIOUBATEN ca
cthepa Ha U3cneIBaHe, KOHKPETHA, TIEPCTIEKTHBHA 1 HYKHA .

IIpoBepkara Ha edexTHBHOCTTA HA HOBU anroput™MH 3a BP 3amouBa ¢ monenupane Ha
MpOIyCKaTeHaTa CIIOCOOHOCT HA KOMYTALMOHHUS BB3€ C paBHOMEPHO HaToBapBaHe Ha Tpaduka.
Crnierea poBepka Ha e(heKTHBHOCTTA 3a HepaBHOMepeH Tpaduk. TpsOBar HU cemeiicTBa MozenH 3a
cuMyJIarys Ha TpaduK He3aBHCEIM OT Xapayep u codryep. HeoOxomimo € 1a ce cuHTe3upaT MOIen
Ha JI00pe Mo3HATH aropuT™MH Che cperictBa Ha OM. Hckame HoB anmroputsM 3a BP. [Ipemnokenure
MOJIENM 3a M3clefBaHe Ha TpadHMK C pa3IMyHO HATOBAapBAaHE HATOBApBaHE ClieABa Ja ObaaT

H3IMOJI3BAHN B KOMITFOTBPHH CUMY/JIAIH, 3a U35ICHABAHC HA HCTOBUTC CUJIHU U crnabu CTpaHHu..

I'nmaa 2. O00011€HO-MPEKOBH MOJEJH HA AJITOPUTMH C BXOIAAIILO
Oy¢epupane u Bupryaann uzxoguu onamku (VOQ)

Kakro Oemre mocodeHo, OT MaTeMaTW4Ha IVIe[IHA TOYKa 3a/a4aTa 32 0e3KOH(INKTHO
paspucanue (bipartite graph) e ¢ nemonuHomuanna cioxxknoct (NP-hard) [38]. 3arosa ca
npe/iaraHy pa3indHy aITOPUTMH 32 OE3KOH(IIMKTHO pa3nucaHie, KOUTO B pa3liniyHa CTeIeH
ce To0JIMKaBar JI0 hjeaa.

EdexruBHOCTTAa Ha paboTata Ha KOMYTaTOp Ha IBPBO MSCTO CE€ OLEHSBA IO
peanusupanaTa npomyckatenta crocooHoct (I1C - throughput). Bxoasimus nakereH tpaduk
ce paszerns Ha JBa Buaa — paBHoMepeH (uniform load traffic) u HepaBHOMepen (non-uniform)
[35]. Te3u BHIOBE MOMBIHUTEIHO C€ pa3[ciAT Ha OalaHCHpaH, aCHMETpHucH (asimetric),
Hebanancupan (non-balansed), 6bp30-HapactBaiy (bursty), u apyru noa-sunose Tpaduk (hot-
spot, Pareto) [34, 40]. Ilpu ToBa pa3HOOOpa3ue BBH3HUKBA BBIPOCHT 3a aJCKBATHOTO
CpaBHEHHUE Ha Pe3yJITaTHTE, Thil KaTO B MyOJIMKAIIMUTE YECTO HE CE YTOUHIBAT KOHKPETHUTE
napaMeTpH Ha U3IMOJI3BaHUTE B KOMITIOTHPHUTE CUMYJIAIIMH MOJICIIN Ha Tpaduka.

W3znon3Banero Ha anapara Ha OM 1ie 3aroyHeM ChC CrienuuIUpaHe Ha HHTYUTHBHO
Haii-,,lIPOCTHs” aNropuThM ,,BbhiiHOB ®ponT” (WaveFront) [34].

2.1. OM-moaes Ha ueHTpagu3upaH (mociaenoBaresieH) '"'pedpoBu" AJIrOpUTHM
"BbanoB ®pout'" (WaveFront)

Bxogam naHHuM 3a anropuThMa Ce€ SBSBAT 3asABKH OT TAKETH, MOJJICKAIHd Ha
KoMyTaIus. 3asBKHTE 3a npenaBane Ha maketd (mpu VOQ) mpe3 komyTaTtop N X N ce onucBa

oT TpaduuHa Marpuma T ¢ pasmepu N X N. Beeku Henn enemenr tjj, tij € [0,1] npencrasnssa
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3asBKa 3a MpelaBaHe Ha makeTw OoT Bxoj | kbM u3xof j [36]. T ce dopmupa oT BeKTOp-pen
3asIBKUTE Ha BCHYKH BXOJIOBE.

KondmukTHa cuTyamus ce cb3gaBa, KOraTro Ha MPOM3BOJICH pell W/WIM CTHIO OT
TpaduyHaTta MaTpuIa OPOSAT €AMHUIM € TO-TOJIIM OT eIHO. V30srBaHeTO Ha KOHQIIUKTU €
JTUPEKTHO CBBHP3aHO C €PEKTUBHOCTTA HA KOMYHUKAIIMOHHHUSI Bb3EIL.

[IpencraBeHUAT AITOPUTHM H3YHCIISIBA HAOOP OT MATPHUIH, KOUTO UMAT CaMo TI0 SIHH
eneMeHT | (ako W300II0 CHIIECTBYBAa TaKbB) BBB BCEKH pea M CTHJIO. To3u Habop oT

MaTpulu Oonpeacis 663KOH¢)J’II/IKTHO pa3snnrcCaHue 3a NMMPEAaBaHC HA 3asABKU B KOMYyTATOpa.

2.1.1 OM-moaea Ha aaropuTbma ,,BhianoB @poHt”
3ajgayata € Ja IOCTPOMM MOJENl Ha aiuropurbMa (JajeH B IBIHUS TEKCT)

nocpenctsoM OM, IlpemnosxkeHoro peuenue BbB Bu Ha OM e nokaszano Ha ¢ur.ll1.1.

Queypa I1.1. OM-mo0en na ancopumvma,, Boinoe @ponm”™

KamauureTsT Ha BCUYKU ABIM € paBeH Ha exauHuna. OM He npurexaBa JIOKAJIHU U
r7100aTHU BpEeMEBU KOMIIOHEHTH. AHAJIU3bT MOTBBPIKAaBa MOMyYaBaHETO HAa OE3KOH(DINKTHO
pasnucanue. Ho oT u3OpaHus (AeTepMUHUpaH) HAUMH Ha 00XOkKJaHe Ha maTpuua M, ce
NOSBSIBAT IPUOPUTETU B U3IIBJIHEHUETO Ha 3asBKUTE.

2.2 JIBe momupuxannu ("pasmmupenus’) Ha OM-mogesa Ha ajaropurbma
"BbJHOB ppoHT"

[Ile m3momsBame amapata Ha OM 3a cnenm¢puImpaHe Ha JBe MOAM(UKAIMU Ha
aNITOPUTHMA, Ype3 MpOMsHA JMCIUILIMHATA Ha 00XO0XK/IaHe Ha CTHIOOBETe Ha TpaduyHaTa
marpuna. [Ipu mbpBara Mmoaudukamus (,,left-right”) npu yeTHuTe penoBe MMa AUCIUILIMHA
Ha 00XOXXIaHe Ha cThOOBeTe Ha TpaduuHaTa Marpula ,,0TAICHO-HasBO”. Ilpu BTOparta
moaudukanus (,matrix’”) mpu n34KucIeHNe Ha HEYSTHUTE PELICHUS U3IO0JI3BaHE AUCIMIUTHHA

3a CTBIOOBETE KaTO OCHOBHMS AJITOPUTHM. 3a yeTHUTE peliCHrd H3MOJI3BaAaME NUCHUIIIIMHA

Abmopegpepamu na oucepmayuu 5 (2023) 40-79



AJITOPUTMM 3A FE3SKOH®JIMKTHO PA3SIIMICAHUE HA I[TAKETEH KOMYTATOP C MATPUYEH ITPEBKJIFOYBATEJI 49

,»OTISICHO-HAJISIBO”. ANTOPUTBMBT NPUKIIIOUBA JEHCTBUETO CH, Koraro B Marpuua T He e

oCTaHalJla HUTO €JIHA 3asi1BKa.

2.2.1 OM-moaen Ha MbpBa U BTOpPa Moaudukanus Ha ,,BbaHoB @poHT” ajnropurbma
B ocHoBHus Tekct ca naaenu OM-crenudukauuTe Ha BaTa BapuaHTa Ha ,,BBIHOB

®pout” (,,left-right”u ,,matrix”). CpaBHeHune Ha BTOpaTta MOIU(HKALHUSI C IbPBATa, B KOSTO
penoBeTe ce MpoBepsBaT MOCIEA0BATEIHO B Pa3IiMyHa MOCOKa, € MokazaHo B Tabnumna 1.

Koraro mmame mwien tpaduk (T, tij=1), B ciyuas, xorato n = 2 + 2! keN
(k=1,2,3,...), u Tpute aanropuTbma padotar ontumaino (100% mpomyckaTeaHa crnocoOHOCT
- [1C). B ocrananure ciyuau [1C cnaga psi3ko.

[IpencraBenata mbpBa MoOAU(HUKAIMA Ha adropuTbeMa e ¢ mo-godpa [1C ot BTOpara
MoxuduKaLus B IbPBaTa NOJOBHMHA Ha MHTEpBaia, ako N € [2525 + 21, keN (k=1,2.3,...),
u no-jouia — BbB BTopaTa. Toect crpsimo [1C He Moke eJHO3HAYHO J1a ce JeKIapupa rnoisaTa
OT MOJU(DUKAITUH. .

Ta6auua 1. CpaBHeHue 3a 3abJIHEHOCTTA Ha TpaduyHATa MaTpPULIA

n 32 |33 |34 [35 |36 |37 [48 |60 |61 |62 |63 |64
kleftr |32 |48 |48 |51 |48 |54 |48 |76 |84 |86 |88 | 64
k matrx | 32 | 51 |50 |52 |48 |52 |48 |68 |75 |76 |76 | 64

Tabnuma 1 moka3zBa Opost k Ha wm3uucnenure Mmatpuiy (Q) kxaro ¢yHKOUsS OT

. . 2
orTuMaiHus O6poii (n) Ha 3ambiBaHe Ha Tpaduunara marpuna T (Opoii 3as1BKH = n°).

2.3 OM-Mozes Ha HeHTpadu3upaH (mocjeaoBareieH) '"'peOpoBu' aJropuTbM
"Haoaronenue'" (Observation)

To3u anropuThM € BB3MOXKHO ,,Hai-poct” — aHaiyor Ha Time Divizion Multiplexing
[36]. CmuchabT € na u3bupaMe 3a pEHICBHE CIEMEHTUTE OT TJIaBHHS auaroHan Ha T u
ycropenHute My jauaroHand.. ®dopmanHoro onucanme ¢ OM 3a mnoaydaBaHe Ha
0e3KOH(IIUKTHO pa3lUCaHue € JajeHa B OCHOBHUS TeKCT. [IpeayiokeHoTo pelieHre BbB BU/I

Ha OM ¢ noka3aHo Ha (bI/II‘l |.2. 'maBHa moj3a - M3M0JI3Ba C€ MUHUMAJIHO KOJUYSCTBO IMaMET
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21 22 23 24

@ue. I1.2. OM-mooen na ancopumvma "Habniooenue"

KamanurersT Ha BCUYKHM JBTU € paBeH Ha enuHuia. OM HsMa JOKaJHHU U IJI00aTHU
BpPEMEBH KOMITOHEHTH. M30paHara MuCHMILIMHA BBBEXAAa MPUOPUTETH B OOCIY>KBAHETO HA
3asiBKU. AJTOPUTBMBT € €(EeKTHBEH caMO IpH IIBJIHO M PaBHOMEPHO HATOBAapBaHE Ha
BXOJIHUTE JIMHUU. 3aTOBA L€ HANpaBUM MoJu(pUKalMs HAa AUCIUIIMHATA HA U300p.

