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3 Svetoslav Tashev

General Characteristics of the Thesis

Relevance of the Subject and Overview of the Main Results in the Field

Computers are widely used in our daily life and with the introduction of smartphones, the
usage of computers is becoming even bigger. Pushing the hardware technologies to physical limits,
we reach the end of the possible computing power we can obtain from single core processors.
Obvious solution was to move to parallel computers with multiple processors, to provide us with
enough processing power for the upcoming problems we need to solve. Some of these limitations are
not resolved with the multiple processors architecture and even make them worst. Alternative
decisions to avoid the limitations is suggested, described, simulated and emulated.

In this thesis, a new processor configuration is proposed, with processor elements in the main
memory, evaluating the tradeoffs between the conventional architectures and the new proposed
architecture. Reviewing the design of computer architecture, we need to look at previous designs to
understand the upsides and downsides, and past workloads. We need to evaluate the future, as we
will be creating new design that has never existed before. A new design which will take into account
most recent technologies, as well review of the upcoming problems that the architecture will be
resolving. That would require understanding of the problem this architecture will be resolving and
the overall performance for normal operations.

Looking at the conventional architectures, single core or multicore, we can see that one of the
main limitations is the communication network, connecting the processors with the memory. This
limited shared resource is creating a bottleneck, problem also known as von Neumann bottleneck.
One way of creating cheaper architecture and avoiding the current limitations is by adding
computational modules directly in the memory. The main upsides of this architecture are that: we
will no longer use exclusively the shared memory bus, the computational modules will be using
interconnected network inside the memory; the computational modules will not be facing the
penalties caused from cache misses, since they will have access to all of the main memory.

Goal and Objectives of the Thesis

Additional resources available in the memory will offer wide range of possible improvements
in the performance of the computing processes. Improvements can be made by implementing
combination of software and hardware solutions, or hardware solutions only. Improvements enabling
full hardware implementation will remain hidden from the programmer and compiler. This will allow
implementation of the proposed changes, without the need of additional alternations to existing
applications and operating systems.

Processing power and the memory size are increasing much faster than the potential of the
communication network between them. Conducted tests show that out of every four cycles, the CPU
is losing three cycles waiting for data from memory. By increasing the processing power of the
computing devices and amount of memory with each new generation, this problem is getting more
severe.

It needs to be noted that even for the fastest cases to access the cache memory, the operation
will take more than one CPU cycle. Modern day processors have highest level one cache, working
with latency of four cycles. When the requested data is not located in the cache, it needs to be
requested from the main memory. In cases where the data is not present in the cache, this could stall
the computation unit for over five hundred cycles to acquire the data from the memory.

Our focus on using the newly suggested computing resources in memory is by: processing
independent applications, process different parallel segments of single application while sending the
critical sections of this application to the main processor. Another option is to use the additional
computational modules for parallel processing all the segments of a single application, dynamically
identifying segments requiring more processing power, and sending these segments to the main
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conventional core. The presents of computational modules in the main memory offers wide range of
possible improvements in various fields:

- Compress the data flow on the main memory bus;

- Transform the communication over the main memory bus from signal level to packages;

- Execute helper treads for branch prediction;

- Execute helper treads for cache pre-load to avoid cache misses.
In this work we have reviewed in details some of the suggested improvements above by simulating
and emulating the hardware, executing tasks over it and evaluating the performance speedup.

The goal of the dissertation is to propose a new model of computer architecture with additional
processing elements in the main memory.

The main tasks of the dissertation are:

e Study of current technologies and existing proposals on the architecture of computational
elements in the memory;

e Proposal of computer architecture with computing elements in the main memory and creating
an analytical model describing the main features;

e Describe the distribution of various computing functions and operations between the
processor elements and the main conventional processor by changing the basic diagram of
processing instructions based on the newly proposed architecture;

e Design the main nodes and elements of the proposed structures using advanced technology
for hardware design;

e Conduct simulation research of conventional computers and computer models with
supplementary computing modules in the memory to compare the overall performance of the
different architectures and reducing the flow of information between the CPU and memory;

We have evaluated the relevance and usefulness of the thesis materials. The topic is relevant
and dissertation work has high scientific and applied value. Adding new elements to
microarchitecture, without significant changes in instruction set architecture will enable us to use the
current developments in this area, while the new proposals will remain transparent from the
perspective of the software developer and the existing compilers.

Research Methodology

In this thesis we have developed and studied computer architectures with additional
computing modules in the memory — mPIM (multiple Processors-In-Memory), by successively
developing and evaluating:

- Analytical model of using computing resources in memory;

- Simulation of mPIM core by using the architectural simulator SUNSiman;

- Simulation of existing computer architectures and newly proposed architectures for
performance comparison;

- Emulation and hardware implementation of the proposed model PIM core and hardware
implementation by software package WEBPack ISE of Xilinx.

The research and simulation methods for using mPIM focus on architectures composed of
conventional processor or multiple processors with supplemental homogeneous small processor
cores arranged in memory. The presence of main conventional processor will allows us to use all the
current developments on parallelized programs. The focus of the proposals is to achieve
improvements without the need for further changes in programs or their recompilation. The main
processor will allow us to assign different segments on the core that implement them most
effectively.

Abstracts of Dissertations 1 (2015) 1-26



5 Svetoslav Tashev

Approbation of the Results

The main results of the thesis are presented in the five publications, two of which were
printed in the magazines and presentenced of international scientific conferences, and three were
printed and presented in local scientific journals.

List of Publications

1. T. Tashev, S. Tashev, N. Tasheva. “Design of Advanced Computer Architectures, based on PIM -
Processors in Memory”, journal “Information Technologies and Control” (Year VIII, Nr. 3, 2010),
ISSN: 1312-2622, 19-22.

2. S. Tashev, M. Marinova, V. Lazarov. “Multiprocessor Computer Architecture with Additional
Computing Cores in the Memory”, journal “Computer & Communications Engineering”, ISSN 1314-2291,
vol. 9, 1/2015, pp 49-54.

3. S. Tashev, V.Lazarov, T. Tashev. “Development of Processing Elements inside the Memory to
Aid Multiprocessor Computer Architectures”. Proceedings of the Fifth International Conference
“Education, Science, Innovations” (ESI’13), European Politechnical University, ISSN 1314-5711,
Pernik, June 9-10, 2015.

4. S. Tashev, Ph. Philipov, T. Tashev. “Emulation and Analytical Model of PIM Supplemental
Computing Element via HDL”, journal “Information Technologies and Control”, 2015 ISSN: 1312-
2622.

5. Z. Zlatev, V. Lazarov, M. lvanova, Ph. Philipov, N. Tasheva, J. Zidarova, S. Tashev, T. Tashev
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Informatics'02" Sofia, Bulgaria Nov 2002 pp. 5 -9

Abstracts of Dissertations 1 (2015) 1-26



Multiprocessing Architectures with Computing Resources in the Main Memory 6

Content of the Dissertation

CHAPTER |
Overview of the Interaction between the Processor, Main Memory and the Types
of Computer Architectures

A computer is used for solving wide range of different problems. The process of solving a
problem with electrons is done through layers of transformations. First we need to describe the
problem. The description of the problem is through literature language, and this has a lot of
ambiguities and different meanings.

Problem

Algorithm

Language

Runtime System
Instruction Set Architecture
Microarchitecture

Logical Elements

Circuits

Electrons

The first step of transformation is describing the problem with algorithm. The algorithm goes
step by step, through the solutions without any ambiguities or unknowns. Different algorithms can be
used for describing the same problem and newly designed algorithms will be allowing us to execute
different steps at the same time. This would speed-up the execution on multiple cores hardware,
even-thou the algorithm might have more steps for execution.

Next step is to transfer the algorithm to a programming language. A programming language
is a formal constructed language designed to communicate instructions to a computer.

Runtime System exhibits the behavior of the constructs of a computer language.

The instruction set architecture (ISA) is part of the computer architecture related to
programming. It is bridging the gap between software and hardware. It describes all the data types,
instructions, available registers, memory and external inputs and outputs. This is the agreed upon
interface between hardware and software. The instruction set architecture is the last transformation
that is known from the developer.

From this transformation we go to the microarchitecture, and it is not visible to the software.
The microarchitecture is the way a specific set of instructions is implemented in the processor.
Sometimes it is referred as computer organization, and it runs programs by performing the following
steps: read instruction, decode the instruction, find associated data for the instruction, execute, and
write the result out. This is called instruction cycle and is repeated continuously until the power is
turned off.

The microarchitecture is designed from logical elements. The logical elements themselves
can vary depending on what the purpose of the system is. The logical elements could be designed
from different semiconductors, using different circuit materials. They could be cheaper and slower or
fast but more expensive.

Multiple layers of transformation will be required to resolve the problem described by the
literature language. Each layer offers us different ways of transformation that has to be carefully
evaluated. The choices we make for each layer will have direct impact on overall price, performance
and power consummation of the system.

At a microarchitectural level, different computers can have different cycles when processing
instructions based on different instruction sets. In general single core and multicore processors will
run programs by processing of consequently instructions with the following steps in Fig. 1.1 [1]:
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7 Svetoslav Tashev

FETCH INSTRUCTION | (IF) current instruction is fetched from the memory and is
stored in the instruction register — IR

DECODE (ID) instruction presented in the IR is interpreted by the
decoder

EVALUATE (IE) read the effective address of the instruction

FETCH OPERANDS (OF) operands are fetched in order to perform the instruction

EXECUTE (EXE) the function of the instruction is performed

STORE (MEM) result is stored back in the memory

Fig. 1.1 Instruction Cycle

The cycle is then repeated with the next instruction. Multicore architectures can process
independent instructions simultaneously. Different instructions will require different number of
cycles to complete, and this requires a way of measuring the systems performance. In computer
architecture, cycle per instruction is one aspect of a system’s performance:

¥ (1IC) (CCI)

CPI =
IC

CPI - (cycle per instruction) is average cycles per instruction
IIC - instructions for a given instruction type

CCI - the clock cycles required for instruction type

IC - total instruction count

If we assume that each step takes one cycle to execute, on average we should expect: Load
instruction to take five cycles; Store four cycles; Branch three cycles; Jump three cycles; etc. Going
through these steps, we can see that in reality it will take more than six cycles to complete an
instruction. For example: the step fetching in the instruction, is conditional stage and it depends on
the access to the memory where the instruction is stored. If the memory is busy at that time, the CPU
will have to IDLE until the memory is available. Fetching the operands will be conditional stage as
the operands might not be available in the cache. Consideration of the frequency of the processors
must be taken into account to evaluate the effective system performance. The overall time one
application will take to execute, we can calculate it based on:

E_IC*CPI
~  CR

TE - Time to Execute

IC - Instruction Count - all the instructions in program
CPI - Cycle per instruction

CR - Clock Rate - seconds per cycle

The total number of instructions in a program is rarely known. Having to take into
consideration the clock rate of the processors in a system, leads us to evaluate the overall effective
performance using different metrics:

CR

MIPS = 5721000000

MIPS - million instructions per second - is a general measure of computing performance, the
unit of computing speed equivalent to a million instructions per second.
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CHAPTER 1l
Computer Architecture Based with Computing Resources in the Main Memory

When building the test bench for single PIM core, we need to take into consideration the
current limitation of the technologies. The proposed computational modules are part of the memory
modules. Memory these days are allowing us to operate with maximum internal clock speed of
800MHZz, or a clock period of 1.25 ns. The newly introduced hybrid memory cube, developed by the
HMC Consortium will allow us to develop processing elements tightly connected with the memory
layers. The consortium was initially founded by Micron Technology and Samsung Electronics,
however later on it was joined by developer members from ARM, IBM, Micron, Xilinx and other
leading companies in the memory industry. Using three dimensional technologies, HMC blends the
best of logic and DRAM processes into a heterogeneous package. Over a silicon wafer we have
DRAM layers, connected by “Trough-Silicon VIA” technology (TSV) Fig. 2.1. TSV is vertical
electrical connection passing completely through a silicon wafer or die. The cube is then attached
directly to the CPU in what Micron calls a short reach configuration.

O DRAM Layers

Logic Base Die

Fig. 3D through Silicon via (TSV) Interconnection

The type of the processor and number of processing elements is limited to the number of
logical elements that can be built over the logic base die. At any given point of manufacturing
technology, there's a limit to the size of the circuits which can be made and hence a limit to how fast
they can work. In addition we have to take into account the emitted heat and cooling of the hybrid
memory. That is why our focus is to design small RISC (Reduced Instruction Set Computing) cores,
with simplified highly optimized set of instructions.

The developed system model is designed with conventional single or multiple processors —
Main Processor(s), with supplementary independent computing cores integrated in the operating
memory — mPIMs. The main goal of the newly proposed design is to accomplish improvements, and
allow us to make changes without them being visible to the ISA level. Existing applications will be
able to run on the newly developed architecture, with no need of software changes. Placing
processing cores in the memory will give us low latency, and quick communication between the
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9 Svetoslav Tashev

cores inside the memory. Developing small homogeneous cores is economically and the cores
themselves will have lower power consummation.