2.4 Moaudpuxkanmusa ("pasmupenue’) Ha OM-mozena Ha aJIropurbMmMa
""Haoonenue"

ChimHOCTTA € BMeECTO H300p Ha 3asBKUTe OT jauaroHana Ha 1 (,,TBBpHA”
JTMCUMITIMHA), PU CIIEBAIIUS pel n30rpaMe elIeMeHTa OT CThJI0a, ClIe/IBalll BJSICHO OT BeYe
u30panus crTea0 (ako wuma 3asBka). [IbaHOTO (opManHOO omucaHHe € JaJeHO B
JIMCEPTALMOHHUS TPYI.

®opmanHoto onucanue ¢ OM e pageHa B OCHOBHMS TeKCT. KommroTbpHOTO
MOJIEIUpaHe € M3BBPIICHO ChC CpeAcTBaTa Ha mporpamHus maker Vfort Ha MHcTHTYTa IO
MaTeMaTu4ecko Mojaenaupane Ha PAH [46].

BrnomaBanero Ha IIC-pesynrata — mo-roisiM Opoit Matpuum Q ¢ paspemieHH
0e3KOH(MIMKTHH BPB3KH € MOJOOHO HAa OCHOBHHMS BapuaHT.. J[Bara airopurhbma peliaBa
ONITUMAJTHO 3aj]auaTa caMo MPH MaKCHMAJIHOTO HaTOBapBaHe ChC 3asBKU. [Ipu S0-mporieHTHO
3amrpJiBaHe Ha TpadUYHATa MaTpHIa ChC 3asABKH J[BaTa AJITOPUTHMa Ca TMPHUOIUIUTEITHO

pasnoreanu (ITC), kato I1C ce Biormiasa.

2.6 U3Boau

C usnon3pane Ha ¢opmanHus anmapat Ha O606menute Mpexu (OM) e moctpoeH
MoJien Ha ainropuTbMma ,,.BbiaHoB DpoHT”. AHAIM3BT HAa MOJENa COYM TOSIBIBAaHE Ha

MMPUOPUTETHOCT IIPHU O6CJ'Iy)KBaHCTO Ha 3asAKUTEC 34 KOMYTalus OT Pa3jiIMdHU BXOAOBC. Toga
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HE € )KEJIaHO CBOWMCTBO. ANTOpUTHMBT ,,Habmonenue” e 1oosp (100% I1C) camo mpu mbiHO
HaTOBapBaHe 10 BX0/ ( KOETO HE € JOCTAaThYHO) U MOAM(HKALIUATA My HE TTOMara.

C wsnom3Bane Ha OM-Mozenute cienBa aa Oble HM3BBPIICHA KOMITIOTHpPHA
CUMYJAIMs Ha MPOIyCKaTeIHaTa CIIOCOOHOCT, MPU KOETO Ja C€ OMpEees €AHOBPEMEHHO U
BpeMeBaTa CJI0KHOCT Ha U3MbJIHEHHUE Ha aJTrOpUThMa.

.B pesynrTar Ha TOBa ca HaNpaBeHU CIICTHUTE 3aKITIOUCHUS:

1. Tlokazano e, ue O606menuTe Mpexu (OM) mMorar jga ce M3MoJI3BaT 3a MOJCIUpaHe

Ha TIOCTAaBEHUTE 3aJaud, 3all0TO T€ UMaT CIOCOOHOCTTAa Ja MOJAETUPAT KAKTO

CTPYKTypara Ha M3CJIeIBaHUsI OOEKT, TaKa ¥ TUHAMUKATA Ha MPOIIECUTE B HETO.

2. 3a cnenuduKaiys Ha AITOPUTMH 32 O€3KOH(IIMKTHO PAa3MUCAHUE € HY)KHA CaMO 4acT
oT hopmanHuTe nMapameTpu Ha armapaTta Ha OM.
3. Crnenudunupanure aarOpUTMH, KaTO TMPEACTABUTENN Ha HHTYUTHBHO-OUYEBUJCH

MOJX0/1, HE MPUTEXABAT J00pa MpoITycKaTeIHa CIIOCOOHOCT.
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I'maBa 3 OO000meHO-MpeKOBH MOJEJH HW KOMIKTHPHATA
cumyjgamuss Ha IIC wna aaropurbmMm 3a 0e3KOH(JIMKHO
pa3nucaHue

B Tta3u rmaBa amapatsT Ha OM ce M3MOJN3Ba 3a CHHTE3MpaHE Ha MOJEN Ha A00pe
u3BectHust PIM anroputsMm (Parallel Iterative Matching) [34], B koiiTo mapajeqHUTe IpoLech
ca U3pUYHO MOCOYEHHM 0 BpEME Ha Mpe/iaBaHe B KOMYyTaTOp Ha makeTu. To3u alroputrbMm €
MOCITY>KUJI KaTO OCHOBA 3a MHOT'O ajJIrOpPUTMHU 3a IOJIydaBaHE HAa KOMYTAI[MOHEH rpaduk c
sBeH mnapanenu3bpMm. Coio Taka € moaenupan ¢ OM u anroputembr LPF. Taka mmame
MpEJICTAaBUTEIM Ha JBaTa Kjiaca aJlropuTMu — ,,peOpoBU” U ,,TETJIOBHHU , U MOXEM Ja
M3Clie/IBaMe XapaKTePUCTEKETEe UM, U Jia CpaBHSIBaMe.

3.1 Tunose Bxoas Tpapuk. CemeiicTBa ma0J0HH 32 BXOAsI TPAQUK €
HATPYIIBaHE 10 BXO/

B wuscnenBanusTa 3a IIC Ha MojenupaHuTe OT Hac AJITOPUTMHU 3a OE3KOH(IIUKTHU
pasnucaHus M3MoI3BaMe abioH 3a “npoct” paBuoMmeper Bxozsm tpaduk (i.1.d. Bernoulli
uniform [35]). Buabr my e nokasan Ha ¢ur.lll.1, o6o3nauaBame ro karo Uni;. Moxem na
U3BBPIIMM CHUMYJIAIMA C [MA0JOH 3a “TeXbK’ BXoasm Tpaduk (e ro HapH,,ame THI
IIurarop”- cymara Ha Beeku pen/cTsia6 e n?). HeroBusr Buj e mokasan Ha dur.lll.2., a
HEeroBaTta CKOpOCT Ha CXOJMMOCT ce oka3a MHOro 100pa. Ho 1ieHara ce okasa yBesin4aBaHe n

IIbTHU (KT;Z[CTO N Xn € pa3MCpHOCTTA HA MATPUYHHS HpeBKJHO‘lBaTeJ'I) BPEMCTO 3a CUMYJIAllUA.

1 2n-1 2n-3 .. 3
11 1 3 1 n-1 . .. 5
11 1 3 3 1
-7 5 3
11 w1 _ 5 -3
2n-3 ) : T 2n-1
-1 2n-3 -1
Que .1 “Ilpocm” wabnon Uniy Que. 1.2 “Tesxcvr” wabnon ,, [lumazop”

Karo n3non3eame mHbopManusiTa, ye JOCTaThYHO YCJIOBHE 3a ‘‘3ajieiicTBaHETO” Ha
pPErMOH Ha HECTAaOMJIHOCT € TIJIaBHUS JuaroHan B TpaduyHaTa MaTpulia Ja € C HYJEBH

croitHocTH (3a Non-uniform Tpaduk, npeanoxen ot Yanr [36]), cturame no uM3Boxa, ye
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“IIpoct” mabnoH ¢ “HyNeB” TJIaBEeH JUaroHan € pemeHue 3a Yanr-mogaen. TakbB malbioH
e obo3HauaBame kato Chang; (wmu “1-07).

W B ciydaii Ha HepaBHOMepeH (non-uniform) tpaduk cymMuTe OT €lIeMEHTHTE Ha
marpuriata T mo penoBe/cThinOoBe TpsiOBa na ca paBHu [36]. B Hamata KOMIIOThpHA
CHMYyJIaLlUs 1€ U3I0JI3BaMe HeoOXoaum Opoil maTpuim T, TakuBa, 4e oOmuUAT Opoil makeTu
BbB BCEKM pell M CTHIO Ha Martpuna T na Obaar paBHH. Te3n Marpuiy e Hapudame
CeMeICTBO MIa0JIOHU 3a CHOTBETHHS THII Tpaduk. Te mpurexaBar clieHUTE CBOWCTBA!

* JIECHO T€HEepPHpPaHe 3a BCIKAKbB pa3Mep MpeBKItouBatel (N X N);

*FCHEPUPAHETO HE 3aBUCH OT BHJA M3IOJI3BaH Xapjayep, KOMIIWIATOp M OIEpallMOHHA
CHCTEMA,;

* TSIXHOTO TOYHO, ONTHUMAJIHO, 0€3KOH(MIMKTHO Pa3IUCaHUE € U3BECTHO.

[IpennoxxeHo € cemeiicTBO ma0IoHM 0a3MpaHO Ha Mojena Ha Tpaduka ,,roperia
touka”( hotspot) [36], koiiro Hapuuame Yao-monen. To3u mozen ce naBa ot:Aj=0,5p 321 =jun
%ij=0,5p/(n-1) BBB Bcuukm ApyTH cinyyad, I, J€ 1, ..., N, KbAETO p € HATOBAPBAHE IO BXO

[TbpBHUAT THIT MATPUIIM B CEMEICTBOTO OT 1m1abiaoHu ce Hapuya Chao;. OnTumanHoTo
My pasnucanue uzncksa 2(N-1) mpeBKIrOYBaHMS HA KOMYTAllMOHHATA MAaTpHUIA C pa3Mepu N X
Nn. B oOmms ciyyaii i-tata marpuna ce otbens3Ba karo Chao;. OnruManHoTo it pasnucanue

n3ucksa 2i(N-1) npeBkirouBanus Te3u THIIOBE MaTpHLM ca moka3zanu Ha ¢urypa I11.3.

T_[11] 211] [k .. 1 T_[ii] Zi 00| [kl
LRI RE I I N e A T A B _
112] |+ F i iz

1 .. k- i (k1)
2x%2
e 3x3 kxk 22 3x3 kxk

@ue. .3 Mampuyu om munoseme Chao, u Chao;

3.2  O0600meno-mpexoBu Mojaea Ha PIM-ajaropurbm

ToBa wu3cnenBaHe TpPENCTaBs pe3yiTaTHTE OT KOMIIOTbPHA CHMYJAllUs Ha
00001IeHNsT MpexoB Mojen Ha. u3BecTHus PIM-amroputsm (Parallel Iterative Matching)
[34]. TIpu Hero mapanenHWTe MPOIECH Ca M3PHUYHO MOCOYEHH MO BpeMe Ha pabortara Ha

KOMYTATOpa Ha MAKCTH.

3.2.1 Onucanue PIM-aaropurma
AnroputbMbT PIM m3umciisgiBa mopeauiia ot Matpuiid 0e3 KOH(MIUKT Qg, BCsKa OT

KOHUTO NMPEMHHABa Npe3 TpU (aszu.

1. Beeku Bxon usmnpaiia 3asiBKa KbM BCEKH U3XO0/1, 32 KOMTO UMa MaKeT 3a peaBaHe.
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2. Bceku wW3X0J TNMPOM3BOJIHO M30Mpa €qHa OT IOJyYeHUTE 3asBKM M JIOKJIA/Ba
(ITpenocraBsine) 3a TOBa HA CHOTBETHHSI BXO/I.

3. Bceku BXOf, MOTy4YmiI rpaHTOBE, M30Mpa Ha CIIyYaeH MPHHIUII CAMO €IUH OT THX.
To3u maker e Ob/1e u3npareH 3a npexpupisiae ([Ipuemam) [34].

B®B Besika (aza uma mapanenusbM - Ipska MMokaHa 3a u3nos3Bane Ha OM anapata.

To3u nmapanenu3bpM € HallaTa OCHOBA 3a npuiaraHeTo Ha OM.

3.2.2 U3rpasxkaane Ha 00001I€HO-MPEKOBH MOIeJ HA AJITOPUTbMA
B ocHoBHusi Texct e ommcaH ¢opmanHo OM-mopnena. Onmcanute Tpu a3y Ha

QIrOpuThbMa BOJSIT KbM HE IMO-MaJKo OT Tpu mpexoga B OM-mognena. ['papuynoro

MpeACTaBsiHe € ToKa3aHo Ha durypa l11.4
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Que .4 I'paguuna ghopma na kpavinus OM-mooen na areopumvma PIM

Haii-untepecHoro B nu3aitna Ha OM-mojena € Heo0X0JUMOCTTa OT BbBEXKIAHETO Ha
JIOMBITHUTEHATA TTO3UIHs p. [0 To3W HaUMH MocTHTaMe CHHXPOHH3AIMS Ha TpuTe (a3 Ha
anropuThMa (mo3unuu p, g, out). [Togoben pe3ynrat MoXke J1a e pasriiekaa KaTo CIeCTBUE
ot ctporus popmasen anapat Ha OM.

Bceeku oT npexoaute MMa €HAKbB MPUOPUTET. AHAIN3BT HA MOJENIa ¢ IOMOIITA Ha
OM noka3Ba, 4e TOH U3YUCIIsIBA OE3KOH(IMKTHO pa3mucaHue.

3.3 M3umMcauTeIHU eKClepUMEHTH

ITpexoasT o1 OM-MoOz€d KbM H3IBIHUMA MPOTrpaMa € pealu3upaH C MOMOINTa Ha

naketa VFort [46]. B usuuciurennute ekcriepuMeHTH Oemie u3mnoms3BaH IBM chBMecTHM

Pentium IV xommiotsp ¢ TakToBa yectota 3000 MHz u 2 GB RAM.
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OT W3BBpIICHUTE CHUMYJAUU ClenBa, 4e 3a “Obp3a” omenka Ha [IC Ha HOBHU
anroputmu “TIpoct” mrabmon Uni e 3agoBonutened. Ho 3a orieHKa Ha ChINECTBYBAHETO Ha
PETHOH Ha HeCTaOMIIHOCT TpsiOBa Ja ce u3moia3sa Chang;.

Pesynrarure oT cuMynanuaTa ¢ Hadansute mabnoru Unip u Changi.ca mokaszaHu HB
OCHOBHHMSA TeKcT. Paznukure nmo Bpeme ca npeHeOpexxumu. Pasnukute no I1C cpimo morar na
ce nperebpernat..PIM-anropurhma HIMa pEerMoH Ha HECTAOMITHOCT.

[lpu cuMynanuu ¢ yBelW4YaBaHe TrojieMUHATa Ha BXomsaimuTe Oydepu (MHICKCA | Ha
11a0JIoHa) MEPCOHATHUAT KOMITIOTHD € orpanuyanail (akrop. [TorbpcuxMe I0CThII 0 TO-
TOJIEMH HM3YHUCIUTENTHU MoirHOocTU. [IpexoabT or OM-Mozen KbM HM3IBJIHUMA MporpaMa e
peanmsupan ¢ momoinra Ha nmaketa VFort [46]. Copc-koabT ce KOMIMIMpA ¢ IMOMOIITA Ha
rpun-kiasctepa B LIEPH (http://Ixplus.cern.ch), a pe3yaTaHTHUAT KO C€ M3MBJIHABA JIOKATHO
Ha cbims. Paspemenoro Bpeme Oerre 240 vaca. Taka cumynupaxme T1C 3a PIM 1o Uniggoo ,
U NIOJIy4YHUXME CTPEMEX KbM U3BECTHATa TeopeTuuMHa rpanuna 3a [1C ot 63,2 %. 3a koHTpOa
MpOBEJOXME  cuUMyJlauuu  Ha  rpug-crpykrypata  BGO1-IPP wa  MUKT-BAH
(www.grid.bas.bg). Pesynratute chBrmagHaxa, HalmsAT rpuj ce okasza ¢ 0koiio 10% mo-owps.

3a IIC cbc cemeiictBoTo miabmonn Chao; u3BBpIIMXME CUMYNAMM Ha TPUA-
ctpykrypata BGO1-IPP na UMKT-BAH.

Ha ¢urypure mo-mony Chao; e orbenszana karo C-i 3a i=1,2,... ®urypa IlI.6
MOKa3Ba pe3yiTara OT KOMMIIOThpHHM cuMynamuu Ha PIM-anropurbma ¢ BXOASIIM JTaHHU
Chao; Chao,,Chaos u Chaoyy, a cemo u 3a umamekcu 20, 60, 100. PesynrantHara
mpomnyckareaHa crnocoOHOCT € ycpeanena 3a 10 000 cumyrnamuu 3a BCEKU pa3Mep, OCBEH 3a

Chaoio u mo-ronemure HHACKCH, KBAETO € B3eTO cpeaHoTO oT 1000 cumynarmu.
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Due. 1.6 . Pesyjlmamu 3a I1C na PIM 3a Chaol,z,g,m 20,50 U Chaoloo

Kakro ¢ nmoka3aHo Ha (I)I/IF.G, CKOPOCTTAa Ha HpI/I6JII/I)KaBaHC A0 ompeaciicHara ropHa

rpaHHIla ce yBennvaBa. SIBHO e, ue Ta3u rpaHumna e no-majika ot 100% u mo-romsima ot 76%.
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3.4 O6001meH0-Mpex0oBH Mojie] Ha ""TersioBeH" ajaroputsm LPF.
3a LPF-anropursma [40] chuiectByBaneTo Ha ropHa rpanuia Ha [IC e moTBBpIacHO

3a BCUUKH ciiydau Ha npuemiuB (admisable) tpapuk (IIC e xionsma kbM 100%). ABTOPBT
Ha LPF npencraBa maTtemaTudecko uscieaBaHo, cnopen koero LPF — e ontumanen no nsa
npusHaka [40]. 3aroBa uzdpaxme anropurbMa LPF 3a HameTo uscnensane.

Onucanue Ha LPF-anroputhMma e gaaeHo B mbjHus TekcT. [IC Ha anropuTbhma cieaBa oT
u3bopute, HampaBeHu B CThIka 5. AKO ce MOSBU MOBEUE OT €IUH E€JIEMEHT ChC CHIIOTO

MaKCHUMAJTHO TETJI0, M300phT MEXKITY TAX Ce MpaBH Ha ciiydacH npuHiun [40].

3.4.1 O6o61meno-mpexoBu mojaea Ha LPF-anropursma
I'paduunoro npencrassine Ha OM-mozena e nokazano Ha @ur.l11.7.

HpI/IOpI/ITeT’bT Ha BCCKU OT NPCXOAUTC € CAHAKBB U TC UMAT CAHAKBO OTHOIICHHUEC KbM
sapata. AHaTU3bT Ha Mojena ¢ momoinra Ha OM moka3Ba pemiaBaHe Ha O€3KOH(IMKTHATA
3aga4a. MoJeabT npeaocTaBs AOMbIHUTEIHa nHpopMarus (K,F ¥ T.H.), KOITO MOXe Ja ce

H3110JI3Ba 3a U3YUCIIABAHCTO Ha CPCAHOTO I1C. Vima Bb3MOKHOCTH U 3a Apyra I/IH(bOpMaLlI/IH

Y1 Yo Y3 Ya Yi3

Que 7.1 pagpuuna popma na OM-mooena na LPF-ancopumvma.

3.4.2 KoMmnioTbpHa cuMyJIaius

OM-MozienbT U3MONI3BaMe 33 HAIIMCBAaHE Ha KOMITIOThpPHA mporpama ¢ nakera Vort (
Oesmnaten mocten [46]).. Kommummamnusita ce mpoBexIa MOCPEACTBOM CYNEPKOMITIOThPA
ABUTOXOJI na MUKT-BAH (www.iict.bas.bg). JIBOUYHHUAT KO Ce U3IIBJIHSIBA JOKATHO HA
ABUTOXOJI. Onepanonnara cuctema € Red Hat Linux. M3non3BanuTe pecypcu pocturar
16 porecopa, 16 GB RAM. Bpemero 3a m3nbiHeHue He npeBuinasa 240 Jaca.

Bxomsm Tpaduk — H3MON3BaT ce CeMEHCTBO MIa0IOHN 32 PABHOMEPHO Pa3Ipe/ieiicHre
Ha bepHynu, 3a cumynanus Ha paBHoMepeH Tpaduk ¢ p=100%. (Uni-i). PasmepHoctra n
Bapupa oT 3x3 10 44x44, uanwausasat ce o 1 000 000 cumynarmu 3a madmonn Uni-1, Uni-2,
Uni-3, Uni-4. Ha ¢wurypa.lll.8 ca mokasanu pe3yaTaHTHaTa HpPOIyCKaTeIHA CIIOCOOHOCT

(cpe;[Ha) — OTJIABO, BpCMCETO 3a €JHA CUMYJIallUd — OTHSACHO.
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@ue. .8 Ilponycxamenna cnocoonocm u epeme 3a pasnomepen mpagux U-1,...,U-4

®durypa 1.9 npencraps obmara BpeMeBa CIOXKHOCT 33 PEIIABAHETO Ha €IWH IIA0JIOH: -

4,7
>0(n™"). ToBa e m0ocTa BUCOKA CIIOKHOCT.

.08 Lme y = 1E-08x" ==

) R = 09982 y = 1E-pgx* 7
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@ue. \1.9. Bpemesa croscrnocm na LPF-ancopumvma 3a Uni-1, Uni-4 mpaghux

3.4. U3Boau

Kommrorsprara cumynanus Ha anropurbma PIM ce ocHoBaBa Ha HeroBus 0000IIeH
MpexoB Mojen. OM-MoaenbT npeAcTaBs ACeH Napajelin3bM Ha MPOIECUTE Ha aJroOpUThMa.
W3non3BanusaT ¢opmaneH amapaT JaBa BB3MOXKHOCT 3a MOJy4YaBaHe Ha KOJIWYECTBEHH
XapaKTePUCTHKU B Pe3yJTaT Ha paboTa Ha MOJEIHUPAIIl aJTOPUTHM.