CPUO CPU1
Corels Corels
reg reg
L1 L1
L2 L2
L3 L3
mPimO0 mPim1 mPim2 mPimN
L1 L1 L1 L1

Fig. 2.1 Designed architecture with multiple homogeneous cores in the memory

The main processor (MP), as other conventional architectures, contains multiple levels of
cache. Although this will speed up the MP, the communication network (CN) is critical with respect
to the speed of the entire system. To reduce the frequent memory access a PIM nodes are used. Part
of the computations is done on memory level, reducing the impact of MP over CN (Fig. 2.1).
Designing heterogeneous multicore, multiprocessors architecture with same ISA is challenging and
multiple factors have to be taken into account. Bigger and faster cores may have higher instructions
per second performance, however they are less energy efficient. Smaller cores may have less
performance, but they are much more energy efficient and easier to design. When building the test
bench for single PIM core, we need to take into consideration the current limitation of the
technologies. The newly introduced hybrid memory cube, developed by the HMC Consortium will
allow us to develop processing elements tightly connected with the memory layers. The consortium
was initially founded by Micron Technology and Samsung Electronics, however later on it was
joined by developer members from ARM, IBM, Micron, Xilinx and other leading companies in the
memory industry. Over a silicon wafer we have DRAM layers, connected by “Trough-Silicon VIA”
technology. TSV is vertical electrical connection passing completely through a silicon wafer or die.
The cube is then attached directly to the CPU in what Micron calls a short reach configuration.

This thesis has proposed and researched different methods of using the additional resources:

. Parallel processing of all segments of a single application and sending the segments requiring
more processing power to the main conventional processor:

Dynamically identifying the non-parallelized portion of the code and sending this portion to
the main processor will be critical to the overall runtime of the application. Identifying the non-
parallelized parts of the code can be done by hardware-software solution in the Instruction Set
Architecture (ISA) level, and will be transparent to the compiler and the application developer.
While executing the different segments of single application, keeping track of the performance of the
different segments will be possible. Each segment is identified by a unique number. Table allocated
in the memory will be update with the number of cycles required for each specific segment,
including if other segments were stalled pending the execution of that particular segment Fig. 2.2.

Abstracts of Dissertations 1 (2015) 1-26
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mPimO
Segment >
#20000 @
Segment#| ST | WT CPU1
Segme:t]Piml 20000 20 300
50001 20001 10 |50
20002 10 20 Main CPU
mPimN
i(:,\lgment N 5 5

ST — Segment Time — Cycles to execute the segment
WT — Wait Time — Combined time for stalled pending segments

Fig. 2.2 Dynamic identification of non-parallelized portion of the code

. Parallel processing of the segments via mPIM and execution of critical sections from the
conventional CPU.

In cases where we have one of the conventional cores dedicated to execute the critical
sections of an application, the data transfer over the memory bus will be very limited. Transferring

the critical sections will be executed through the standard channels of data transfer, without the need
to wait for the shared resource Fig. 2.3.

EnterCS()
PriorityQ.insert (...)
LeaveCS()

Core 1

[ ] Pim1 Pim2 PimN

Critical Sections
Buffer

Fig. 2.3 Method for acceleration of critical sections

When the CPU decodes instructions of the primitive LockX at a level system instruction, this
is entering the critical section EnterCS(). The code of the critical section is sent to the buffer of the
conventional CPU core. The mPim core enters stall stage and waits for the completion of the critical
section Fig. 2.4. After the execution of code from the conventional core, the critical section is sent
back to the mPim to complete the rest of the segment.
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Piml D2 ameeas -
Fimz2 Dz‘ i . i .I}'l I EELEL L 1S ]
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Pimd D) === D2l i
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Fig. 2.4 Distribution of critical sections to the conventional core

Dynamic decision to send critical sections to the main processor runs at Instruction Set
Architecture (ISA) level, and as it remains transparent. Additional method of selectivity has been
developed in cases, where two separate mPim cores reach independent critical selections. If the
entire buffer from the conventional CPU have been loaded with tributary critical sections, and one of
the PIM cores enters a critical section, independent from the load, this could be implemented in
parallel inside the mPIM, instead of entering stall stage and waiting for its completion in the main
core. This will achieve parallelization of the independent critical sections, with the same technology
that is used with conventional multicore architectures. As a result, code execution and content of a
program remains unchanged. No special modifications will be required, since the operating system
support multi-core architectures and specialized distribution of various cores. Tradeoff of this
method will be the utilization of two cores for the execution of the same section in race for the result,
which will lead in additional power consummation.

. Use of PIM for pre-loading the cache and reducing cache misses:

Pre-loading the cache of the main processor with data is done by pre-executing the same
application in one of the PIM cores. The methods of this model can be two: pre-executing only a
segment of the application being processed by the main core to reach the data before the main CPU;
pre-executing complete reduced version of the main application. The reduced version can be
generated from the compiler or by the developer. This part of the code will be processed by one of
the PIM cores and will be treated as a separate speculative thread of the program. Thus, when the
main application reaches a stage to request data, this data would have been already loaded into the
cache. This will prevent the main core to stall waiting for this data to be transferred from the
memory.

. Use of PIM for branch prediction:

Applying a method very similar to the one for pre-loading data into the cache can be used for
PIM for branch prediction, by pre-executing speculative helper treads. Every time there is a branch, a
small selected segment of the code is pre-executed in one of the PIM cores. The selected segments
are sent to the available PIM cores and during the completion of these segments, we expect that we
will load the correct data for the branch in the cache Fig. 2.5.
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Core 1 Pim1 Pim2 Memory
t1 t1 [ Branch 1 —> t1 [Branch 2
t2 t2 | Cash Miss t2 | Cash Miss
3 t3 [DataRq1 | ——>t3 | DataRq2 Load Rq
‘ Load D1, D2€¢——
Branch 1
Data Rg 1 Ready D1
Branch 2
. Data Rq 2 Ready D2
tn

Fig. 2.5 Speedup by branch prediction

The main advantage of the speculative execution of the branches inside the memory is that it
can be done entirely by the hardware. It will not need any change on the operating system, compiler
or programing code. This is a particular benefit, if we want to introduce PIM in existing conventional
computers without making any changes to current developments, operating systems or working
software.

. Additional and independent ways to use the supplemental computing elements PIM:
Using PIM core to compress the data transferred over the memory bus;
Packaging the data sent over the memory bus.

Analytical model of using computing resources in memory

For preliminarily estimate of architecture with multiple PIM nodes with a total of "N"
elements, is developed and proposed analytical model describing the combination of parameters
presented in detail below. This analytical model will be used later when designing the model for
determination of the basic parameters. The proposed model suggests that for applications with
intense data flow, with different data, PIM architecture will be very beneficial. Results from the
proposed model are obtained by simulation, emulation and analyzed in Chapter IV to verify the
hypothesis made by the analytical description of the proposed architecture.

T =1—%Wem X 1_1)( T pim+ LSX(TMpim— Tpim) |:|g 26
N [ 1+ LS x(Temp —14 P x Tump) e

assuming that M = T pim+ LS x (TMpim—T pim) Flg 27
1+ LSx (TCmp -1+ Pwp XTMmp)
M .

T =1-%Wrm X{l_ﬁ} Fig. 2.8
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13 Svetoslav Tashev

Where:

T = time full cycle of PIM operation
%WPIM= percentage of task completed by PIM
T pim =cycle of PIM

TMpim= PIM memory access

LS = average time for reading and writing instructions
TCmp = time to access the PIM local cache MP

P = cache misses

N = total number of PIM nodes

The parameters, M and N are independent.

From the model we can have the conclusion, that when the total number of PIM nodes is more than
M, using the suggested architecture will be always with better performance, compared to system
without additional supplemental cores. The model also provides basic information on the distribution
of work according to the two main parameters of PIM:

. Required PIM Nodes.
. Segments of the treads that could be passed for execution to the PIM nodes.

Although it is difficult to determine these parameters for a specific purpose, considering them within
a certain range, an acceptable picture of the opportunities offered by architectures with different
numbers PIM nodes is established.

CHAPTER 111
Experimental Methodology for Simulation and Hardware Implementation

3.1 Simulation PIM core

The design of the single PIM Core is structured with SystemC and simulated over ModelSim.
SystemC is a set of C++ classes and macros which provide an event-driven simulation interface. It is
hardware description language, design to emulate the hardware in a way regular C cannot and it can
advance time sequentially in a simulation. The design is created by modules, included in the
SystemC library, and will contain the desired input and output ports declared in the module itself.
Inside of each module we have a constructor, named with the same name as the module. Once we
have the modules with their constructors defined, we define the treads in the SystemC constructor.
This is the part of the code that acts as hardware process. We can have multiple treads in each
module, and each of the treads will run concurrently in parallel. This is the part, which regular
programming language C cannot perform, since it is running in sequence. The treads can be sensitive
to signals, clock edges or fixed amounts of simulation time. Later the design is simulated over
ModelSim. ModelSim is a multi-language HDL simulation environment. It is used for simulation of
hardware description languages such as VHDL, Verilog, SystemVerilog and SystemC.

For simple simulation example with ModelSim an “AND GATE” element will be used:

In1 ||

0 0
Inl — Out 0 1
In2 — ! 1 O
1 1

2

>

HOOOQ
—+

Fig. 3.1 AND GATE inputs and outputs
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The logical “AND” gate element described and declared through SystemC, will be simulated

by ModelSim with the following example Fig. 3.2:
#include "systemc.h"

SC_MODULE(and2) I/l declare and2 sc_module
{
sc_in<bool> In1, In2; /I input signal ports
sc_out<bool> Out; /I output signal ports
void do_and2() // a C++ function

Out.write(In1.read() * In2.read());
}
SC_CTOR(and2) Il constructor for and2

SC_METHOD(do_and2); // register do_and2 with kernel
sensitive << In1 << In2; // sensitivity list

}
h

Iﬂ wave - default

File Edit WYiew aAdd Format Tools  Window
|DEE& » @00 s %)
Jf@mf ST S

Fig. 3.2 AND GATE element described by SystemC and simulated over ModelSim

The designed RISC core can be used for the newly proposed architecture and can be easily
integrated in the memory. The number of elements and the heat emission are small enough for

multiple units to be integrated on the logic base die.

Our PIM Core clock is setup to work at 1.25ns cycles. This is 800MHz as the core of the
Hybrid Memory Cube DRAM. Having a fully operational RISC core, opens up the possibilities to
customize the specification of the processor to suit any specific application, while maintaining a
simple and minimal architecture. The described architecture is synthesizable in a FPGA platform.

B CWD - cmd - pim

C-sUizaulStudioPrj~PIM~Debug>pim

Copyright (c2 1996-2814 hy all Contributors.
ALL RIGHTS RESERUED
LRSS
: Byetoslav Tashev »~/
: BAS BG e
*#Purpose : This iz a PIN Corerr
#Designed: using SystemC s
LRSS
L #SystemG (TH> s
*/Cc> 2814 by Synopsys s
AL
s s
.+ PIM Core Clock Cycle 1.25ns//
s rFa

il it i d i adda

% ALERT #*+ ID: initialize Architectural Registers

Fig. 3.3 PIM Core SystemC Model Debugging

SystemC 2.3 _1-Accellera —— Dec 14 2814 14:-45:-31

[ ][ 5wl
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All registers, buses, and I/0O ports are accessible for modification by reprogramming the
SystemC codes. At this stage we have behavioral simulation on the processor architecture.
Behavioral simulation allows high level abstraction of the core, using a pre-synthesis HDL
description of the design. At this stage, the functionality of the modules can be verified without the
timing information. Errors identified during the behavioral simulations are easily rectified at the
early design cycle. The next step of the project will be implementing the processors core on the
FPGA chip, where all the signals can be evaluated through the supplied performance evaluation
packages.

3.2 Stages of Design and Hardware Implementation of the Proposed PIM
Core

The development of PIM core is performed via Xilinx ISE WebPACK. ISE is an Integrated
Synthesis Environment for synthesis and analysis of HDL designs, simulation and implementation.

This is iterative process of correcting and testing a model, until its final integration and
completion. Xilinx system allows multiple changes during the entire cycle of development, without
the need of physical recycling of the elements after alternations.

Input ~ Model Verification
Model v
Functional
Y Simulation
Synthesis $
v v
Model Implementation Static
> Timeline
Optimization Analysis
FPGA
e Planning Timeline
e Placement > Feedback »  Simulation
e Routing
CPLD
e Fitting
Bit Flow
v
Code Load »  Verification

Fig. 3.4 Stages of ISE Design
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3.3 Emulation and hardware implementation of the proposed model PIM

For emulation of the proposed PIM model we use the software package Xilinx - ISE
WEBPack (ISE - Integrated Synthesis Environment — or Integrated Synthesis Environment). This
package provides full set of tools for programming the FPGA and CPLD, by offering HDL -
Hardware Description Language, for synthesis and simulation. The package includes tools for
programming and project implementation, analysis of environment variables, changing the settings
based of the target device. ISE WEBPack supports the entire family of devices Xilinx, ranging from
FPGA series from Virtex to Virtex5, FPGA series from Spartan Il to Spartan Il and CPLD series
CoolRunner. To implement the core set of PIM architecture we are using the FPGA series. The main
user interface of ISE is the project navigator, which includes design hierarchy (Sources), a source
code editor (Workplace), an output console (Transcript), and a processes tree (Processes) Fig. 3.5:

= xilinx - ISE - D:Hardware designWProjectsWPIMV &bl PIAA & bit PlMcoreisro\Risk coreiRisk coreise - [Desizn Summary]
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Fig. 3.5 User Interface of Xilinx ISE WEBPack

In its essence, ISE WEBPack is an integrated design environment built on a modular basis,
whose dependencies are interpreted by ISE and displayed as a tree structure. For a single-chip design
that can be a base module with other modules connected to it.