Pazpaboteno e cemeiicTBO OT mAOIOHM 3a CHMYJIMpaHEe Ha HEpaBHOMEpPEH Tpaduk.
[Tokazanu ca pe3yntaTUTe OT KOMIIOTHPHUTE CHMYJIAllUU, IPOBEJACHH Ha TPUI-KICTEPUTE
Ha [IEPH u UUKT-BAH. Cumynanuure usnonspar anroputrbMa PIM 3a Ge3koH(IUKTHO
pasnucanue, cienuduIupan ot arnapara Ha O6o0uienn Mpexxu. B nu3aiina Ha pa3paboTeHus
OM-mMmozen e BbBEAECHA JONMBIHMTENIHATA IMO3ULUSA P, KOSATO IO3BOJISIBA Jla CE IOIYy4H
CUMETpHs B CEIUPUIIPAaHETO HA TpUTe a3y Ha aITOPUTHMA.

AmaparsT Ha O000ImIEeHN MpeXxu ce mpuiara 3a onucanue Ha LPF-anropurbma 3a

MOZCIIMPAaHEC Ha 663KOH¢)J’II/IKTHO pasnurcaHue. OM-MOI[CJ'I’LT BOAMU 10 663KOH¢)HHKTHO
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pasnrcaHuc. ITokazaHo €, 4C BPCMCTO 34 HU3NBJIHCHHUC HaA €IHAa CHUMYJIallud 3aBUCHU OT

47
CTeMNeHTa Ha pazMepHocTTa N -> O(n™").

B PE3yJITaT Ha TOBA Ca HAIIPABCHU CIICAHUTEC 3aKJIFOUCHUA:

1. [Tokazano e, 4ye amaparbT Ha OOOOIIEHUTE MPEKH MOXKE Ja CE H3I0JI3Ba 3a
MOJEJIMPAHE M AaHAJIW3 Ha NapajieJHu NpPOLECH B AITOPUTMH, H3IOJ3BaHU B
KOMYTaTOPUTE.

2. [Ipennioxenu ca OM-monenu Ha PIM u LPF anroputmu. Mognenupanero B
KoHTekcTa Ha OM Boau 710 sBHO 0003HaYaBaHe Ha TOUKMHE HA CUHXPOHU3ALMS Ha
napayennure npouecu B PIM anropursma.

3. Cumynanusirta Ha anroputrbma PIM 3a npemnoxeHoTo cemericTBo mabdnonn Chao;
MOKa3Ba, Y€ IMPOIyCKaTeIHaTa CHOCOOHOCT KJIOHM KbM TOpHa TpaHMIA, KOSTO €

no-majika ot 100% wu no-rossima ot 76%
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I'naBa 4. HoB anropurbM 3a 0e3koH(GIMKTHO pasnucanne MiMa

Amnaparst Ha O000LIIEHHTE MPEKH € U3MOI3BAH B Ta3H IJIaBa 3a ONMKCBAHE Ha HAIIWS
anmroputbMa MuMa (MiMa — Minimum of Maxima), koiito u3uucisiBa 6€3KOH(PIUKTHOTO

pasnucaHue Ha IAKeTeH KOMYTAaToOp ¢ MaTpPUYEH IPEBKIIIOYBATEN ¢ BUpTyallHM U3XOAHU

omnamku (VOQ)..

4.1 Kpurepuu 3a KOH(IMKTHOCT NPH " TerJIOBHU'" aJIropuTMu

[le nedurmpame 3 dopMu Ha KpuUTepHid 3a KOH(MIUKTHOCT HA CIEMEHTHUTE OT
BHUPTYAJTHUTE U3XOIHU OITAIIKH HA BXOAIIHS TpauK.

Cnaba ¢hopma. EnumuHupaneTo Ha KOHQIMKTH 3all04Ba C OHE3M, Pa3IOJIOKEHU B
camo B CThJ0a (MK camMo B pela) Ha MaTpuilata | Ha 3asBKUTE, KbJACTO MMa MaKCUMaJleH
Opoii KOH(IUKTH.

Cunna ¢popma: EnuMuHMpaHeTo Ha KOH(MIUKTH 3al04Ba C OHE3H, PA3IOJIOKECHHU B
cThi0a, a mocje B peAa Ha maTpuuarta | Ha 3asiBKHUTE, KBIETO MMa MaKCHUMalleH Opoii
KOH(JIUKTH.

ITvana ¢popma: EnuimuHupaneTo Ha KOH(IJIMKTH 3al04Ba C OHE3H, PA3IOJIOKEHHU B
elleMeHTa Ha MaTpulara |, KOWTO UMa MaKCHMallHa CyMa Ha KOH(IUKTUTE B pEIOBETE U
CTBJIOOBETE CH.

3a ,,cnabara” u cuiHa ,,(opma” BbBEXJaME TEPMUHUTE ,,TEIJI0 HA KOH(DIUKTUTE HA
pena“Col(n) u ,rersio Ha KoHpuuKTHUTE B CTHIOA“ ROw(n) . 3a ,mbiHata” ¢opma Ha
KpUTepUss — TEPMUHBT ,,TETJIO Ha 3asBKaTaWw;j(N) 3a 3asgBKa OT BXOAa 1 KbM HU3Xoma j* e
neunupan B [40]. [Ipemnarame anropurbMa MiMa, npuiarain cuiaHara gopma. Ienra e ma
MOJTyYUM TO-TOJNISIMO OBp30eiicTBHE, xKepTBaiiku Manko ot [1C.

4.1.1 AaroputsmMbT MiMa
[lle mamem kpaTko omucaHWe Ha ainropurbMa MiMa (¢ men wu3YMCIsSBaHE Ha

marpunata Q).

Hauvaujo. Haii-nanpen BeBexaame N1 R (0, rj, i,je {1,...,n}).(R e xorme na T).

(1) TIpecmsita ce BekTopbT-cTHIO Col(n), koiiTo ce cbhcToM OT cymara OT
KOH(JIMKTUTE Ha BCEKH pefl (TeTJio Ha KOHIMKTUTE B peaa). AKO HsIMa 3asiBKU (BEKTOPBT-
cThi0 chabpxka camo (0-ereMeHTH) ToraBa oTuBame Ha Kpaii; B mporuBeH ciaydai —

mpoaAbJIKaBaMe.
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(2) BektopwsT-pen Row(n), KOHTO ce ChCTOM OT CymMaTa OT KOH(DJIUKTHUTE BbB BCEKU
cTHa0 (TErI0TO HAa KOH(IIMKTUTE B CTHI0A), CHIIO ce mpecMsiTa. BpB BekTOpa-pen n3dupame
Hal-TOJIEMUsI €JIEMEHT, KOWTO Ompenesis CThiI0a ¢ Hal-MHOTO KOH(IMKTH. BBB BekTopa-
CTBIO wu30MpaMe HaW-TOIeMHUs €JEeMEHT, KOWTO Ompelens MpeaaBaTelis C Hal-MHOTO
KOH(JIUKTH.

(3) Ako nma 3asiBKa B MpeceyHaTa TOYKa Ha pela U CThiI0a, ToraBa B3eMaMe Ta3u
3asiBKa KaTo €JIeMEHT OT Oe3koH(pnukTHaTa MaTpuua Q. 3amucBaMe BpeMEHHO HYJIEBO TEIJIO
3a Te3W BXOJIAINM M u3Xxoasmu penoe. OtuBaMe Ha (1); B MpOTHBEH ciy4aii (ako HsiMa
3asBKa) u3dupame einemeHT oT Bektopa Col(n), koiito e Hai-OJU3BK 0 CTOWHOCTTA Ha
MaKCUMAaJTHOTO TETJIO (CEJEKINATA B Pe/ia OCTaBa ChIIaTa).

(4) TlpoBepsiBamMe naiu MMa eJeMEHT (3asiBKa) B IpECeYHaTa TOYKA, CJIE] KOETO
poabJDKaBaMe 10 ChIUs HauuH KaTo B (3) (mpomyckame noapooHocTute). Kato pesynrar B
n30Opanusi cThI0 Ha R mMmame 3asBka, m30paHa 3a KoMyTanus (ako H300II0 CHIIECTBYBA
TakaBa 3asBKa). PeapT W CTHIOBT, ChOBpKAIKM H30paHaTa 3asiBKa C€ H3KIIOYBAT OT
n3unciasBanetro Ha Q1.0TuBame Ha (1).

Kpaii.

Crnenpamure eneMeHTd oT Q1 ce M3uMCHsIBaT Karo ce mopraps npouenypara(l)-(4).
Karo pesynrar marpunara Q1 MOXe J1a ce CbCTOHM OT €JIEMEHTUTE C MaKCHMAaJHO TEerJio Ha

koHpaukTuTe OT R. [Tocneanara matpunia Qn, 1m1e chabpka caMo 0e3KOH(DINKTHU 3asIBKH.

4.2 O60011eHO-MPeKOBH MO/Ie]I Ha HOB ''TeryioBeH' anroputrbm — MiMa

Crbnkure 3a oOpaboTBaHe Ha wuHpopmanuara B MiMa-airopurbMa ca SICHO
ne(pUHUPaHU U CIIEOBATEIHO MOXKEM Jla ONUIIEM €(PEKTHUBHO T€3U MPOLECH C IOMOIITA Ha
O600menuTe mpexu. [ToctposBaneTo Ha OM-Moz€Nn U3BBPIIBAME Ha OCHOBA Ha CJICTHUTE
IpaBuiIa:

- Ha BCEKU OIEpaTop 3a CpaBHEHHE (OT aJITOPUTHMA) CHIIOCTABIME €AUHCTBEH MPEXO/]
B OM-Mozena;

- Ha BCfAKa rpyla IOCJeI0BaTEJHU ONepaTOpH 3a MPUCBOSIBaHE (OT aJropUTbMa)
chIllocTaBsAMe euH npexox B OM-mopena.

MopenbT Ha anropuThbma € 3a Bb3ed ¢ N Bxojga M N u3xona ['papuunusaT Bua e
nokaszaH Ha ¢urypa IV.1. B mbpBUsS MOMEHT OT TEKYILIOTO BpEME 3a MOJEIHMPAHE SIPOTO
(emno) maBnu3a B nosunus |; (crapr). Kpast na w3mbianenunero Ha MiMa-anropurbma e

0003HaUYCH C MPUCTUTAHETO HA €IIHO PO B MO3UIUA 22 (cTom). B TO3M MOMEHT mo3urtus 1y
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ChIbpIKaAIpaTa Ha OKOHYATENHOTO OE3KOH(IMKTHO paslucaHue (sapaTa IpelCTaBlsiBaT

pemerusta Q1,Qo, ... ,Qk ).

- :
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Que. WV 1. I' pagpuuna hopma na OM-mooena na MiMa-aneopumvma.

4.2.1 MopenupaHe Ha aJIropuTHMAa
dopmannoTo onucanue ¢ OM :.

dopwmara Ha epBUs pexoa B OM-Mmoznena e:

Y= <Ly, Li", 1,V (Li)> kpaeroly’ = {1} ;L" ={l. }

I,

R =
a MaTpulara Ha HHIACKCUTC €. |1 true

XapaktepuctuuHata (yHKIHS €:
» O, =" k=0, Qx=0, Col(n), Row(n)
dopmara Ha ciegHuTe npexoan B OM-monena ca:

Y=< Ly, Ly, 1, v (L) > wbzteto Lo’ ={lz, lio}; Lo" ={ I3}

» ®3 =" Col_m(n) :=Col(n); Col_t(n) :=Col_m(n); Row_t(n) := Row(n)”

Yi=< L3, L3", r3, v (L3') > KbaeTo L3’ ={ |3};L3" :{|4}
l,
r, =
I, | true
« @, =" Y _0:= Y;Row(j) “, (j=1.2,....n)..
Y=< L4, Ld", 14, v (L4') > kb1eTo La' ={l4};L4" ={ls5 , l6}
L,

r, =

I, | —end end

[IpenukatsT B 14 UMa clieHaTa opma:

eend="Y 0=0"
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XapaKkTepuCTUUHUTE (PYHKIUH ca:
* Os="r :=0; k := k+1”
* Og =" toend “

Ys=<Lg', L§", 5, v (Ls') >

e ®7="j num := max[Row_t(n)]”

Ye=< Lg', L¢", 5, v (Le') >

. (I)8 =" X= ZICOI_t(I) “’ (i=1,2,...,n) .
Y7=<L7, Ly", 17, v (L7) >

ly [

S
lg \ﬁsum_x sum_ X

IIpenukar B r7 ©Ma cieaHaTa Gopma:
esum X="X=07
XapaKkTepuCTUYHUTE (YHKIUH Ca:

° @9 :” *9 ° @10 :,’ * [13
Ys=<Lg', Lg", Ig, v (Lg") >

Ill

r =
g | true

* ®y; =" 1i_num := max[Col_t(n)] «.

Yo=<Lyg', Lo", Iy, v (Lo') >

| I12 Il3
l,, | —match match

rg =

Hpe)lI/IKaT’bT B I'g UMa CJI€aHaTa (I)OpMaZ
» match=""R(i_num, j_num) #0”
XapakTepucTUYHuTe QYHKIUU ca!
» ®1,="Col_t(i_num) :=0”

Y10=< Li¢’, L10", 10, v (L1o) >
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kpaerols’ ={ls, l;7};Ls" ={ I}

kbaeto Lg' ={l7, l12};Le" ={ ls}

kbaerols’ ={lg};L7" ={lo, l10}

Kwaero Lg' ={ lo};Ls"” ={l11}

kpaerole’ ={l11};Lo" ={l12, l13}

e DOy ="r:=r+l

kbaeto Lo’ ={ liz};L1o” ={l14}
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|14
I, | true

r10 -

e dy; =" Q(i_num, j_num):=1;  R(i_num, j_num):=0;Col_m(i_num):=0;
Row(j_num):=Row(j_num)-1; Col(i_num):=Col(i_num)-1 .

Y11=< L1/, L11", 111, v (L11") > kbaeto Li1" ={l1o, lia};L1a" ={ l15}

s @15 =" Col_t((n):=Col_m(n); Row_t(j_num):=0"

Y12=< L1o', L12", 112, v (L12") > kbeTo L1o" ={ lis};L12" ={l16}

. e
2 l. | true

* O =Y =Y ;Row_t(j) «, =1,2,...,n) .

Y13=< Lu3’, L13", f13, v (L13) > kbaeto Lig" ={lie};L13" ={l17, lig}

r o ‘ |17 IlS
B | Ssum_Y  sum_Y

[IpenukarsT B r13 ©Ma ciaeaHara ¢popMa:
esum Y="Y=0"

XapakTepucTuyHuTe QYHKIUU ca:

e O ="*” e Dy =" Qkisready “
Y14=< L14’, L14", 114, v (L14) > kbaeToLis’ ={l1g};L14" ={l1g, |20}
| I19 IZO
r, =

I, | true true

XapaktepucTuaHuTe QyHKIIUH ca:
° (D]_QZ” * 9 ° q)ZO — Qk ’ k1 r 113
®dopwmarta Ha nocaeaHus npexoq B OM-mozena e:

Y15= <Lis’, L15", 115,v {L15'}> kbaeto Lis'={ le};L1s" ={ lo1, |22 }

| I I2,
I, | error —error

r-15

[IpeaukarsT B 115 UMa caeaHaTa ¢popma:

serror="k=0"
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XapaKTepuCTUUHUTE (PYHKIUH ca:

*®,; =" input error *®y, =" stop “

Bceku oT nmpexoauTe nMa eIMH U ChIIl TpropuTeT. ToBa ce OTHACS | 3a spara.

MopensT mpenoctaBs uHbOpMaius 3a Opos MPEBKIIOYBANIM KOH(PUTyparuu Ha
KOMYTAI[MOHHOTO MoJie (mpoMeniuBara K), KakTo u 3a Oposi MakeTu, NpeaaicHH 10 BpeMe Ha
enHa KomyTalus (mpomerauBata ). Tasu uHpopmaius e Ob1e U3M0JI3BaHa 32 H3UHUCIICHUE

Ha cpenHata [IC. Bp3mMoxkHO € chOupaHeTo u Ha apyra uHpopmanus

4.2.3 CemeiicTBO 1a0JIOHU 32 HEPABHOMeEpPeH Tpaguk
B ToBa m3cneaBaHe M3MOI3BaMe PA3IIUPEHU U OTJIeAATHH 1a0noHu. [IpuMepsT 3a cirydas

Chao; (3a pasmep 3x3) e mokazan Ha ¢urypa IV.2. B To3m ciywaii pesyiaTaHTHara

IpomnycKareaHa ClIOCOOHOCT € yCpeAHEHa 3a N CUMYJIAllUK 32 BCEKH pa3Mep Ha KoMyTaTopa

11 2 112 121 211
B eay 121 = 121 - 211 . 112
= 211 211 112 121

Que.I\V.2. Ilpumep 3a mampuyu om munosemeChao'; 3a pasmep (3x3)

(nxn).

4.2.4 Pe3yaTaTH OT IPUA-CUMYJIALHUTE
ITpexogptr or OM-Monena KbM M3uUMCIABALIATA MpPOrpaMa € OCBIIECTBEH KaKTO €

nokazaHo B Hama myOnukanus. KoasT e ch3ganeH ¢ momomnra Ha makera Vfort (cbe
cBoboaen noctei) [46]. Toil e komnuiaupan ¢ momomHa Ha rpug-kiscrepa BGO1-IPP na
HNUKT-BAH (www.grid.bas.bg). Pe3ynTaHTHHAT KOA Ce€ H3MBJIHSIBA JIOKAIHO HAa TPHI-
kiberepa. Onepannonnata cucreMa e ScientificLinux rel.6.5. MsmonsBaxme pecypeu: mo 16
nporiecopa (2 blades), 32 numiku, 2GB RAM. BpemeTo 3a u3nbiaHenue ¢ < 72 vaca.

BsB Qurypure mno-gony Chao'; e osnaueno karo Cz-i 3a i=1,2,... ®urypa IV.3
MOKa3Ba pe3yJTaTHTe OT KOMIIOThpHAaTa cuMyianus Ha MiMa-anropursmMa ¢ BXOJISIY
napamersp Chao',. TIpomyckaTenHaTa COCOGHOCT 3a €IHA CHMYJIALHS CE H3UYHCIABA KAaTo
(2i(n-1))/k, T.e. HOpMamM3MpaHa KbM IIbJIHATA MPOIyCKaTeJIHAa CIOCOOHOCT Ha
KoMyTalnoHHus Bb3el (1 € paBHo Ha 100%); BpeMeTo € 1aJIeHO B CEKYH/IH.

®urypa V.4 npencrasst pesynrarure mpu Bxosl mapamersp Chao'%, a @urypa 3
npencrass pesynrarute npu Chao'®,. Karo cpaBuum gsere ¢urypm, Bmiaame, de
NpoITycKaTeHaTa ClIocOOHOCT ce yBelnyaBa, Koraro Opos Ha mrabimonure (i) € ToisM, KaTo
BPEMETO 3a U3MBJIHECHUE CHIIO Ce yBeNn4aBa. EKCIiepuMEHTaIHUTE pe3yaTaTH MMOKa3Bar, 4ye

CKOPOCTTa Ha TOOJIMKaBaHETO JI0 OTpe/ieNieHa MpaHuIia Chio ce ypennyana (purypa IV.5).
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@urypa IV.6 npencraBs cpaBHEHHETO Ha BPEMETO 3a M3IBIHCHHUE 3a INAOJOHHTE
1 1
Chao™, 1 Chao'®,. Tyk y e npubIHKeHHETO Ha ITOTMHOMKTE 3a pa3Mepa Ha MaTpuuata R ot

13x13 1o 97x97; R2 e xopenanusara B JaHHUTE.

throughput

q

08 <

oe

@ue.\V.3 IIC u spememo npu Cz-1 @ue.\V 4.11C u epememo 3a Cz-10
. throughput ] tirme
] : ] ? el ] -
y = 1E-06x
i C'm':}[ R%=0 9985
0,575 - 0 {
i W= 1E-0 7w
| c-_;.g[nz = 09987
0,954l ; . . n|l o e |
0 20 40 60 80 100 70 40 50 80 100
@ue.IV.5. Cpasnenue 11C Cz-10, Cz-100 @ue.IV.6 Bpememo 3a Cz-10 u Cz-100

@urypure ot 3 10 5 mokaspar, 4e rpanunara Ha THR e mo-manka ot 100%, HO KJI0HK
KbM Ta3u cToiHOCT. OCBEH TOBa € MOKa3aHo, Y€ BPEMETO 32 U3IIbJIHEHUE HapacTBa JIMHEHHO
C yBeIMYaBaHe UH/eKca Ha mabioHa i 3a i=1,10,100. ToBa oTroBapst Ha JIMHEHHO HapacTBaHe

pasmepa Ha Bxosmus oydep.

3aBHCHMOCTTa Ha BPEMETO 3a PEUICHHE 3a IisjlaTa MaTpHIa | € MPOMopIOHAIHA Ha
CTETIEHTA O(ng’e). ToBa BpeMe BKIIOYBA H3YHCICHHETO 1.2.(N-1) Ha pemeHusTa 3a
KoMyTanuu. Taka ue CI0KHOCTTa Ha BPEMETO 3a eAHO pemieHue (eqHa marpuna Q;) Tpsdsa
Jla ce HaMalu ¢ exHa crereH. CieoBaTenHo 3a ma6iaon Chao', BPEMETO 3a U3MBJIHEHUE Ha
MiMa-anroputbma € MpoNoOpIHOHATHO Ha CTENEeHTa Ha N paBHa Ha 2,6. ToBa € MHOTO 630
0 M3BECTHOTO MHHHMAanHO Teopernmdno wmsumciaeno O(N?) [40] 3a cnoxmocTta Ha

TCTJIOBHUTC aJITOPUTMHU KAaTO MiMa-aHPOPHT’bMa.