Design entry module - enables the development of projects build based on HDL of schemes
as well as schematics of high level, using classical methods of development. Testing at system level
can be done with the simulator ModelSim or similar HDL programs.

Fitter — will allows us the implementation of already developed designs to chip structure.

Programming — a module for programming of the chip.

The additional package to BackPack software package of ISE WebPack implements
additional modules that could be used if necessary. These can be packages that provide conditions
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for easy verification of functionality in the development of new design and give an overview of the
physical resources available to the designer. Sample additional packages are ChipViewer, FPGA
Editor, FloorPlaner, CoreGenerator, ModelSim XE Starter Edition, etc.
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Fig. 3.6 Code and stimulation through ISE WEBPack

When designing the PIM module we have to develop several of the key components by HDL
language. These are:

DPM Control — Memory Control Module;

I/0 Control — Input Output Control Module;

Arithmetic CU — Arithmetic Control Unit;

AU — Main Structure of the Arithmetic Unit of PIM Module;

The main purpose of emulation is the verification of the simulated model of PIM core, which
will be used for simulation of the overall system performance in the next stage of the project.

3.4 Implementation of the Different PIM Modules with HDL

Various core components are built by Hardware Description Language (HDL), as mentioned
above. One of these components is DPM Control: the component takes care of the memory
management (read / write). From this module we control the internal data flow from and to the
arithmetical unit. Only data from the internal memory can be accessed from the DPM Control Unit.
The external data flow is loaded in a DP Memory Module, designed out of three sections with dual
ports. The ports are used to load addresses for the read and write of the operating memory cells. The
fetching and decoding of the instructions is done from the AU. DPM Control module coordinates the
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data flow towards the different sections of the internal memory, allowing us access and control of
two sections simultaneously Fig. 3.7:

DatalN PR DP Memory
R DPM
Control > ADDR A SEC 1g|.
DataOUT I/0 :
ADDR B e
< T
: > ADDRA SEC Zg} ..}
i : —— ADDR B i
Z v ¥
] » ADDR A SEC 3lap+i
Arithmetic CU :>AU P R
—N ADDR B
S V

Fig. 3.7 PIM Module

Access to and from the PIM module is done via I/0 module, designed with two 32bit
channels with three buffers per channel.

Al A2 A3
4L 4L 4L
Buf0 Bufl Buf2

| @ @ @ i inBus0 AU:>

32 bit < inBusl1

Fig. 3.8 AU Access

For better clarity the PIM architecture is presented by simplified input-outputs of the main
components. 1/O Data Out is also realized by buffers with 3 states. The arithmetical unit completes
the operations of extraction and decoding of the instruction from the PIM memory. The arithmetical
unit also handles the task for extraction of operands and its submission to the DataOUT via the 1/0
Control. The DPM Control unit coordinates input and output data flow to the memory module. DPM
Control logic is built so that we are able to manage simultaneously two of the three sections in the
PIM module.
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CHAPTER IV
Simulation of complete systems using computing resources in memory

4.1 Selecting the Simulation Workload

Designing heterogeneous multicore, multiprocessors architecture with same ISA is
challenging and multiple factors have to be taken into account. Bigger and faster cores have higher
performance, more instructions per second. They are less energy efficient. Small cores have less
performance, but are much more energy efficient and easy for design. While comparing the different
benchmarks, the overall workloads have similarities, when the machines are not used for specific
tasks. The leaders of the industry are models TPC-A, TPC-C, Netperf, Laddis, Kenbus, and Sdet. If
we compare the different setups and results of these benchmarks, we can see that the common
workloads have similarities, when the machines are used with common tasks. For example,
percentages of branch instructions in commercial multi-user applications are:

TPC-A 16.9%
TPC-C 18.9%
Netperf 18.6%
Laddis 18.9%
Kenbus 16.3%
Sdet 17.8%

To test our architecture, we have selected TPC (Transaction Processing Performance
Council) benchmark for multiple reasons. TPC is the leader of the industry standards, and is mostly
used for evaluating the performance of physical servers before releasing them in operations. Data
from real-tested multiprocessor machines that we use to compare against the results of the simulation
model is available. Using the information according to TPC, industry standards organization that
defines performance benchmarks, we describe the workload for specific or normal operations. TPC
Benchmark, On-Line Transaction Processing (OLTP) workload is as follows:

STORES 12%
LOADS 25.2%
INTEGER OPERATIONS 42.1%
FLOATING-POINT 1.8%
BRANCHES 18.9%

Our simulation models are based on two socket system with Intel Xeon E7-2870, four socket
system with Intel Xeon E7-4870 and eight socket system E7-8870 processors. Even thou these
processors have essentially identical cores, with the same individual performance characteristics,
TPC OLTP benchmark score does not double as you double the core count Fig. 4.1:

CPU Number of Cores | TPC Score Score per Core
E7-2870 20 1560.70 78.04
E7-4870 40 2862.61 71.57
E7-8870 80 4614.22 57.68

Fig. 4.1 TPC Scores as Core Count Increases
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The results are confirmed from tests over physical servers and our simulation model. The
speedup performance is calculated by:

Tsys2
S =
Tsys1

S - overall system speedup
Tsys1 - score before improvement
Tsys2 - score after the improvement

The actual measured speedup after doubling the cores between the systems E7-2870, E7-
4870 and E7-8870 is: 1.6 and 1.8. This is expected result, since multiple factors are attributing, and
the main one is the increased competition over the shared resources. In addition to that, not all the
segments of an application can be executed in parallel.

4.2 Test Setup of the Simulated Models

To simulate the proposed structural design, and get the performance speedup we compare its
results against existing benchmarks and physical server architectures. The simulation is based on
queue modelling and uses probability distribution of tasks from the selected TPC benchmark. The
conditions for the simulation of all the architectures are as described above, plus included idle time
of the cores, caused from cache misses and branch mispredictions. When comparing two identical
architectures there is no need to take into consideration the cache misses, because of the assumption
that the numbers will be identical. Adding processing units in the memory will give us direct access
to all the memory, and we will virtually have no cache misses during PIM operations. Evaluating the
work of the selected architecture two-socket system with Intel Xeon E7-2870 processors, using
Perfstat we have the following statistics:

500.002776842 seconds elapsed time in microseconds
1077328 cycles

3576240 instructions

755940 branches

52865 cache-references

9745 cache-misses

770 faults

Although the number of cache misses seems insignificant 0.181% (18.434% of all cache
references), the penalties of cache miss are more than excessive. In general, read requests are critical
for system performance since they are required for an application’s progress. The Performance
Analysis Guide for Intel Xeon Processors provides rough approximation of required cycles to access
the next level after a miss, and the cycles required after cache miss:

L1 CACHE hit ~4 cycles

L2 CACHE hit ~10 cycles

L3 CACHE hit ~75 cycles

Cache miss RAM ~100-300 cycles

The idle cycles per core, caused from cache misses, can be calculated taking into account the
required access cycles, times the cache misses to cycles.

CPU time = (CPU exec clock cycles + memory stall cycles) * clock cycle time
Memory stalls = read stalls + write stalls
Read stall cycles = reads per program * read miss rate * read miss penalty
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Overall cache miss penalty will be approximately 100 cycles of the main core stall. Despite
the years of study and the models that are applied for preloading pages into the cache, modern day
computers are unable to get hundred percent of cache hit rate. When applying computing cores into
the operational memory, we will not be facing this problem. The PIM core will have access to all the
pages loaded in the RAM.

Another factor that needs to be considered is the branch misprediction. There are number of
contributors to the branch misprediction penalty. The main one is the processors pipeline length. We
will need to re-fill the pipeline after misprediction, and it could potentially cause cache miss. Branch
misprediction will also cause changes to the average critical sections dependence path. Different
studies show that the penalties for branch misprediction can vary from 10 to 35 processor cycles,
depending on the pipeline length. Actual tests over Intel Pentium Pro processor are giving us on
average of twenty cycles penalty due to branch misprediction. Having simply more cores in
computer will not give us the expected speedup for the system. In fact the score per core even
demeans. This is very well explained with Amdahl's law described above, and our simulation model
takes into consideration the speedup factor per core as well.

4.3 Results

The time sequential program takes to execute on multiple processor system, depends on the
slowest portion of this program. Additional drawback is the clock speed of the processors inside the
memory. Compared to conventional CPUs it is significantly slower. The main reason for the slower
RAM speed is its size and price. Faster memory is more expensive and that requires the system
chassis speed to be slower than the processor clock. Often 1/3 or 1/6 divider is used to synchronize
the system chassis speed with the processors. Our simulated model is using 1/3 divider for the RAM
speed vs the main processor speed. This is 66% slowdown. The slower speed however, has a huge
benefit for the overall power consummation. The power consummation of a system is tightly related
to its speed and a main factor is the dynamic power consummation that originates from logic-gate
activities. Our simulation model is not focused on the power consummation of the proposed
architectures, however this factor needs to be evaluated during future developments of the systems.

Evaluating the speedup performance of the above proposed PIM architecture, we compared it
to conventional multiprocessor system with twenty and forty cores.

V31C2: dual socket conventional system with Intel Xeon E7-2870. Total number of twenty CPU
cores, prepared for base model evaluation.

V31C2P2: dual socket conventional system with Intel Xeon E7-2870 and twenty additional
supplemental PIM cores in the main memory.

V31C2P4: dual socket conventional system with Intel Xeon E7-2870 and forty additional
supplemental PIM cores in the main memory.

V31C4: quad socket conventional system with Intel Xeon E7-4870. Total number of forty CPU
cores, prepared for base model evaluation.

V31C4P2: quad socket conventional system with Intel Xeon E7-4870 and twenty additional
supplemental PIM cores in the main memory.

V31C4P4: quad socket conventional system with Intel Xeon E7-4870 and forty additional
supplemental PIM cores in the main memory.
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v3lc2 v31lp2c2 v31lp4 v3lc4c2 v3lp2c4 v31lp4c4
Branch 10 353 353 353 346 346 346
Branch 20 342 342 342 308 308 308
Branch 30 NA NA NA 316 316 316
Branch 40 NA NA NA 289 289 289
Integer 10 791 791 791 757 757 757
Integer 20 823 823 823 770 770 770
Integer 30 NA NA NA 809 809 809
Integer 40 NA NA NA 737 737 737
FP 10 29 29 29 30 30 30
FP 20 34 34 34 36 36 36
FP 30 NA NA NA 36 36 36
FP 40 NA NA NA 38 38 38
LS 10 724 724 724 651 651 651
LS 20 754 754 754 704 704 704
LS 30 NA NA NA 659 659 659
LS 40 NA NA NA 648 648 648
Pim p20 p40 p20 p40
Branch 50 NA 150 143 NA 149 142
Branch 60 NA 160 149 NA 157 132
Branch 70 NA NA 125 NA NA 134
Branch 80 NA NA 150 NA NA 143
Integer 50 NA 321 308 NA 319 303
Integer 60 NA 305 307 NA 302 301
Integer 70 NA NA 370 NA NA 357
Integer 80 NA NA 286 NA NA 265
FP 50 NA 10 11 NA 10 11
FP 60 NA 10 10 NA 10 11
FP 70 NA NA 24 NA NA 23
FP 80 NA NA 17 NA NA 17
LS 50 NA 297 287 NA 295 277
LS 60 NA 268 260 NA 261 262
LS 70 NA NA 248 NA NA 237
LS 80 NA NA 304 NA NA 285
E7-2870 E7-2&20 E7-2&40 E7-4870 E7-4&20 E7-4&40
LS 1478 2043 2577 2662 3218 3723
Integer 1614 2240 2885 3073 3694 4299
FP 63 83 125 140 160 202
Branches 695 1005 1262 1259 1565 1810
Total Instructions 3850 5371 6849 7134 8637 10034
1.3950649 | 1.7789610 | 1.8529870 | 2.2433766 | 2.6062337

SpeedUp:
E7-2870 E7-2&20 E7-2&40 E7-4870 E7-4&20 E7-4&40
LS 1.00 1.38 1.74 1.80 2.18 2.52
Integer 1.00 1.39 1.79 1.90 2.29 2.66
FP 1.00 1.32 1.98 2.22 2.54 3.21
Branches 1.00 1.45 1.82 1.81 2.25 2.60
Overall Speedup 1.00 1.40 1.78 1.85 2.24 2.61

Branch 10 — Total branch instructions of cores 1 to 9
Integer 20 — Total requests for integer instructions for cores 10 to 19
FP 30 — Floating Point — Floating point instructions of cores 20 to 29

LS 40 — Load Store — Total requests for load and store of cores 30 to 39
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Simulation models v31c2 and v31c4 are designed to assess the simulations by secondary
verification. The simulation results are compared to the results in a test of physical servers E7-2870
and E7-4870 at TPC workload.