4.3 IlpoBepka Ha mnpuUHHUNA '"'BHHATM H30Mpail Hal-TeXXbK KoepuuueHt'.
BapuanTn Ha MiMa "max-min*', "'min-max", *'min-min**
HoBust anroputsm MiMa (Minimum ot Maxima) e npeasio’keH OT aBTopa Ha TO3U

AUCCPTANUOHECH TPYMA. HpOHYCKaTeHHaTa CIIOCOOHOCT Ha IMPCBKJIIOYBATCIIAI 110 BPCMCHA
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pabora Ha anropurbMa MiMa kionn kpM 100% kakTo 3a paBHOMepeH Tpaduk Uni, Taka u 3a
tpaduk Tum ,,ropenia touka“ (Chao). 1 B apara cinydas obaue uma ,,rpakane’ Ha [1C, korato
ce MpuOIMKH 10 TPaHUIIATA, 32 pa3liuka OT MOHOTOHHOTO MpHUOIMkKaBaHe 10 TpaHULIaTa Ha
[IC 3a xnacuueckuss PIM anroputhm. Bb3HUKBa BBIOPOCHT AaJM € BB3MOXKHO Ja C€
moauduimpa MiMa-airopurbMsbT, 3a 1a ce MOIY4H TO-,,I1aabk™ xoa Ha HeroBata [1C. A
MOX€e OM U J1a C€ YBEJIMYH.

3a menrta € wu3cieqBaHa Bepcus Ha anropurbMa MiMa ¢ HOB u300p Ha HaydajieH

eNeMeHT (min-max) B CpaBHEHHE C OpUTMHAJIHATA BEPCUs Ha allrOpUThMa (max-max).

4.3.1. U300p Ha riiaBeH ejieMeHT 3a 0e3koH(UINKTHA KomyTanust B MiMa

ChIHOCTTa Ha AJITOPUTHMA CE JjaBa OT XapakrepuctuyHaTta Qynkius d; Ha npexona
Ys u oT xapaktepuctuuHata pynkius @11 Ha npexoaa Ys. MiMa-anroputbMbT peanusupa
TUCIMILTMHATA 32 N300p Ha THM "max-max" - u3dupa ce eIeMeHTHT C MAaKCUMATHH "Terja Ha
KOH(MIUKTU" MO M3XOA U BXOA (B Ta3uW mocieaoBaTenHocT). ClenoBaTenHO ca BB3MOXKHHU 3
MouduKanK Ha aropuThMa: u300p Ha TUN "min-Min"; u300p Ha TN "max-min"; U300p Ha
tun "min-max". PesynrarsT oT cumynamnusata [IC Ha mppBata Moaudukanus He € T00BP.

Tyx 11e mokakem pe3yJITaTUTe 32 OMIUATa ,,min-max‘.

4.3.2 KommorspHa cumyaanus Ha I1C
Bxomsmumsar tpaduk usmonsBa mojaena UNni Ha paBHOMEPHO pasmpenesieH Tpapuk ¢

paBHOMepHO HatoBapBaHe (i.i.d. Bernoulli uniform). ®urypa V.7 noka3sa pesynraTure OT
anropurbMa 3a pamunusta madnonu U-1 u U-10. O3nauenunero U-i ce u3noni3Ba 3a Tpagux
i T, PasmepbT n Ha BXOJHara MaTpula Ti(kxk) € IOKa3aH II0 XOpHU3OHTAJIHATa
KoOpAWHATHAa oc. JIsBaTa BepTHUKalHAa OC TIOKa3Ba IPOIyCKaTeIHAaTa CHOCOOHOCT Ha
anroputhMa. Ha asicHaTa BepTHKaIHA OC - BpeMe 3a U3UMCIIsIBaHe Ha rpaduka (B CEKyHIH).

ITpu cpaBuenne Ha IIC Ha anroputbMma 3a cemeiicTBoTo oT mabimonu U-1, U-10, U-
100 ts1 HapacTBa ¢ yBeJIM4aBaHETO HAa WHJEKCA i ¥ KJIOHU KbM rpanuuHara [1C (100%).

BpeMeTo 3a U3YHCJIICHUEC € OT MMOPAABbKA Ha TpETaTa CTCIICH Ha N.

i IR

-

s e

el Tos

Inrrp.l
|J| .

08 . 1 : 15 || 08
1
0.7 N 0.7 B
= 2E-08x" n 05
-
06 =02l . o ||os ; ;
0 100 200 D 100 200

@ue. V.7 I1C 3a mooupuyupan MiMa, (U-1, epeme) u MiMan (U-1, U-10).
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4.3.3. CpaBHeHHME HA BADHAHTHTE
B cpaBHeHme chC citydas min-min, HOJXYYEHUAT pe3yaTaT HECbMHEHO € ,,[10-100Bp*,

3aToBa MiN-Min He e nokasaH Tyk. Ho B cpaBHeHue ¢ MoaudukamsaTa Max-min, pe3yiraTbT
3a [IC Geme 3a Hac HeowakBaH - [IC e cpmara. 3aToBa TpsiOBaIie ga CpaBHUM BPEMETO 3a
u3uucienus. ToBa e Moka3aHo B IbJIHUA TeKcT. [locnennarta nzcneaBana MoauduKanus uMa
MaJIKO Mo-100po BpeMe 3a M3YUCICHUE (II0-MaJIKO pPa3Xxo/IBaHO BpeMe).

OCHOBHUSAT U3BOJ €, Y€ MPOMSHATA HA JUCIHUILIMHATA 32 U300p HA HAYaJeH €JIEMEHT
3a MpEeBKIII0OYBAaHE HE JIOBEJIE 10 ,,Mu3riaxaane* win ypenuuasane Ha [IC npu npubnnxaBaHe
1o rpanuiiata. B noneiaHenue, ckopoctta Ha HapacTBaHe Ha IIC mo rpanumara ce 3a6aBs (1o
OTHOIICHHE Ha Cliydad max-max). Pe3y.HTaTI/ITe OT CUMYyJ1auuiaTa BOAAT 40 3aKJIHOUYCHUCTO, YC

BapUaHTHT MaX-Max aBa Hal-moOBp pe3yJTar.

4.4 NU3Boan

Pesynarature or Hamara cumynanus Ha MiMa-aaropurbma  mokasBar, e
IPOIyCKaTeIHaTa CIIOCOOHOCT KJIOHM KbM TOpHaTa TIpaHMIA, KOSTO HMMa MaKCHMallHa
croitHoct 100%. Ilokazaxme, dYe cioxkHocTTa Ha MiMa-anropurbMa KIOHH KbM
onTUMaHaTa TeopeThdyHa TakaBa. CremoBatenHo MiMa moke ma CiIyKd 3a KOHTPOJIHA
TOYKa Ha ObP30JACHCTBUETO HA ,,TETJIOBHS ™ TUII AJITOPUTMHU.

W3cnenBane e Bepcust Ha airopuThbMa Mima ¢ HOB M300p Ha HayajieH eleMEeHT (min-
max) B CpaBHEHHE C OpHTMHAJIHATAa Bepcus Ha anroputbMa (max-max). [lomydenute
pe3yaTaTh ce CpaBHABAT C Pe3yJATaTUTE OT CUMYJIAIMATA Ha JBa APYrd nzbopa (max-min) u
(min-min) 3a OpUTrMHATHHS €JIEMEHT. 3aKIIOYEHHUETO €, Y€ MNPWIAraHeTO Ha MPHUHIHUIIA
,,HEOOXOJIMMOCT OT M300p Ha MaKCHUMaJTHO Terio* (opuruHaiHHS anroputbM MiMa) nasa

Hail-noOpu pe3ynTaTH 3a MpoIycKaTelHaTa CIOCOOHOCT Ha Bh3ea.

I'maBa 5. Uuciaena mnpoueaypa 3a TOYHA IOpHA TIPaHMIA HA
IIponmyckaTesiHaTa CIOCOOHOCT HA AJTOPUTMHTE

B HacrosIata Ti1aB € onMcaHa 4iceHa MPoleIypa 3a U3YHCIIIBaHe TOPHATA FPaHKIIA
Ha [IC. Ako T CBIIECTBYBa, TOraBa pELICHHETO € CIMHCTBEHO. B Ta3um mporuenypa
U3M0JI3BaME PE3yJITaTUTe OT KOMIIOThbpHata cumynamus Ha THR, mpoBenena Ha rpun-
crpykrypara BGO1-IPP ma WUKT-BAH (www.grid.bas.bg) wu cynepkommorspa
»2ABUTOXOJI” na BAH. Hamero monenupane Ha [1C 3amouBa ¢ PIM-anroputsma, Yao-
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mojena 3a ,,xorcrnot” (Chao;) Bxomsm tpaduk [36] u 100% uHTEH3UTET HA HATOBAPBAHETO
Ha Bceku BxoJ. [lomyuenure pesynratu naBat ropHara rpanuna Ha [IC 3a n € [3, 100], koero

HU M03BOJIsIBa Ja u34rciauM rpanumara #Ha THR 3a n->infinity: pesynratst ¢ 0.775+/-0.001.

5.1 Bxoassmun nanuu. [locranoBka Ha 3anayata. CbllecCTBYBaHE HA PelIEHHETO

Tyx u3non3Bame ceMelcTBO mIabIOHU-MaTpUI Mojena Ha Chao 3a BXOJHU JaHHW..
Axo pasriexaame Marpuiure 3a Mojena Ha Chao karo agutuBHa cyma mexy Uni- tpaduk
u Oe3koH(DIIMKTEH TpaduK, To UMaMe ropHa rpanuia Ha [1C=1-1/(2e-1) = 77,460.. %-=.

Ha ¢urypa.l ca nokaszanu pesynrature oT padora Ha anropurma. [lo aOcrmcara e
nokazaHa pasmepHoctta N Ha Matpunara I (ot 2 mo 70). Ilo opaunarata Ha @ur.l e

nokasasa [IC Bceska Touka e cpennoTo 3Hauenue 3a 10 000 cumynanuu.

08 throughput
' £C-2401
e
/,,4#«-——— 049
s
07—
Py
C-1
0,6 T T T n
o 20 40 &0

®wur.V.1 I1C na PIM-anropursma 3a Chao-tpadux.
HannuTte ot ¢urypa V.1 nokaspar HapacTBaHe Ha MPOITyCKaTeIHATa CIOCOOHOCT IIpU
yBeJIMYaBaHE Ha N 3a BCEKW M3Moi3BaH MmabioH. Ilpu “npemuHaBanHe” KbM “TIO-TEXBK
mabiioH (yBeslM4aBaHe Ha 1) MUHUMyMa c€ U3MECTBA HAJISIBO, a CKOPOCTTA HA HApacTBaHE HA

[1C namansBa. ToBa HM 1aBa OCHOBaHUE J1a MIPEAINOJIOKHUM ChIIECTBYBaHE Ha TOpHA I'paHUIIA.