The total combined results for all calculated instructions in time of the test series are:
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Fig. 4.2 Simulated Models Results

The overall combined results for all computed instructions for the run test time, are as
follows:

V31C2: 3850 instructions

V31C2P2: 5371 instructions

V31C2P4: 6849 instructions

V31C4: 7134 instructions

V31CA4P2: 8637 instructions

V31C4P4: 10034 instructions

Conventional twenty core system with additional forty PIM cores, gives us almost identical
result as the conventional four socket forty cores system. The difference will be the power
consummation, since the newly proposed PIM architecture will be significantly more power
efficient. The speedup results are showing us that systems with less conventional processor cores
will benefit the most with additional computing power attached to the memory Fig. 4.3:
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Fig. 4.3 Combined Speedup Result
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V31C2: conventional base CPU system
V31C2P2: 1.40 speedup with 20 PIM cores
V31C2P4; 1.78 speedup with 40 PIM cores
V31C4: 1.85 speedup of standard CPU
V31C4P2: 2.24 speedup with 20 PIM cores
V31C4P4; 2.61 speedup with 40 PIM cores

Comparing the speedup between the conventional systems, we have a score of 1.852. TCP
OLTP benchmark over physical servers with the same configuration is 1.834 making the results
almost identical, proving our test to be accurate [10].

The results achieved by simulation and emulation of systems with processing elements in
computational memory, demonstrate convincingly the effectiveness of the proposed architecture with
PIM as an opportunity to search for alternative architectural solutions to increase computer
performance by solving the problem with the common resources of the main memory bus. The new
system will significantly improve the overall power consummation by the entire system.

Guidelines for future research

1. Development of model with shared specialized core between the PIM nodes, for
computing explicitly floating point instructions.

2. Research on energy consumption and heat loss of the newly developed systems.

3. Development of a model to use PIM core to improve the throughput of the memory
bus — through data compression and processing the data as separate packages.

Original Reference
Scientific and Applied Contributions

As a result of the studies presented in this thesis, we have achieved the following scientific
and applied contributions:

1. We have proposed multiprocessor and multicore computer architectures with additional
processing elements included in the main memory.

2. Four different solutions are proposed for allocation of the computing resources by
distribution of tasks between the main conventional cores and the processing elements in main
memory.

3. Analytical model of the proposed architecture is developed for preliminary evaluation.

4. The proposed architectures are tested by simulation procedures and a number of numerical
indicators were evaluated, to demonstrate the effectiveness of using PIM for increasing computer
performance. Simulation models of actual systems are developed, to demonstrate the adequacy of
test-bench through comparative performance.

5. Key PIM elements are emulated, using the latest FPGA technology, which confirms the
possibility of practical realization of the proposed architectures.
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O01ma xapaKTepuCcTHKA HA TMCEPTANMOHHUSAT TPY/]

AKTyaJIHOCT Ha TeMaTa "u 0630[) Ha OCHOBHHUTE peE€3yJiITaTu B o0JiacTTa

Pa3zpaboTkure BBPXYy KOMOIOTBPHHTE ApXHTEKTYpPH B THEITHO BpEME Ca ChCPEIOTOYCHU
OCHOBHO BBPXY NMPOU3BOJUTEIHOCTTa M KOHCyMHpaHaTa eleKkTpoeHeprus. [loBeueTo m3cienBaHUs
ca CBCPEAOTOYCHH BBPXY NPWIATAHETO Ha Tapalieiu3bM, CBBp3aH ¢ 00pabOTKa Ha HIKOJIKO
MHCTPYKUMHU B €IMH IHKBI. KaTo Isa0 MoXke Ja ce Kaxe, 4e MPU YHHUBEPCATHHTE KOMITIOTHPHH
CHCTEMH pa3paboTKHUTE ca B 00JacTUTE HA: YCHBBPIICHCTBAHE HA MHTep(eiica MeXIy Mporecopa u
nameTTa, BBTPEIIHUAT AW3aifH Ha MpOLlecOpuTe 4pe3 yBeludaBaHe Oposi Ha sapaTa, Hepapxus Ha
MamMeTTa, KakTO ¥ MHOT'OIIPOLIECOPHH CUCTEMHU. Bbrpeku Bcuku pa3paboTKu, MPOYyUBAHUS U TOJIIMO
pa3sHooOpa3ue, HaWH-KpUTHUYHOTO MSICTO, 3acsramo Obp30JeHCTBHETO Ha KOMIIIOTPUTE, OCTaBa
KOMYHHKAIIMOHHATa IIMHA MEXJy OCHOBHATa maMmeT U mpouecopa. IlocTaBsiHeTo Ha U3UUCINUTETHH
pecypcu B nameTTa HM I03BOJIsIBAa Ja 00OpaboTBamMe AaHHM IUPEKTHO BBPXY IAMETTa, KOETO
obsiekyaBa MH(MOPMALMOHHUSA TpadUK MEXIYy OCHOBHHMTE MPOLIECOPH M ONepaTHBHATa IaMeT.
JIOOBIHUTEIIHUTE W3YMCIUTEIHH pPECYypCHM MMAaT TOJAMO MPEAUMCTBO U TpU  MPUIOKEHUS,
W3UCKBAIlM €JHOBPEMEHHAa 00pabOTKa BBPXY MHOXKECTBO OT JaHHM. ToBa ca IPUIIOKEHUS
pabotenu BbpXy 6a3a OT JaHHH, 00paOOTKa Ha pa3lIUYHU CEIMEHTH OT €HO NMPHUJIOKEHHE, KAKTO U
M3IbJIHEHUETO Ha MOMOIIHY MTOTOLHM 32 MOANOMAaraHe Ha OCHOBHOTO MPUJIOKEHUE.

He.]'l " 3a/1a9Y1 HA THCEPpTAlIUATA

Lenra Ha pguceprauusTa € Ja C€ NOPEAJIONKUA MOAEN Ha KOMIIIOTbPHAa apXUTEKTypa,
HM3MOJI3BaMIa JOITBJIHUTEIHN W3YHUCIUTCIHA €JEMEHTH B OCHOBHAra mnameT. M3duciauTeHuTe
pecypcu B TaMmerTa TnpeyiaraT CICKThpP OT BB3MOXHH TOJOOPCHHMS TPU W3MBIHCHUEC Ha
m3uncauTeaHus mpomec. [lomoOpeHmsiTa Morar ga OBJAT OCHIIECTBEHH KAKTO CHBMECTHO OT
copryepa u xapayepa, Taka W H3IUIO OT xapayepa. [logoOpeHusTa, MO3BOJIABANIU H3ISIIO
XapAyEepHO M3MBJIHCHUE L€ OCTAHAT CKPUTHU 3a MPOTPaMuUCTa M KoMOuiaaTopa. Toa Iie MO3BOJIU
BHENIPSBAHETO W TOMIBPKAHETO HA CBHINECTBYBAIIM NPUIOKEHHUS W OIEPAIMOHHU CUCTEMHU 0e3
JIOITBJTHUTEITHA N3MCHCHUS.

CkopocTTa Ha TMPOIECOPUTE W pa3MephT Ha MaMeTTa C€ yBEIMYaBa MHOTO MO-OBP30 OT
BB3MOKHOCTHUTE Ha IIMHATA 3a MPEeHOC Ha AaHHU. [IpoBeieHn TecTOBe MOKa3BaT, Y€ Ha BCEKU YETHUPH
TaKTa W3YUCIHUTEIHOTO YCTPOMCTBO TyOM TpHM TakTa B H3YakBaHe Ha JaHHM OT mnamerTta. C
YBEJIMYAaBAaHETO HA CKOPOCTTA HAa U3YUCIMUTEIHUTE YCTPOMCTBA U pa3Mepa Ha MaMeTTa C BCAKO HOBO
MOKOJICHUE CEPUO3HOCTTA Ha MpobiieMa ce 3aIbI00uaBa.

TpsiOBa ga orOenexxumM, 4e JOpU B HAU-ITOOpHUS ciydyail BpeMeTO 3a JIOCTHII IO Kelll TaMeTTa
HE € €IMH IPOIECOPeH MUKBI. [Ipu chBpeMEeHHUTE TPOIECOPH IHPBOTO HUBO KEIl TaMeT paboTH ¢
JATCHTHOCT YETHPW IUKBJIA. B Hal-moOpus ciyyaif, 3a JI0CTBI JO JaHHA OT MaMeTTa
M3YHACITUTETHOTO YCTPOWCTBO Ime TpsOBa 1a W34aka YEeTHPH MAIIWHHHU IWKbIa. B Hai-momms
CJIy4al, IpH JIUTICA HAa ThPCEHUTE JAHHU B KEII MTAMETTa MOXE J1a CE CTUTHE JI0 METCTOTUH U NIOBEYE
MAIIMHHYU TUKBJIA 32 U3BJIMYAHE HA TBPCCHUTE JAHHU OT BTOPUYHATA MTAMET.

OcCHOBHHUTE UCH 32 U3IOJI3BAaHE HA M3UUCIUTEIHUTE PECypCcCH B MaMeTTa ca 3a 00paboTka Ha
He3aBUCUMHU TpuiokeHus. ChIIO0 Taka € BBb3MOXKHA 00paboTKaTa 4pe3 pecypcuTe B MameTTa Ha
pa3IMYHU CETMEHTH OT €QHO MPHUIOKEHHE U M3IMPAIIaHeTO Ha KPUTUYHHUTE CEKUMU KbM OCHOBHHUS
KOHBEHIIMOHAJIEH mpoiiecop. Jpyra Bb3MOKHOCT € 00paboTKaTa Ha Pa3IMYHH CETMEHTH OT €THO
MIPWIOKEHUE YPE3 PECYPCUTE B MAMETTa M M3MPAILIAHETO HA CEKLUUUTE, U3UCKBAIIM MTOBEYE PECYpPCU
3a 00pab0oTKa, KbM OCHOBHHS KOHBEHIIMOHAIIEH Mporecop. JombIHUTETHUTE  W3YUCIUTEITHU
pecypcH B maMeTTa pasrphbIiaT Bb3MOKHOCTH 32 pa3paboTKH B pa3nudHu chepu:

- KOMITpecupaHe Ha MOTOKa OT JaHHHU MO 00IaTa IMI1Ha;

- TpaHcopmMalys Ha KOMYHUKAIMATA 10 ITMHATA OT HUBO CUTHAIIM B HUBO MAKETH;

- W3MBJIHEHHE Ha MTOMOIIHY MOTOLH 3a NPEIBUKIAHE HA Pa3KIOHECHHUS;

- M3I'BJIHEHME HA MOMOIIHY NOTOLH 32 MPE3apekIaHe Ha JaHHU OT CUCTEMHATa MaMeT.
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B nucepranoHHHMs TpyA ca pasriielaHd MHOAPOOHO HSKOM OT CIOMEHATUTE IO0-TOpe
1o100peHUs, KaTo ca CHMYJIMPAHUd M eMyJIHPaHH TEXHUTE M3MbIHCHHS. Pe3ynrature OoT TecToBeTe
ca CPaBHEHHU ChC CHLICCTBYBAI[M KOHBCHI[HOHAIHH CHCTEMH 3a ONpeelsiHe Ha YCKOPEHHUETO Cle
KOHKPETHO TI0100peHue.

OcHOBHUTE 3aJa4u Ha JucepranusdaTa ca:

e [IpoyuBaHe Ha TeKyLIUTE Pa3pabOTKH U CHIIECTBYBALIM MPEUIOKEHUS 10 apXUTEKTYPU C
W3YMCIUTEIHU €JIEMEHTHU B IaMETTa;

e [IpemtoxkeHne 3a apXUTEKTypa C W3YHCIUTEIHA EJIEMEHTH B IaMeTTa W Ch3JaBaHe Ha
aHAJMTUYEH MOJIEJI, ONMCBAIl OCHOBHUTE XapaKTEPUCTHKH;

e PasnpezneneHue Ha pa3IMyHU M3UUCIUTENHH (PYHKIMHM U ONEpaluyd MeXAy MPOLECOPHUTE
€JIEMEHTH U OCHOBHHUS IPOLIECOpP C IPOMsSHA Ha OCHOBHATa JuarpaMa 3a H3IbJIHEHHE Ha
UHCTPYKLUUTE B CbOTBETCTBUE C MPEATIOKEHATa CTPYKTYpPa U pa3zeisiHe Ha U3UMCICHUATA;

e [IpoexTupaHe Ha OCHOBHUTE BB3JIM U €JIEMEHTH OT MPEUIOKEHUTE CTPYKTYpPH C U3IOJI3BAHE
Ha CHBPEMEHHH TEXHOJIOTHH 32 XapyepHO MPOSKTHPAHE.

e [IpoBexaaHe Ha CHMYJIAIMOHHU HM3CJIEIBAaHUS HA KOHBEHIIMOHAIHN KOMIIIOTPH U HA MOJICIN
Ha KOMIIIOTPM C M3UUCIUTENIHM pecypcu B IlaMeTTa 3a CpaBHEHME Ha ooOmara
MPOU3BOJUTEIHOCT Ha pa3IMYHUTE apXUTEKTypU U HaMalsiBaHe Ha MH(OPMAIIMOHHUS MTOTOK
MEXY LIEHTPAIHHS MPOLIECOop U aMeTTa;

Pasrnepanm ca mpakTHueckaTa IMPUIOKHMMOCT U IIOJIE3HOCT HAa MaTepualuTe OT
IUCepTalOHHMUA TpyZd. TeMaTa e akTyalHa M JUCEPTALMOHHUAT TPYyJ MMa BUCOKAa HayyHa U
NPUI0KHA CTOMHOCT. [l06aBsIHETO HAa HOBU €JIEMEHTH KbM MHUKPOAPXUTEKTypaTa, 0e3 ChIIECTBEHH
NPOMEHU B apXUTEKTypaTa Ha CHUCTEMHUTE HMHCTPYKLMH, II€ IMO3BOJM Ja IOJ3BaMe TEKYIIHUTE
pa3paboTKH B Ta3W 00JIACT, KATO HOBUTE MPEIJIOKECHUS OCTaHAT MPO3payHu 3a copryepa OT TienHa
TOYKa Ha MPOTPAMHUCTA.