5.2 TIlpoueaypa 3a um3umciasBaHe Ha ropHa rpanuna Ha IIC B 3a3agen padoteH
ANANA30H

Omnmcanata mnpouenypa wu3uMciasiBa cxoxumoctra Ha IIC Ha KomyTaTopa KbM
KOHKpETHa CTOWHOCT (rOpHa TpaHWIA) 3a BCAKA CTOWHOCT Ha N TO pe3ysNTaTHTe OT
M3YMCIUTEITHUTE eKCIIEPUMEHTH. B OCHOBHHUS TEKCT € Jja/IeHO M3IOI3BAaHETO U ChC JIAHHUTE
ot ¢ur.1l — 3a u3bpanaTa nocieaoBaTeHOCT OT Iadionu Chao; , 1 = 1,m1,m2,m3,m4, KBJIETO
m=7 (Chao;, Chao;, Chaosy, Chaoss3, Chaozs01,). Ha mbpBO MsACTO 3a Hac € BaxXHO Ja
IIPOBEPHUM TBBJICHHUETO §=m™" (ToBa € eBpUCTHYHOTO pemieHue, mpu m=2,3,4,5 e BsIpHO).

Pesynrature oT MOJENIMpPAaHETO MOKA3BAT, YTO M3KIIIOYBANKU 30HAaTa Ha MpeMecTBaHe
Ha muHuMyma Ha [IC (2 < n < 20), pasnukute Ha [IC mMexnay ,,cTBIKUTE” Ha MIA0JIOHHUTE

HaMaJsiBaT B reoMeTpuuHa mnporpecus. OT TeopuusTa € U3BECTHO, Ye Oe3KpaiiHa 4McIoBa
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penuiia ot Buga l/a + 1/a® + 1/a® +...+1/a'+..., xorato a>1, e cxoauma npu 1—00 KbM
croiiHoctra Sum(a)=1/(a-1). Kato mpuemem, 4e B Hamus Ciaydaid pasiavkute Az, As,...
oOpasyBar TakaBa peauma ¢ a=2,64575, To xKoedUIMEHTa HAa CXOAMMOCT 3a TOKA3aHUTE
pesynratu ¢ Sum(2,64575)=1/(2,64575-1)=0,607625.

Torasa nmonydaBame 3HAYEHUSITA HA TOpHATa rpaHUIA 32 KOHKPETHU N, W3MOJI3BalKu
1rabioHa ¢ Hai-rosstm Homep - Chaogor, mo cnenuus Hauud: I'panunallC(n) = TIC(Chaozgo;

(n)) + Sum (2,64575). A4 (N)=TIC(Chaopaor (N)) + 0,607625. A4 (n) .( Ha durypa V.2).

0.7742 throughput 0.8 throughput
N £ TPaHILA
I _eprinesstIis

o e 40

0.7737 et
L 0.7
07732 {4 ‘ IRy
¥ map
. | e 1
& et
0.7727 4 . . : . nll 0.6 : : . n
20 30 40 50 80 70 0 20 40 &0

@ur.V.2 U3uucnenara ropra rpaanna #Ha [1C. ®ur.3 M3xonnute nannu u r. rpanuna Ha [1C.
Haii-ronemure croitnoct ca IIC (Chao,401(70))=0,772005, A4(70)=0,003401,
I'pannnaKnn(70)=0,774031. ChoTHECEHA KbM JIAHHHUTE 32 IIbPBUS U HAN-roJIeMHUsl 111a0JIOH,
M3II0JI3BaHU MPU cUMyJanuuTe, rpanuiana Ha [1C e mokaszana Ha ¢urypa V.3.
5.3 IIpo6sieMu HA TOYHOCTTA B pa0OTEH ANANA30H
Jla paszriename ciydasi, KOTaTo TOpHaTa rpaHUIla C€ M3YUCIISIBA HE Ype3 YMHOKCHHE
Ha pasnukara A4 mo KoHcraHtata Sum(2,64575), a upe3 yMHOXEHHE IO HPOMEHIIMBA
BennurHa. A uMeHHO Sum(d3)=1/(03-1). Taka MokeM J1a OLICHUM BIUSHHETO Ha HETOYHOCTTA
Ha JJAHHHUTE OT CUMYJIAIIUATA BbPXY KpailHUs pe3ynraT (TOpHaTa rpaHuIa).
CpaBHeHHeTO Mex a1y KpuBata oT pur.V.2 u HOBUs pe3ynTar e nokas3at Ha ¢ur.V.4.
Morat na ce cpaBHAT Beue MOJYYCHHUTE pe3ynratd. Hue e HampaBUM TOBa C
W3YUCJICHAaTa TOpHA TpaHWIa 3a ,,cThlka” M=2. Tam e m30paH KaTo HA-TOOBP pe3yiTaT

8s=1,41+ 0,025.

throuvghput
0.7742 _!hmun'hpm 0.7745 -
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@ue N .4 I'.epan. na I1C npu d3=const, oz=var. @ue.V.5 I'. epan. na I1C npu m=7 u m=2,
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ChOTBETHO ropHaTa TpaHUIla € U3YUCIICHa 1Mo JaHHuTe oT madmonu Chaogs m Chaos;
(10 000 cumynanuu). CpaBHEHHETO Ha Ta3W IpaHUIlA C MOJyYeHATa MO-TOpE € MoKa3aHa Ha
¢urypa V.5. KonkperHo MokeM na HM3BJe4YeM cienHara nom3a. OreHkaTta 3a TpaHHYHATa
croitHocT Ha [IC (nmo mannute 3a m=2) e 0,775+ 0,001. Ot ¢urypa V.8 npaBum u3Boaa, ye
TOBa € JIEKO 3aBuIlIeHa oleHka. CMsrame, ye rpannyHara croiHoct Ha IIC e cbhec 3HaueHue
0,7748+ 0,0005 (mpu N—oo Teopetnuno 1-1/(2e-1)).

5.4 Cnenudukanus Ha YUCJIEHATa Npoueaypa

B namero u3cneqBaHe pemiaBaMme 3aqavara B JIB€ CTHIIKH: JOKa3BaHE, uy€ PEIICHUETO
CBIIECTBYBA; M3UMCIIIBaHE Ha pemeHneTo. PopMaaIu3upaHOTO OMHMCAHUE Ha Mpoleaypara €
JaJIeHO B IIBJIHUS TEKCT. AKO CHIIECTBYBa FOpPHA TPAHUIA HA MPOIyCKAaTEIHATa CIOCOOHOCT
Ha KOMYTaTopa, TO € €IUHCTBEHO.

CrnenBamust BBIPOC 3a U3CIEBaHE € IajH MpolleypaTta e crabuinHa. Pasrienan e
CIIy4asi ¢ MAJIKU, aCUMIITOTHYHO HaMaJIsBaIIH MePTypOaluy Ha BXOASIIUS TPAQUK..
5.5 KoMnwoTbhbpHH CHMYJIAIUH 32 H3yYaBaHe CTA0OMJIHOCTTA HA YHCJIEeHATA Mpoueaypa

BoBexxname neprypbauuu B Mozena Yao kakto cieaBa: Hail-Hanpe MoAauduipame
CEMEUCTBOTO MIA0JIOHH 1O ,,0TJICNaNHUs” BapHaHT (OMHCAHO B IBJIHUSA TEKCT). Bropo,
penyiupame Oposi 3asBKU B H30paH (IIbPBUS) BXOJSII PeJl C eIUHUIA ( MUHYC €Ha 3asBKa).

Hammwre KOMITIOTEPHYU CHMYJIAIMH ITOTBBPIKIABAT MPUIIOKHUMOCTTA Ha MPEIOKEeHATA
npoueaypa ¢ MoAu(UIMpaHU [MIA0JIOHM 3a HATOBApeHOCTTa Ha Tpaduka. Pe3dynraTtsT oT
CHMYJIALIMUTE TOKa3Ba (B OCHOBHHMS TEKCT), Y€ YUCIICHATA MPOLEAYyPa € CTa0MIHA B CMHUCHII,
4Ye MaJKd CTOMHOCTH Ha MEpTypOalMUTe Ha WHTCH3UTETA HA BXOMSIIUTE 3asiBKA BOJAT IO
MaJIK{ [TPOMEHH Ha u3xona. [lonyueHure pe3ynrtatu faaBat ropua rpanuia Ha I1C 3a n e [3,
97], xosTo HHM To3BOJsABa jga oieHuM rpanumnara Ha IIC (THR) ma MiMa-aaropurbMa 3a
n->infinity. [Tonmyyenara ouenka e 100 %.

5.6 TouyHa ropHa rpaHuia B 3aj1ajieH pa0boTeH HHTePBAJI

KommtoTbpHUTE CUMyJalluM ca M3MBJIHEHW Ha cynepkommtorspa ,,ABUTOXOJI” no
OMHCaHUs BeUe HAUMH.

IIC na PIM- anropursm ¢ Chao-sxoa
PesynrareT 3a ropHa rpanuia Ha IIC 3a PIM- amropursm ¢ Chao-sxox (Mm=2) e

nokaszaH Ha ¢urypa V.6.
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@ueN .6 I'opua epanuya na I1C (THR) npu ds=const=1,4142 u m=2.(PIM, Chao)

OTHOLICHHETO & C YyBEJIMYaBaHE Ha HHJAEKCAa Ha [mAOIoOHUTE OBP30 JOCTUTA
ouakBaHata croinoct 1/1.41 (m=2). ToBa e cieacTBHe Ha OT CBoWcTBOTO Ha PIM-
aJIrTOpUThMa PAaBHOIMOCTAaBCHO 1ga 00paboTBa BXojoBeTe. B Kpas Ha paOOTHHs JUAma3oH

(n=100) umame Haii-ronsMata croitHoct 3a [1C.

IIC na LPF- aaropursm ¢ Uni-Bxox

Ha ¢urypa V.7.e mokazan pe3ynrarsT 3a ropHa rpanuna Ha [1C 3a LPF- anroputrsm
¢ Uni-exox (M=2). OTHOIICHUETO & C yBeJIMUYaBaHE Ha MHJEKCA Ha MIA0JIOHUTE KIOHU KbM
ouakBaHata cToiHOCT 1/1.41 (M=2). /locTUraHEeTO M Ce OYaKBa MPH MO-TOJIEMH MHICKCH Ha
mrabnona. Ilpu mugexc i= 131072 B kpas Ha pabOTHHUS qHANa30H CE MOJydaBa CTOWHOCT
1/1.46. ToBa sSBHO € CJEICTBHE Ha OT MPHUCHINUTE CBoiicTBa Ha LPF-aaropurbma —
mpearnoiiaraMe 3apajd HaJIWYHUeTO Ha ,TJajJyBaHe — HE-PaBHOIMOCTaBEHO OO0pabOTBaHE Ha
BxonoBeTe. CremoBaTenHO W34KcieHaTa ropHa rpanuia Ha [IC e 3aBumena. B kpas Ha

pabotHus auana3on (N=100) ceuro nmame Haii-rossimara croitHocT 3a I1C.
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@ueN.T I'opua epanuya na I1C (TH) npu dg=var u m=2.(LPF, Uni)

IIC na MiMa- aaropursm, Chao-Bxoj cbc 3aTHXBAIIO CMYLIIEHUE

Ha ¢urypa V.8.e nokaszan pe3ynrtarsT 3a ropHa rpanuna Ha [IC 3a LPF- anropursm

¢ Chao-Bxon (M=2) npu 3aTuxBamio cMyiieHie mo Bxoa.. OTHOIIEHHETO O ¢ yBeInYaBaHe Ha

MHJIEKCa Ha 1a0JIOHUTE OYaKBAHO KJIOHU KbM OvakBaHata croiHocT 1/1.41 (m=2).