MeTomoJs10rusi HA U3CJIEABAHETO

B nuceprammonHuss Tpyn e paszpaboTeHa W M3Cle[BaHa KOMIIIOTbPHA AapXUTEKTypa ¢
JOMBJIHATEIHA HW3YMCIUTETHH Moaynu B mamerta — mPIM (Multiple Processing in Memory
Modules). [TocnenoBarenno ca pazpaboTeHu:

- AHanuTHYeH MOJEIN Ha U3MOJI3BAHETO HA M3YUCIUTEIHN PECYPCH B IAMETTa;

- Cumynanus sHa mPIM sanpo, upe3 nomomnra Ha apxutektypeH cumynarop SUNSiman;

- Emymanps u xapayepHO M3ITBIHEHHE Ha npeanokenus moaen PIM sapo, kakTo u XxapayepHa
umIuieMenTams upe3 copryeprus naker WEBPack ISE na Xilinx.

W3cnenanero u cuMyiialiusl Ha METOAMTE 3a noj3BaHe HAa mPIM ca cbcpeaoTOUEeHU BBPXY
ApXUTEKTYPH, CbCTABEHU OT OCHOBEH KOHBEHIIMOHAJIEH IIPOLIECOP MU HAKOJIKO IPOLIECOPa U MHOT'O
XOMOTE€HHH MAaJIKH IpPOLIECOPHU sApa, pPAas3loJOXKEHW B IaMeTrra. ToBa ca CHJIHOCBBP3aHU
apXMTEKTypH, MOJ3BallM o0la IIMHA M HaMeT 3a KoMyHuKauus. Hamuumero Ha OCHOBEH
KOHBEHLIMOHAJIEH IIPOLIECOpP HM IO3BOJISBA Ja IOJN3BaME€ BCHYKM TEKYLIM pa3pabOTKH BBPXY
napanenausipaHe Ha nporpamute. @OKychT Ha MPEUIOKEHUATA € IOCTUTaHEeTO Ha 1ojo0peHus, 6e3
Jla ce HajaraT JOIBJIHUTEIHU NPOMEHHM Ha IPOrpaMUTE MM TSIXHOTO INPEKOMIWIMPAHE, KaTo TOBa
OCTaBa CKpPUTO 3a nporpaMmucrta. OCHOBHMAT IPOLECOP ILIE HU MO3BOJIM CHILO TaKa Ja Bb3IaraMe
pa3NIUYHUATE CEIMEHTH BBPXY SAPOTO, KOETO 1€ I'M U3I'BJIHU Hal-e(heKTUBHO.
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Anpo0Oainusi Ha pe3yJTaTUTe

OcHOBHHTE pe3ysITaTu OT AUCEPTAalUATa Ca U3JIOKCHHU B IICT HY6J'II/IKEII_II/II/I, JABC OT KOUTO Ca
OTIic4aTaHu B C60pHI/II_II/I Ha MCXKAYHApPOJAHHU HAayYHU KOH(l)GpCH]_II/II/I, a TpU — B HAYYHU CIIMCAHMHH.
Benuku Hy6J'II/IKa]_II/II/I ca M3MAJI0 Ha aHTJIMICKHU e3UK.
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C’bll’bp)l(aﬂl/le Ha JUcepTanusiTa

I'/TIABA 1
O030p Ha B3auUMO/eliCTBHETO MKy MPOIecOPa U OCHOBHATA MaMeT W BHI0BeTe
KOMIOIOTHPHU APXUTEKTYPH

1.1. BzanmopneiicTBue MeskAy npouecopa i OCHOBHATA MaMeT

HukbapT 32 00paboTKa HA JTaHHU MUHABa Mpe3 1IecT eTana. BpemeTo 3a nu3nbiaHeHne Ha Haii-
Obp3aTa MHCTPYKIMS 00aue Ie OTHEME IO0BEYE OT LIECT MPOLECOPHU IIUKbIa. ETanmbT 3a U3BIMIaHEe
Ha JIaHHY WIM MHCTPYKLHUU OT IaMeTTa € yCIOBEH, B CMUCHI Y€ 3aBUCH OT TOBA JaJId IAMETTa 3a
JAHHUTE € JOCTBIIHA, KAKTO W IIWHATA 33 AOCTHI A0 NaMeTTa. B nombiaHeHHe KbM Ta3H YCIOBHOCT,
U3BJINYAHETO HA JaHHU HE OTHEMA elMH MaIuHeH Kbl [Ipn 1o6po miaHupane, B 3aBUCUMOCT OT
MECTOIONI0KEHUETO Ha JAHHUTE, TOBA MOXE J1a OTHEME CPEJHO YETUPH LIMKbIA. ToBa O3HA4aBa, 4ye
W3YHUCIUTETHOTO YCTPOUCTBO 11e ObJie B MPOLIEC Ha N3YaKBaHe Mpe3 Te3u LUKiH [1].

FETCH INSTRUCTION | u3BiauuaHe Ha MHCTPYKLHMATA — TEKYyIlaTa HHCTPYKIHS Ce
W3BJIMYA OT IAMETTA U CE€ 3allMCBa B PETUCTHPA 38 MHCTPYKLINU

DECODE ONIpEeE/IsiHE HA KOHKPETHATA UHCTPYKLHUS 33 U3II'bJIHCHUE

EVALUATE M3YHCIsIBaHEe aJpeca Ha JaHHUTE 32 00paboTKa

FETCH OPERANDS W3BIMYAHE HA JAHHUTE OT ITAMETTa U KOIUPAaHE B PETUCTHPA
3a TaHHU

EXECUTE U3IBIHABAHE HA HHCTPYKIUATA, AKTUBUPAHA BBPXY
W3BJICYCHUTE OT NAMETTa JaHHU

STORE MOJIyYEHHUST PE3yNTaT ce 3aIicBa OOpaTHO B PETUCTHPA 32
JNaHHU WIN TAMETTa

®@ur. 1.1 [{uksa 3a 00paboTKa HA TAHHU

AKo pasrienaMe B JETAWIN M3MBJIHCHHETO Ha paznuyaure eramu (Dur. 1.1) Buxmame, de
OLLE B ITbPBHS €TAIl HA U3BJIMYAHE HA MHCTPYKIMHA UMaMe JOCTBI A0 MaMeTTa. ToBa € yCIOBEH eTall
U 3aBUCH OT CBhCTOAHMETO Ha mamerTa. CreaBalure ABa erama, JeKOAWpaHe Ha WHCTPYKLUMHUTE U
W3YHCIICHUE Ha aJpecuTe Ha ONEpaHAHTe, ca 0E3yCIOBHU M OTHEMAaT CaMO €IWH MAIlMHEH IUKBII.
W3Bnuyanero Ha omepaHAUTE OTHOBO HM3MUCKBA AOCTHI A0 MaMeTTa, KaKTO M 3alMCBAaHETO Ha
nonyueHus: pesyirar. OTTyK BWKAaMme, 4e WM3MbJIHEHHETO Ha Hal-Obp3aTa MHCTPYKLUHS OTHEMa
CpeAHO NETHaJeceT MAIIMHHU LUKbJA, aKo MpHeMeM, ye olllaTta HIMHAa 3a MPEHOC Ha JIaHHU €
BUHArM cBOOO/IHA M aKO MAaMETTa € BUHArU JJOoCThIHA. To3u npobieM, KakTo U MPoOJIeMbT C 10CThIa
0 o0mata MIMHA 3a MPEHOC Ha JIaHHW W MHCTpyKuH  (,,Von Neumann bottleneck®) namara
pa3nu4Hu pa3paboTKU 3a €PEKTUBHOTO M3IOJI3BAHE HA U3YMCIUTEIIHUTE PECYPCH.

1.2 ApXuTeKTYpH HA CUCTEMHHUTE HHCTPYKIIMUA M MUKPOAPXUTEKTYPH

Brorpekn ye MHUKpoapXUTEKTypaTa U apXUTEKTypaTa Ha CHCTEMHUTE MHCTPYKLHUH Ca TSACHO
CBBbP3aHH, KOMITIOTPH C Pa3IMyHa MUKPOAPXUTEKTYypa MOTAaT J1a CIIOACIAT U U3IIBJIHABAT HICHTHYHA
apXHTEKTypa HAa HUBO CHUCTEeMHH KoMaHau. OTIMYeH mpuMep 3a MOJAO0OHM MHKPOAPXUTEKTYPH ca
nponecopute Intel Pentium u AMD Athlon, kouto mon3Bat x86 apXuTeKTypa, HO UMAT KOPEHHO
pasnuyeH BBTpELIeH Au3aiiH (MUKpPOapXHUTEKTypa). B ocHoBaTa Ha apXWUTEKTypaTa ca CaMuTe
MHCTPYKLUHU U UHTepdeiica xapayepcodTyep, KOWTO I'M U3MBJIHABA. B 3aBHCHMOCT OT TOBa KbJE €
MOCTaBeH MHTEPPEHCHT ce Ompeesisi HATOBAPBAHETO HAa KOMIIMIIATOPA WIIK Xapayepa.

OyHIAMEHTATHUTE PA3IUKH MEXIY Ppa3MYHUTE BHJIOBE CHCTEMHHU apXUTEKTypu cCe
OTIpeeIIAT OT HAYMHA, 10 KOWTO ¢ neduHupan naTepdeichT MexIy xapayepa u copryepa. Moxe
na knacudumpame pazmnaante apxutektypu B Hakonko tuna: [{UCK (CISC — Complex Instruction
Set Computing) apxutexkTypara € ¢ rojasm Habop cneumanusupanu uHcTpykuuu. PUCK (RISC —
Reduced Instruction Set Computing) apxuTekTypaTa € ¢ HaMajeH Opod MHCTpyKUuuu. TeopeTuyHO
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apxutektypu oT thna MUCK (MISC — Minimal Instruction Set Computer) MuHuUManeH Opoit
uHCTpyKIuu U1 OUCK (OISC — One Instruction Set Computing) apXxuTekTypa ¢ elHa HHCTPYKIIUSA ca
pa3paboTeHH, HO HMKOTa HE ca M3IOJ3BaHU B MHAYCTpHalHH mpouecopH. [pyr Bapuant e VLIW
(VLIW - Very Long Instruction Word) MHOro abjira MHCTPYKUMOHHA IyMma: apXUTEKTypa, Npu
KOSITO TPOLECOPBHT NapajesiH0 TIOJy4aBa HAKOJIKO PAa3JIMYHM WHCTPYKLHMM 32 HW3IbIHCHHE,
TPYIUpPAHU B €HA bJTa HHCTPYKIIHS.

OpranuzanusiTa 3a U3MBbJIHEHUETO Ha CUCTEMHUTE WHCTPYKLUHU OT XapAyepa ce Ompeesns OT
KOMITIOTBPHATa  MHKPOApXWUTEKTypa. ApXUTEKTypaTa Ha  CHCTEMHHTE  HWHCTPYKUUH U
MHUKPOApXHUTEKTypaTa ca TSCHO CBbP3aHH. APXHUTEKTypaTra Ha CHCTEMHHTE MHCTPYKIIHH IIPEICTaBs
MIPOrpaMHUsl MOZEJI, KaTo aceMOJIepeH €3MK, JJOKATO MUKPOApXUTEKTypaTa IJIaBHO Ce 3aHMMaBa ChC
CTPYKTypaTa Ha HHCKO HMBO M MHOXECTBO JETAaWJH, CKPUTH 3a IporpamHusi mozaen. MneHtuuna
apXUTEKTypa Ha CHUCTEMHHUTE WHCTPYKUMHM MOXE Ja Oble M3NbJIHEHa OT pas3iudHU
MHUKPOAPXHUTEKTYpPH B 3aBHCUMOCT OT IIeHaTa Ha W3pabOTKa, CKOPOCTTA HA M3ITBIHECHHUE WU LEINTE
Ha 3a7ayaTa. MUKpoapXUTEeKTypaTa OMMCBa YacTUTE OT MpOolLecopa, KaTo Juarpamu, KOUTO ONUCBAT
U B3aMMOBPB3KHUTE HA PA3IUUHUTE MAIIMHHU el1eMeHTH. ToBa MOKe /1a BKJIIOUBA €IMHUYHH JIOTMYHU
€JIEMEHTH, PETUCTPH, KaToO C€ CTUra J0 KOMIUIEKCHH M3YUCIUTEIHM s/ipa, KOUTO ca NpeACTaBeHU
KaTo eJIMH CUMBOJI B Auarpamara. KpuTnuHuTe 4acTH Npu NPOEKTUPAHETO Ha MUKPOAPXUTEKTypaTa
ca BpPEMETO 3a M3MbJIHEHUE Ha Hall-ClI0KHATa MHCTPYKIMSA, BPEMETO 3a M3ITbJIHEHHE Ha Hai-4ecTo
CpEIlaHUTEe MHCTPYKIMH, KAaKTO M OaJaHChT Ha M3MOJ3BAHUSA XapAyep 3a H3IbJIHEHHE Ha
apxurekTyparta. llenta e na HAMame HEM3IOA3BaH Xapayep WIM MsCTO, KoeTo 3abaBsi paboTaTta Ha
OCTaHAJIMTE €IEMEHTH.

1.3 Knacudukauus 4 BUA0Be KOMIIOTHPHU aPXUTEKTYPH

KommiorppHata apxuTekTypa € KOMOMHAIMsi OT HEeroBaTa MHKPOApXUTEKTypa H
apXUTEeKTypaTa Ha CHCTEMHHTE HHCTpyKIMu. [lapanenHata wiM KOHKypeHTHaTta oOpaboTka Ha
nH(popManusaTa UMa MHOro (POPMHU B KOMITIOTBPHATa cUcTeMa. MokeM 1a popMysIupaMe IMOTOK KaTo
MOCJIEIOBATEIIHOCT Ha OOCKTH OT JaHHW WJIM ONMCaHME Ha 33Ja4H KaTo MHCTPYKIMH. Beekn moTok e
HE3aBUCHM OT JIPYTUS TMOTOK W BCEKM EIIEMEHT OT MOTOKA MOXKE Ja ChIbpXKa €IUH WIH MOBEYE
oOekTa. B 3aBHCMMOCT OT HaumHa, MO KOWTO TW oOpaborBame, Maiik ®nuHH KIacupuIIpa
KOMITIOTBPHUTE CHCTEMH B YETHPH OTACTHM kiaca. OT ABara MOTOKa KBbM IPOLECOpa, JaHHU U
WHCTPYKLUH, pa3iesiMe KaTeTOPHUHUTE KaTo:

- Exuanana vHCTPYKIMS omepupa BbPXY €IMH €JIEMEHT TaHHH;

- Exuanana MHCTPYKIHS omneprpa BbPXy MHOXKECTBO OT JTaHHU;

- PaznuuHy HHCTPYKIMU ONIepUpaT BbPXY €IUH EIEMEHT JaHHU;

- PaznuuHmn WHCTPYKIMU OnepupaT BbPXY MHOXKECTBO OT JIaHHH.

1.3.1 SISD multiprocessing

[NoTok maHHH

M3umcnntenHo ycTponcTeo

TToTok MHCTPYKUMK

®@ur. 1.2 EquanyHa MHCTPYKLHMS OTIEpUpPa BbPXY €IMH €IEMEHT JaHHH
SISD (Single Instruction Single Data) — eauHWYHA WHCTPYKLUSI ONEpHpa BBPXY €IUH
€JeMeHT naaHHU. ToBa € mocienoBaTenHa KOMIIIOTBPHA apXUTEKTypa, MpPU KOATO €IMHUYHO

HU34YUCIIUTCITHO YCTpOﬁCTBO o6pa60TBa €IHa UHCTPYKIUA BbB BCCKU €JUH MOMCHT, a PC3YyJITAaTHhT CC
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3alicBa B €JMHUYHA nameT. To3u Mozen TUpeKTHO Kopecnonaupa ¢ moaena Ha Jlxon ¢on Hoiimah.
Komnseiiepnata 06paboTka ChI0 MONaa B TO3M KJac apXUTEKTypH, BBIIPEKU Y€ UMaMe KOHKYPEHTHa
00paboTKa Ha pAa3NUYHUTE €Tanmu OT pPa3IUYHU MHCTPYKIMM B eauH MoMmeHT. KonBeliepHaTa
00paboTKka HE W3MBJIHSIBA E€IHOBPEMEHHA O0pabOTKa HAa Pa3IMYHM WHCTPYKLUUH, HO TMOM0OpsiBa
MIPOM3BOAUTETHOCTTA Ha MPOLECOPa, OT KOETO CE BB3IOJI3BAT [IOUYTH BCUUYKHU MPOLECOPU B AHEIIHO
BpeMme. TeXHUKH, KOUTO U3I0JI3BAT BH3MOXKHOCT 32 Mapajesin3bM MPH U3IBIHIBAHETO HA Pa3lIudHU
OTIepalliy €HOBPEMEHHO, CHINO TMOMAAAT B TO3U KJIAC apXUTEKTypu. Tazu Gopma Ha mapajean3bM
ce Hapuua ,napaneian3bpMm Ha HuBO uHCTpykuuu* ILP (Instruction-Level Parallelism). [Ipu Te3m
TEXHUKW PA3THYHA WHCTPYKIUU C€ W3MBIHABAT EJIHOBPEMEHHO B PA3IUYHU (PYHKIIHOHAITHU
YCTpOMCTBa Ha MpoLecopa, a HE B Pa3IMyYHU sApa WIM Opolecopd. TakuBa apXHTEKTypu ca
cynepckainapaute 1 VLIW (Very Long Instruction Word) apxurexrypu.

[Ipu VLIW apxurekrypata uMaMe MHOTO IBJIBI' PETHCTHDP 3a MHCTPYKUMH. KoMmmnuiaropst
cbOMpa MHOXECTBO HE3aBHCHMHU WHCTPYKLUH, KOWTO KOMIUIEKTYBa M 3apeX/Ja €IHOBPEMEHHO B
€/IMH PETUCTHp 3a U3IbJIHEHUE B €1MH MOMEHT. Llenrta e xapayepbT Aa ObAe Bb3MOXKHO Hal-JIECEH
3a u3pabotka. PabGoTara BbpXy aHAJU3UPAHETO M OPraHU3MPAHETO HA PA3IUYHUTE MHCTPYKLIHU B
€IMH PETUCTBP CE U3MECTBA BbpPXY KoMIMiIaTopa. KoMnuiatopbeT € OTTOBOPEH 3a OTKPUBAHETO Ha
napaneanu3bM MEXIy pa3IMuyHU MHCTPYKLMHU W TM paslpenesis KbM paziudHUTe (QyHKIMOHAIHH
yCTpOHCTBa B IIpOLECOpA.

na dz, dg, d9

npa ds, dé

nao d4

nadt, d2, d3

add d1, d2, d3|load d4+4 mov d5,d6 | mul d7, d8, d9

lMoToK MHCTPYKLUK

ny ny ny ny
add load mov mul

®@ur. 1.3 Apxurektypata VLIW
*MA — MNMoTok gaHHU

Paznuunnre (QyHKIMOHAIHU YCTPOHCTBA, KATO apUTMETHYHO-JIOTHYECKO YCTPOHCTBO U
MaTeMaTHYECKH KOMpOIIeCOp, MoraT na paloTar mapanenHo. MHCTpyKIMHTE OT perucTbpa ce
M3IBIHSABAT €IHOBPEMEHHO B 3aKIIOYEHA CTHIKA. HemocTtaTbk NpU TO3M THUI apXUTEKTypa e
CIIO’)KHOCTTA Ha Kommuiatopa. KomnunatopsT TpsOBa a OTKpHe HE3aBUCUMUTE WHCTPYKINHU, KOUTO
MOTraT Ja Cce W3MBJIHAT IapajielHo, M Ja TW 3apeid B perucrspa. B ciydait 4e He Hamepu
napanean3bM, OTACTHN (PYHKIIMOHAIHU €IEMEHTH 1€ OCTaHAT HEH3IIOI3BaHH.

B TO3M BUI KOMOIOTBPHHM apXUTEKTypu IIOMAJaT KOHBEHiepHaTa W CynepcKajapHara
apxuTeKTypa. Bbhopexkum ue KoHBeilepHaTa apXuUTEKTypa M CyNepcKajJapHUTE apXUTEKTYpH ca
pa3NM4YHU TEXHOJOIMH, CYyNEepCKajJapHUTE HpPOLIECOPH ChHLIO ca M ¢ KOHBeilepHa oOpaboTka Ha
UHCTpYKUUUTE [2]. AKO pa3IMYHUTE €Taly OT U3MBIHEHUETO Ha e/lHa MHCTPYKIHS T'M MapKupame C:
WU - wusBnumuane, JI — pexkoaupane, E — usnmbnnenuwe, 3 — 3amuc, To OOMKHOBEH NpUMEp 3a
cylnepcKajaapeH MpoLecop e U3IJIEkKAa MO CIEAHNS HAUUH:
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KOHBeﬁepHO HU3M'BJIHCHHUEC HA PA3JIMIHUTE €TAallk OT PAa3/IMYHU UHCTPYKIIUU

Wuctpykums 1 (M [0 |[E[[3

NHcTpykuma 2 M| O[E |3
WHcTpykuma 3 niag [E |3
WHcTpyKums 4 v o [E |3 |

Bpeme

KongseiiepHo cynepckaiapHO U3IIbJIHEHUE HA Pa3IMYHUTE €TAIM OT PA3JIMIHU UHCTPYKLIUHU

MHcTpyKums 1 Z
MHcTpyKums 2 Z
NHcTpykuma 3

WHcTpykumns 4

NHcTpyKkumna 5
NHcTpyKumnsa 6
WHcTpyKumns 7
WNHcTpykumnsa 8
Bpeme

AN

S|SB E|mm

=13 m| M| w|w
m|m|w|et—

(SSD]‘-‘I‘I‘II‘I‘IOOOO]

®ur. 1.4 KonseliepHo 1 KOHBEHEPHO CYIIEPCKAIAPHO U3ITBIHEHUE

HenocraTpunre Ha TO3M THI apXUTEKTYpa ca YCIOXKHEHUATA MIPHU Xapayepa. AHAIU3UPAHETO
Ha NIOTOKAa OT MHCTPYKLIHH M TEXHHS Mapajnelin3bM ce MPEXBBPII U3LAI0 KbM Xapayepa. Ha Hucko
MallMHHO HWUBO € MHOTO TPYOHO OTKPHUBAaHETO Ha MApalen3bM M 3aBUCHMOCTHUTE MEXKIY
pa3IMYHUTE MHCTPYKIMH. TOBa M3HMCKBAa IONBIHUTEIHHM pecypcH B mporecopa. IIpoBepkarta Ha
3aBUCUMOCTHUTE MEXIY MHCTPYKIIMUTE OTHEMA U OT MPOLIECOPHOTO BpEME.