HOCTI/IFaHeTO " C€ 0O4YaKBa CHILIO IIPH IIO-I'OJICMU MHACKCH Ha 11a0JIoHa.
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@ue N .8 I'opna epanuya na I1C npu dg=var u m=2.(MiMa, Chao samuxeawo cmywenue)

[lpennonarame ¥ TyK 3apajd HAIAYHETO HA ,,[JIaJyBaHE — HE-PABHOIOCTABEHO
obpaborBane Ha BxojoBere (MiMa wusmomnsBa ceims B Kpurepuii karo LPF, HO mmo-
cnabara my opma). CrenoBaTtenaHo u3zducicHara ropHa rpanuna Ha [1C e 3aBuiieHa nmoseue

ot npu LPF, 3amoro MiMa no npuniun uzocrasa no I1C ot LPF.
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@ueN.9 Bpeme 3a pewenue na ysaama ex.mampuya (LPF-61160, MiMa, - 60s1cro)

CpaBHeHHETA TIO BpEME 3a pPEIICHHE Ha IsIaTa BXOJHA MaTPHUIla MOXKEM J1a HaPaBUM
o ¢urypa V.9. BpemeBaTa CloKHOCT € OlIeHKaTa 3a eqHa komyTanus. CienoBaTesHo, Thil
KaTO PELICHUATa ChOTBETHO Ca Kpen , CTEIIEHTA HA BPEMEBATa CIIOKHOCT 3a €IHO PELICHUE

(xomyTamms Q) mie TpsOBa 1a ce Hamanu. [10-TOYHO 32 CHOTBETHHUTE CTOHHOCTH CE MOTydYaBa

(B OCHOBHWUSI TEKCT), Y€ UMaMe (O(nz_g)) 3a LPF, u (O(n2'6)) 3a MiMa.

H3Boau
Pesynrarure oT HamaTa CUMyJaIUs Ha aJITOPUTHMA IMOKa3BaT, ye MPOITyCKaTeIHATA
crocoOHoCT MuMa KJIOHM KbM TOpHATa rpaHuIla, Kosto uma ctorHoct 100%. B pabotHus

muana3oH g0 N=100g Mima u3ocraBa mo IIC c¢ 3-2%, kaTo pa3nukara € HamalsBalla.

. 2.6
Cnoxxnoctra Ha MiMa-anropurbma (O(N™7)) ¢ MHOTrO OM3Ka 10 ONTUMAHATA TEOPETHYHA

25
takaBa. (O(n"")). CrnenoBaTesHO MO-HATATHIITHOTO YBEJIUYABAaHE CKOPOCTTA HA U3IBIHCHHE

MOKC Oa €€ IMNOCTHUIHC 4Ype€3 HU3IMOJI3BAHC HaA MapaJICIHU HU3YUCIICHUA Ha IMPEXOAUTC Ha
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AITOPUTHMA, a CBIIO U Ype3 MOTUGHUKAIMY Ha JETEPMUHHUPAHATA IUCIMILIMHA 332 U300p Ha
TJIABEH €JIEMEHT 3a 0€3KOH(IMKTHOTO perreHrne. Moxe i ipu ToBa U jaa ce ,,u3rmamu’’ [1C —

TOBA € BBIIPOC 3a OBJICHIO U3CIICABAHE.

3akJII04YeHue

B nucepranuMoHHMs TpylX ca IpeICTaBEeHM M3CIEABAHUS HA MOJEIMPAHETO
KOMYTAI[MOHHHUTE IPOLIECH B KOMYHHUKIIMOHEH Bb3€JI C [IOMOIITa Ha anapaTta Ha O6001eHuTe
mpexxu (OM). Cneunduuupanu ca Gopmanian OM-mozenu Ha 4 M3BECTHH alrOpUThbMa 3a
U3YUCIIsIBAHE Ha OE3KOH(UIMKTHO pa3lucaHue B IMAKETeH KOMYyTaTop C MaTpuyeH
npeBkimouBaren  (crossbar  switch  node). IlpemtokeH € HOB  QlIrOPUTBM 34
OeskoHpmukTHOpa3nucanne (MuMa-anroputbM). MoJenbT Ha TO3U aITOPUTBM €
npeacraBeH ¢opmanHo BbB BuA Ha O000meHa Mmpexa. OOCHIEHO € CpaBHEHHETO Ha
e(eKTUBHOCTTa MY C Ta3W Ha JAPYyrd ajroputMu. 3arybara Ha 2 10 3 % OT mpomyckHara
CIOCOOHOCT € IieHaTa 3a Obp3oeiicTBueTo My — MuMa-anropuTbMa € Ha JIoJHaTa IpaHuLa
Ha BpeMeBa CIOXHOCT (BpeMe 3a M3IbJIHEHHUE) 3a CBOS Kiac ( ,,TETJIOBHU') aITOPUTMH.
Pesynrature ca monyd4eHH NpU IIUPOKO-MAIIAOHM KOMITIOTHPHH CHMYJIAIIMM HA TPU-
ctpykrypata ta HMWUKT-BAH wm Ha cynepkommorspa , ABuroxon” Ha bBAH, wupe3
[IpUJIaraHeTo Ha HOBOpa3pabOTeHa YHWCIIeHa MpoLEeAypa, YCTOHYMBA Ha aCUMITOTHYHO-
3aTUXBAIIM CMYILEHUS, KbM YUCIEHUTE JaHHU OT cuMynanuure.llo To3u HauuH € Bb3MOXKHO
aJIeKBaTHO M €JHO3HAYHO CpaBHSBAaHE Ha IPOIYCKHATa CIOCOOHOCT Ha aNrOPUTMUTE 32

0e3KOH(IMKTBO pa3NUCcaHue B 33/1aJIeH pabOTEH Juana3oH.

Pe3oMe HA MOJIyYeHUTE pPe3yJITaTH

C ornen Ha paboTraTa, H3BBPIICHA B TUCEPTANMATA, M U3BOJIUTE, ITOJyUYEeHH B XOa Ha
W3CIICIBAHUSATA U W3JI0KEHH IO-Tope, MoraT jaa ObaaT (GopMyiHpaHU CIEIHUTE HAaydHO-
NPUIIOKHU PE3yITaTH:

1. Cuntesmpan € u e usciensaH HoB anroputbm MiMa (MinimumofMaxima) 3a
0€3KOH(MIMKTHO pasNMCaHWe B TMAKETEH KOMYTAaTOp C MaTPHUYCH IMPEBKIFOYBATEIL.

[IpomyckBarenHata cnocoOHOCT Ha ainroputrbma kioHu kbM 100 %, a BpemeBara my

Abmopegpepamu na oucepmayuu 5 (2023) 40-79



AJITOPUTMM 3A FE3SKOH®JIMKTHO PA3SIIMICAHUE HA ITAKETEH KOMYTATOP C MATPUYEH IIPEBKJIFOYBATEJI 75

2.6
CIIOXHOCT 3a m3nmbiHeHHe ¢ (O(n")).TeopeTnuHaTa TpaHuUIla 3a Kiaca ,,TerJOBHH

ITOPUTMH, KbM KOHUTO NpHHAUIekRkHn MiMa , e (O(nz's)).

2. Mopenmupanu ca cse anmapara Ha O0o6menute mpexxku (OM) u ca m3ciensanu OM-
MOJIeNd Ha 4 KJIaCHYECKH aNropuThMa 3a Oe3KOH(IMKTHO pa3NHCaHHE B MAKETCH
KOMYTaTop ¢ MaTPpUYEH MPEBKIIOYBATEN.

3. Cunresupanu ca 4 cemeiictBa mabdmonu 3a 4 kinacudecku (uniform, Chang, Chao,
Rojas-Chessa) tuma (i.i.d. Bernoulli) Bxomsmy Tpaduk, mpeaHa3sHa4eHH 3a HIMPOKO-
Mala0Hu KOMITIOTBPHH CHMYJIAlUK Ha mpomyckarenHara cnocobHoct (IIC) nHa
anropuTMu 3a 0e3koH(pnukTHO pasnucanue, npu 100 % HaToOBapBaHe Ha BXOISIIUTE
JTUHWH.

4. Pa3zpaboTeHa e 4yuCliOBa TpOIEAypa 3a M3YHCISABAHE HA TOYHA T'OpPHA TpaHUIA Ha
npomyckatennara crnocooHocT (I1C) Ha anroputmu 3a 0€3KOH(GIMKTHO pa3NUCcCaHUE B
MaKeTeH KOMYTaTop C MAaTPUUEH MPEeBKI0YBaTEIN. [ paHuIiaTa ce mpecMsara 3a 3aaJcH
paboTeH JAmWama3oH Ha KOMYTAIlMOHHOTO Tojie (n) TMpU  HIMPOKO-MAIlaOHH
KOMITIOTHpHU cuMmysanuu Ha [1C cbC CHHTETHYHHTE IIA0JIOHU 32 BXOAALI TpaguK.
[Tponenypara e ycraiiunBa Ha aCUMIITOTUYHO 3aTHXBalM cMmymieHus. [Iponenypara e
NPUIOXKECHA BBPXY peE3yJITaTUTE OT KOMIIOThbpHUTE cuMmynauud Ha [IC Ha

CHUHTC3UPAHUTC OM-MOI[GJ'II/I.

Hacoku 3a 0naenu uscjieBaHus

OcCHOBHUTE HACOKM 3a OBACIIM HU3CIAEABAHUA BBPXY TEMAaTHKaTa Ha JAUCEepTalUATa
BKJIFOYBAT:

N3cnenBane BB3MOXKHOCTHTE 3a TOJOOpsIBaHE  XapaKTEPUCTHKATE Ha  Ha
npeniaoxeHuss MuMa-anropursmM, upe3 MOAUQHUKAIUS HA JUCHUTUIMHATA 32 H300p Ha TI1aBeH
€JIEMEHT, 10 TOJ00MEe Ha U3MOJBAaHUTE TYK MPU MOAUPUIIMpaHE HA MOJCIUTE Ha
anroputmure ,,BbiiHoB @poHT” 1 ,,Hamonenue”.

Hcnenane Bb3MOXKHOCTUTE 3a MOJyYaBaHE Ha HaToBapBaHe Mmo-majnko oT 100 % Ha
BXOJIIIUTE JMHUM 4Ype3 MOAU(UKAINS Ha TPEAJoKEHUTE TYK CeMelcTBa INalJIoHU 3a
BXOJIAI TpaUK.

W3cnenBane TpaHWIIUTE HA BAJIMJIHOCT Ha MpeEIOKEHATa YHCIeHa Mpolexypa 3a
ompeJessHe Ha TOYHO TOpHA TpaHUIlA Ha IMPOIMYyCKaTeIHATa CIOCOOHOCT, 3a Pa3jIuYHH OT

i.i.d. Bernoulli BunoBe Bxomsmi Tpaduk (kaTo B3pUBHO-HAPACTBAI M CAMO-MOIU(PHUIIMPAH).
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