1.3.2 SIMD multiprocessing

MoTok gaHHM

MoTok gaHHM

MoTok gaHHM

[NoTok gaHHK

ny;, ny, ny; ny,

i\ I\ I\ )

[oToK MHCTPYKLMK

@ur. 1.5 Enuanyna MHCTPYKIMS ONlepUpa BbPXY MHOXKECTBO OT JaHHU

SIMD (Single Instruction Multiple Data) — eauHW4YHA WHCTPYKIMS ONEpUpPa BBPXY
MHOXECTBO OT JaHHM. ToBa € Kiac MHOTOSIPEHHM apXUTEKTypu 3a mHapajnenHa oOpaboTka Ha
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JaHHHUTE, KOATO M3IOJ3Ba MOCTOSHCTBOTO MNpH 00pabOTKaTa Ha pa3lUyHH BHJIOBE JaHHHU.
[Tapanenu3mMbT MPOU3NIN3a OT U3IIBIHCHUETO HA €HAKBA OIEpalMs BbPXY pasuuHHU JaHHU. To3u
METOJI Ha Mapajeln3bM UMa rojsiMO MPEeJIUMCTBO NPU 00paboTKa Ha MAaCHBU KaTO BUJICO WIIU ay/AHO
obpabotka. SIMD Moke ma paboTu 1Mo /Ba pa3IHMYHU HAYMHA: 4pe3 o0padoTKa Ha JAHHHUTE KaTo
MacHB WJIM C BEKTOpHa oOpaborka. Pasnmkara Mexmy aBara Mojaena € B pasmpeiciieHHeTO Ha
3aJ]au9UTe KbM PA3MUIHHUTE spa. AKO TpsiOBa J1a M3MIBIHUM CIICAHUTE WHCTPYKIUH BBPXY MAacuB OT
JaHHH:

LD  VR<—A[0:3] - load - 3apexgame 4eTnpu NPOMEHSIMBI B peructpuTe
ADD VR<-VR,1 -add- pobaBame eqHO KbM BCSIKa MPOMEHNMBA

MUL VR<-VR, 2 - multiply — ymHOXXaBame pe3syntarta no gse

ST  A[3:0]<—VR - store - 3anuceame pesynrarta

MaTtpuyHa obpaboTka BekTopHa o6paboTka
| P4 | P, | Ps | Ps ’ P4 P2 P3 P4
[LD A0 LD A1 LD A2 LD A3J LD ADD MUL ST

ADD A0 [ADD A1| ADD AZ ADD A3 LD A0
MUL AO |[MUL A1| MUL A2 MUL A3 LD A1 ADD A0
STAO \STA1 ) STA2 ST A3

LD A3 ADD A2 MULA1 STAO0
ADD A3 MULA2 ST A1

MUL A3 ST A2

ST A3

®@ur. 1.6 MaTpu4HO U BEKTOPHO HU3MIBIHCHUE

* VR — MacuB ¢ npomeHnmeu 3a obpaboTtka

ITpu matpuyHaTa 0OpaboTKa BCHUKH spa oOpabOTBAT €Ha M ChlIa MHCTPYKLMS B JajieH
MallMHeH LuKbJI. [Ipu BekTOpHaTa 00pabOTKa €QHO AP0 M3MBJIHSABA KOHKPETHAa MHCTPYKLMS OT
npunoxxenuero. [1o To3m HauuH sapara 0OpabOTBAT MOCIEAOBATEIHO MHOKECTBOTO OT BXOISIIH
JaHHU B KOHBelepHa (opma, 6e3 J1a NPOMEHAT CBOATA MHCTPYKLUS MEXIY PasIMYHUTE IUKIIU.
XapayepHarta m3paboTKa 3a BEKTOpHA 00paboTKa Ha JAHHUTE € BUAUMO Mo-eBTHHA. OTaemHUTE sSapa
He TpsOBa Ja MoraT Ja MOALBPXKAT PA3NIUYHU WHCTPYKUUH. JIOMBIHUTENHO MPEIUMCTBO MpPH
BEKTOpHaTa 00paboTKa € TOBa, Ye TAaHHWUTE ca HEe3aBHUCHMH €IHa OT Jpyra. ToBa OT CBOS CTpaHa HH
JlaBa Bb3MOXKHOCT 32 TeHEpUpPaHe Ha MO-IbJTH KOHBeWepH. MiMame mOCTOSIHEH U MPEABUINM JAOCTHII
0 TaMeTTa, KOETO HHU IMO3BOJISIBA [1a M3TETVSIME JaHHM OT OCHOBHAaTa MaMeT MPEABAPUTEIHO.
Henocratpuure Ha SIMD apxutektypute ca HAKOIKO. T0o3u Tun oOpaboTKa HAa JAHHU € TSICHO
CHEIUATU3UPAH U € TOJXOII CaMO KOraTo MMaMme MOCTOsIHEH napanenu3bM. [pu 3agauun ¢ mmpoko
NPWIOKEHHE BEKTOPHUTE KOMITIOTPH HW3MBIHSABAT MPHIOKCHUATA H3KIIOYHTEIHO OaBHO.
W3uckBaHeTo 3a rosieMu perucTpu yBelIMYaBa KOHCYMHpAHATa €JIEKTPOSHEpPrusl W ToJieMHUHATa Ha
yuna. Bce ome wm3non3BaHero Ha anroputMu ¢be SIMD MHCTpyKIHMM W3MCKBa CHEUU(UIHO
yKa3aHue OT MpOrpaMMcTa, KaTo IIOBEUeTO Kommuiatopu He reHepupar SIMD wuHCTpykuun
aBTOMaTU4HO. CBhILIO TaKka MHOT'O YECTO LIMHATA 3a JOCTBII 0 TaMETTa C€ IPEeTOBapBa.
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1.3.3 MISD multiprocessing

[NoTok gaHHK

ny; ny, ny, ny,

Motok WHCTPYKUNN
Motok WHCTPYKUNN
Motok WHCTPYKUNN
Motok WHCTPYKUNN

@ur. 1.7 Pa3nuyHu MHCTPYKINH ONEPUPAT BbPXY €IUH €JIEMEHT JaHHU

MISD (Multiple Instruction Single Data) — MHOKECTBO MHCTPYKIIUM OTIEpUPAT BHPXY €IAUH
eJIeMEeHT JaHHU. [Ipu TO3M THUIl apXHUTEKTYpH MapajieIu3bM C€ MOCTUIa, KaTO MHOIO MPOLECOPHU
eJIeMeHTH 00paboTBaT €THOBPEMEHHO €MH MOTOK OT AaHHU. MHTepechT kbM MISD apxurektypure
€ MaJbK, ThI KaTO NPAaKTUUECKUTE MIPUIOKEHUS 3a TO3U TUII 33/1a4M HE ca YECTO CpellaHu. To3u Tl
apXUTEKTYpPH MOJKE Jla Ce MOJI3BaT NPU MAILIMHU C HUCKA TOJEPAaHTHOCT KbM rpemiku. EnuH noTok ot
JaHHU ce 00padoTBa OT HAKOJKO MPOLIECOPHU elleMeHTa, 00pabOTEeHUTE JaHHU C€ CPAaBHABAT U NPU
OTKpUBaHE Ha TPEIIKa, TS C€ KOPUTHpa CHOPSIMO MPHUHIMII, KOUTO cMe u30panu, Wiu ce BpbLIa 3a
noBTOpHa 00paboTka. TakbB THI apXUTEKTypH MOXKE Ja CE€ CpeIIHe MpH NPWIOKEHHUS 3a
KOCMHYECKUTE TMPOTrpaMy WM BUCOKOHANEKIHM MallMHU. Jpyrd NOOXOISIIM 3a TO3H BHI
00paboTKa MPHUIOKEHHS ca 3a ayAuo W BHUIeo oOpaborka. Korato MHOXECTBO 4eCTOTHU (HUITpH
00paboTBaT eAMH MOTOK OT MH(pOPMAIHS, MOKEM J1a IaZieM 3a7ada Ha BCEKH IPOLIECOPEH €IEMEHT
Jla U3IBJIHABA PA3JIMYHU ONEPALU BBPXY ChUIMS MOTOK. ChIIO Taka MOXe J1a UMamMe HeE0OX0IUMOCT
OT TO3H THIT QPXUTEKTypa 3a pa3ceKpeTsIBaHETO HAa KpUnTorpadupanu cho0ImeHus. MHOTO pa3inyHu
QITOPUTMH MOTAT J1a paboTAT BbPXY €HO KOJUPAHO CHOOIICHNE.

Enna or ocHOBHHTE NMpUYMHU 332 HUCKHS uHTepec kbM MISD e, ye mpuinoxenusara 3a To3u
TUI apXUTEKTYPH C€ CpellaT PAIKO M pa3paboTBaHETO MM € orpaHuyeHo. Jpyra mpuumHa e, 4e
MacoBO M3noJ3BaHaTa apxutekrypa MIMD, no3BosnsBama oOpabOTBaHETO Ha MHOXECTBO JIAHHM C
pasNU4YHA MHCTPYKLMM, KOSTO LI pasriefame IOo-KbCHO, JECHO MOXE Ja c€ KOHBepTupa 3a
non3easne karo MISD.

1.3.4 MIMD multiprocessing

[MoTok AgaHHU
= = < < [MoTok AgaHHU
= = = =
j = j =0
SIS £ 3 MoTok AaHHU
2 (B |El|E 2
SI18|18|¢
= = = = [MoToK AaHHM
x 4 ' X
ollellg||e i
[e] (@] (o] (@)
C C C C ny, ny, Ny, ny,
) i)

®@ur. 1.8 Pa3nuuau HHCTPYKIUH ONIEpUPAT BbPXY MHOXKECTBO OT JaHHH
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MIMD (Multiple Instructions Multiple Data) — MHOXXeCTBO MHCTPYKIIMH OINEPUPAT BBPXY
MHOXECTBO JlaHHM. ToBa ca MHOrONPOLECOPHH, MHOTOSIPEHHM WJIM MAIlMHM C MHOTOHHUIIKOBH
npouecopu. MIMD apxurtexTyparta e Haif-CJI0KHa KaTO TEXHUYECKO U3IbIIHEHNE, HO BBIIPEKH TOBA €
MHOT'0 YECTO CpellaHa, 3all0TO MO3BOJIABA MO-T0JIsIMA I'bBKABOCT, KAKTO U MO-100pU BB3MOKHOCTH
3a mamabHo nogodpenue. Apxurektypu ot tTuna MIMD TpsioBa ma morar ga 00paboTBAT HAKOIJIKO
Mpoleca aCHHXPOHHO M HE3aBUCUMO. BbB BCeKkH €MH MOMEHT Pa3iIMYHU M3UHUCIUTEITHU €IEMEHTH
TpsiOBa Ja W3NBIHABAT PA3IUYHU HHCTPYKIMHA BBPXY paszandHu JaHHW. llenta Ha TO3M THI
apXHUTEKTypa € IOCTUTAaHeTO Ha Mapajenu3bM IMpu 00padoTKa Ha TPWIOKEHHATA, C KOETO IMIe
MoJ00pUM CKOPOCTTa Ha TIXHOTO m3mbJHEHHE. OCBEH CKOPOCTTa HAa HW3MBIHEHHWE, P MHOTO
TPUIOKEHUS MM YacTH OT TE3H MPHUJIOKEHUS TaKMBa apXUTEKTYpH MOTAT Jia TIOCTUTHAT IMO-HUCKA
eNIeKTpUYecKa KOHCyManusi. AKO pa3JIeiM €IHO PO Ha YEeTUPH, pabOTeH YeTUPU TbTH 1T0-0aBHO
sipa, TEOPETUYHO TE II€ M3IIBJIHAT €HA 3a/1a4a 3a chloTo Bpeme. KoncymupaHaTa eHeprusi ot eAuH
MpOIIECOp € TSACHO CBBp3aHa ¢ 4ecToTaTa, ¢ KosATo paboTn. HamansBaHero Ha oOmiata 4ecToTa Iie
J0Beie 710 HaMajsiBaHE Ha KOHCyMalusATa 3a IUIOTO M3IbJIHEHHE Ha 3aaauurte. [pyra men 3a
pa3paboTBaHETO HA MHOTONPOLIECOPHU apXUTEKTYpH MOKE /a ObJe U yJecHsABaHE Ha M3pabdoTKaTa
Ha eJIUH npouecop. B 3aBUCHMOCT OT HeauTe HAKOJIKO MPOCTHU sApa MOraT Ja U3IIBJIHAT Opoi 3a1a4n
3HAQUUTEJIHO MO-0BbpP30 M MO-€EKTHUBHO OT €IHO YCIOXKHEHO SApO, MOJIbPKAIlo ToisM Opoit
HCTpyKIuH. Taka ce mocTura He camo IMO-JIECHOTO IMPOEKTHPaHE Ha MPOLEcopa, HO U MO-eBTHHATA
My u3pabotka. Kakro npu MISD, To3u T apXUTEKTypH MOXKE Jja ce MOA3BaT MPU MALIMHU C HUCKA
TOJIEPAHTHOCT KbM Ipeuikd. EqHa 3amaya Moxke J1a ce M3IMBJIHM Ha HAKOJKO sipa €IHOBPEMEHHO,
clleli KOETO Jla Ce CpaBHM pe3yiararsT. Jlpyr BapuaHT €, B ciy4yaidl Ha OTHaJaHe Ha €IHO OT
IPOLIECOPHUTE sI/Ipa 1€ MOXKEM Ja MPOIBJDKMM pabdoTa ¢ OCTaHAJIMTE. 3a Ja Ce BB3IOI3BaME OT
MIMD apxurekTypara, TpsiOBa JJa UMaMe Bb3MOXKHOCT 3a Iapajielu3bM Ha 3azauute. ToBa MOXe Ja
ce MOCTHUTHE TPH Hapajeln3bM Ha elHa 3aj7jaua, KaTo 5 pa3AeiIuM Ha MHOKECTBO CETMEHTH, KOUTO /1a
o0paboTBame eTHOBpeMeHHO. Jlpyr BapuaHT € KaTo 00paboTBaMe pa3IndHU 33aud €IHOBPEMEHHO,
KOUTO HsAMAT HUIIO oOmo enHa ¢ apyra. Bewmdkwm Te3um (akropum HacouBaT pa3paboTBaHETO Ha
MHOTOSIIPEHH CUCTEMH JI0pY B MOOMIIHUTE YCTPONCTBA.

1.4 Komnpomucu npu pa3jiu4HUTe BUA0BE KOMYHHUKAIIMOHHU MPEKHU

HesaBucumo ot TOBa qanu nMamMe MHOTOSIAPEHA, MHOTOIIPOIIECOPHA, MM MHOTOKOMITIOThPHA
CHUCTEMa, HAYMHBT HA CBHP3BAHE HA PA3IMYHUTE 3BCHA IIE € KPUTHUYCH 3a MPOU3BOJUTEIHOCTTA HA
Ta3u cuctema. Bpb3kuTe Mexay KOMIIOHEHTHTE MOXKE Ja ca MPOLECOp C MPOLEecop, MPOLECOp C
maMeT, maMeT C TIaMeT, KaKTO W BXOJHO-U3XOJHHUTE ycTpoicTBa. Korato wm3bmpame Twma Ha
B3aMMOBPB3KUTE MEXKY U3YUCIUTCIHUTE AApa U MaMeTTa, TpsAOBa Ja B3eMEM NpEJBHUJ IICHATa Ha
n3paboTka M JATEHTHOCTTa Ha Mpexkarta. MMame omie BaxHH (DaKTOpH, KaTO KOHCyMalusTa Ha
EJIEKTPOCHEPTHS, MPOITyCKaTeIHATA CIOCOOHOCT, KaK e PadOTH ¢ HATMYHUTE HU MPOIECOPH U OIIe
MHOTO JIpyrd. OCHOBHUTE PA3NUKH MEKAY KOMYHUKAIIMOHHUTE MPEKH UMAT HIKOJIKO KOMITOHEHTA!

- Tomonoruara Ha BpPB3KUTE — OMpeEeNs METOoJa, MO0 KOWTO OTJACIHHUTE KOMIIOHEHTH ca
cBbp3ann. OT TOBa 1€ 3aBHCHU MO KAaKbB MapuIPyT IIe NMPEeMUHABAT JAAHHUTE, HAJCKITHOCTTA Ha
MpeKara, TaTeHTHOCTTa, MPOMyCKaTeIHaTa CIOCOOHOCT | CI0XHOCTTA Ha U3IThJIHECHHUE.

- AITOpUTMHUTE 32 KOMYHHUKAIIUS — 3aBUCH KaK €JTHO ChOOIIeHHE e CTUTHE OT U3TOYHHKA JI0
npueMHUKa. ToBa MOXKe J]a CTaHe 0 CTATUYEeH WU aIallTHBHO MTPOMEHSH MapIipyT.

- Haunnbt 32 Oydepupane Ha chOOIICHUS U MTOTOKA HA JAHHHU — KaKkBO 111 ObJ/Ie 3aMMCBaHO B
camaTa Mpexa, KakTo M Kak (parMeHTHpaMe W U3IpaniamMe MaKeTUTe; KaK IIe OTrPaHrYuM
[TO/TABAaHUTE JTAHHH, aKO MpeKaTa € MPeHaTOBapeHa.

[Ipu Tomonorust ot Twma 0O0IIa IMWHA BCUYKK 3BEHA Ca CBBHP3aHU KbM €JIHA IUHA. 1oBa
MpaBH MOJEJIa Hai-IeCeH 3a M3pa0d0TKa M €BTHUH 3a OCBIICCTBSIBAHE, KOraTo MMaMme Mallbk Opoi
eneMeHTH, npukadeHn kpM mumHata (dur. 1.9). HemoctaTrhk Ha TO3M MOnEn € OOMIUAT pecype,
MOJI3BaH OT BCHYKHM ejeMeHTH. [Ipu TojsM Opod W3YMCIMTEIHW 3BCHA WM KJIETKH TIaMeT,
MpUKA4YeHW KbM OO0IaTa IWHA, Mpexkara OBp30 ce TpeToBapBa W cTaBa Hee(eKTWBHA. 3a
nmoio0psiBaHe Ha MOTOKA OT JaHHM C 00Ila NIMHA ca Pa3pabOTeHU Pa3IUYHU MOJEIHU C TIOCTABSIHETO
Ha JIOMBJIHATEITHU ITWHW, KOWTO TO3BOJSBAT MapalieHa KOMYHUKAIUS MEXIY HSIKOJIKO €IeMEHTA.
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EI[Ha KOMYHUKAaITUOHHa MpPEXKa MOXKE J1a 6”5,[[6 MHOT'O pa3jin4Ha B 3aBUCUMOCT OT IPHUIOKCHHUETO, 3a
KOCTO WIIC A ITI0JI3BaMC€. HpI/I CUCTEMH C pasnpe€acii€Ha MaMeT UKW 3a KOMYHUKaAIUA MEXAY OTACITHU
BB3JIM MOXKEC Ja UMaM€ CICIHHUTC TOIIOJIOTHH:

B1 1 89 1 Bg » BA B1 Bg Bg B4 Bs Ba
[ I [
I — NS
B> B4 Ba B, Ba
B
®@ur. 1.9 Pasnpenenena muHa ®@ur. 1.10 Obma muHa ®@ur. 1.11 IspBo

IIpenumcTBaTa Ha TOIMOJIOTUS TUIl ABPBO Ca IPU CIELMAIU3UPAH THUI 3alayd, WU3HUCKBAILU
JIoKaJieH oOMeH Ha JaHHu — HanpuMep Ha dwur. 1.11 mexny Bb3nute B4, BS u B2. Te ca eBTuHu 1
JecHU 3a u3pabotka. [Ipu 3amaum, M3MCKBALM KOMYHHUKAIMsS MEXKIY BCUYKHM BB3JIHM, KOPEHBT Ha
aepBoTo (B1) ce mperoBapBa u 3a0aBs Is1aTa CUCTEMA

B, B> B, B, B B>
Bs < > Ba Be — B —— Bs Be Ba
Bs Bs Bs B. Bs B4
®@ur. 1.12 IIpscTen ®ur. 1.13 3Be3na ®ur. 1.14 HarbaHO cBBp3aHa

[Ipu tomonorust ot tun npbcter (Pur. 1.12) mpeaumcTBaTa ca IeHaTa W HeocoOeHaTa
CJIO)KHOCT Ha u3paboTka. CamuTe BPB3KH MEXAY BB3IUTE ca MAJKU U Majiko Ha Opoi. ['omemusr
HEIOCTaTbK € MpOIyCKaTeJHaTa CHOCOOHOCT Ha Mpexara Mpu mo-roisM Opoil 3BeHa. 3a
NoJ00psIBaHETO Ha MPOIMyCKaTelHaTa CIOCOOHOCT MMaMeé MOJENM C JBYINOCOYHA Marucrpaia B
NpBCTEHA, KaKTO M HepapXxuyHa NpbCTEHOBAa Tomoyiorus. J[oOaBsSiHETO Ha HOBM BB3IU €
U3KJIIOYUTENIHO JIECHO, HO C BCEKH J00aBeH Bb3eNl IpOMyCKaTelHaTa CHOCOOHOCT Ha MpekaTa
HamajsiBa. TomoJjorus HepapxXxuueH MPBCTEH Ce MOJIydaBa, KOTraTo CBBPXKEM HSIKOJIKO NMPBCTEHA C
ApYT WK APYTH NpbcTeHH. J[o6aBsiHETO Ha HOBU NMPBCTEHU KbM OCHOBHMS MJIM HOBH 3BE€HA KbM I10-
MaJIKUTE MPBCTEHHU € JIeCHO Mamadupyemo. [Topaau HUCKaTa 1IeHa Ha U3MIbJIHEHUE Ta3U TOIOJIOTHS €
MpeANOoYUTaHa U YeCTO cpelllaHa B uHAycTpusaTa. HambnHo cBbp3anaTta Mpexa oT dur. 1.14 e Haii-
OBp3WAT BapWaHT W TPU HErO I€ WMaMe Hail-Malko 3a0aBsHE MeXTy cbhboOmmeHusTa. ToBa e
BB3MOXKHO Hal-CKbIIATa apXUTEKTypa, KOSTO MOxe aa m3dbepeM. OCBEH LieHaTa Ha MPOU3BOJCTBO,
JIpYr HEAOCTAaThK Ha TO3M THUII MpPEXa ca yCIIOKHEHHUSTa MPH MOCTABSIHETO HA BCEKU HOB Bb3ed. 1o
Ta3W MPUYMHA HAITBITHO CBBP3aHaTa Mpeka He € TIOAXOISIIA IPH CUCTEMH C TIO-TOJISIM OpOi BB3ITH.

3a mocturaHe Ha 3aJ0BOJITENHA €(PEKTHBHOCT, HAJESKIHOCT HA Mpekara, KakTo W 3a Ja
3ama3uM BB3MOYKHOCTTAa BCEKH BB3eN J1a KOMyHHKHpa C BCEKH JIPYT, ca pa3pabOTeHH NWHAMHYHH
Mpexd. JIMHAMUYHUTE MPEXU Ce M3MBIHIBAT Ype3 KOMYHHKATHUBHH 3BEHA, KOUTO IPEBKIIOYBAT
KbM JPYTd 3B€HA WJW BB3JM B 3aBHCHMOCT OT 3asBKaTa. [Ipu Ta3um apXUTEKTypa MPEBKIIOYBAHETO
MOXe€ Aa ObJe M3IIBJIHEHO alapaTHO WM 4Ype3 MHCTPYKUMs B npeaaBaHus naker. [lpu amapaTHO
MPEBKIIIOYBAHE aKTHBHpPaMe KOMYHHKATHBHUTE 3BEHA B KOH(MUTYpaIUATa, KOSTO HA € HE00X0oauma
npear KOMyHHKAIHATA, CIIe] KOSTO H3IpamamMe ChOOIEHHETO MEXKIY Bb3IUTe. [Ipn KOMyHUKAIHS
Yype3 MakeTd He € HeoOXOAUMO Ja HacTpolBaMme BB3JIUTE, a M3MpallamMe IaKeTa, Ciel] KOETOo
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KOMYHHMKaTHBHOTO 3BEHO JEKOAMpA MaKeTa U IO IMpenpalia CIpsiMO WHCTPYKLUATA B CaMUsl IaKeT.
[Ipumep Ha TMHAMHUYHA TOIOJIOTHUS € MaTpU4eH Moaen mpexa — dur. 1.15.

[Ipu Tononorust OT TUI MaTpULla UMame

B1 T
| | | | B3aMMOBPB3Ka MEX/Ty BCUYKH BB3JIH, HO CAMO
B, — €/IMH BB3eJl MOXKE J[a TI0JI3Ba CIIO/ICICHA BPh3Ka
| | | | B OIpe/iesieH MOMEHT. ToBa Mo3BojsiBa
B, — €IHOBPEMEHHA KOMYHHKALIUSI MEKIY BB3IIH,
| | | | KOUTO HE crofenar obma muna. HegocraTbk Ha
B, — MaTpUYHATa TOIOJIOTHS € IIeHaTa 3a u3paboTKa,
| | | | KaKTO M TPYJHOCTTA IIPU 100aBsSIHE HA TOJISIM
Bs — Opoii Bb3IN.

BS B7 Bg B_q
@ur. 1.15 Marpuma

3a momoOpsiBaHE Ha MaTpUYHATA TOMOJOTHA ca pa3paboTeHH MOAM(DUKALUK C ITOCTABIHETO
Ha Oydepn MeXIy eIeMEHTUTe WIM TNPH KOMYTAMOHHUTE 3BEHA, C KOWTO Ja Ce I0A00pH
IpoIycKaTenHaTa crocoOHoCT Ha Mpekata. C mocTaBsHeTo Ha OydepH CIIOKHOCTTa Ha MpeKaTa ce
yBeIMYaBa M OCKBIISIBA JOMBJIHUTETHO. CTPEMEKBT 32 W3MBIHCHHE HA IMO-€BTHHA TOIOJIOTHS OT
TUTIAa MAaTPHIA U BCE MAK C MO-100Bp MOTOK HA JAHHUTE, CPABHEHO C THIIA OOIIa IIMHA, JOBEXKIA 10
pa3paboTBaHETO HAa MHOTOCTBIIANIHA TOMOJOTHS. ToBa ca WHAMPEKTHH MPEXKH, TPU KOUTO
KOMYHHKAIHATA MY Pa3IHIHUTE BH3IIM CE IMOCTUTA Ype3 Kackana oT komyratopu. Komyraropure
MO3BOJIABAT JBYIIOCOYHA KOMYHHKANHUS. MHOTOCTBITAJJHUTE MPEXH Morar na ObJaT ¢ aKTUBHU
MPEBKIIOYBAIIA E€JIEMEHTH WM TPEBKIIOYBAHETO Ja C€ W3BBpHIBA C MakeTu. [Ipu akTHBHHUTE
CIIEMEHTH KOMYTAaTOPHUTE CE€ MPEBKIIOYBAT MpEeay KOMYHHKAIWATa MEXIY IBE 3BEHA. BemHbk
YCTQHOBEH ITBTHT, IBATa KOMYHHKHPAIIHN €JIEMEHTA 3aII0YBaT KOMYHUKAITHSL.

Korato pasriexname MHOTONPOLECOPHU CUCTEMM WM MHOTOSAPEHHM CUCTEMH, TpsiOBa na
00bpHEM BHMMaHHE Ha KOMYHHUKAIMATa MEXKAY pa3IuHUTE BB3JIM B caMaTa cucrema. Mpexure 3a
KOMYHHKAIUA MEXY siipaTa B MHOTOIIPOLIECOPHA CUCTEMA C€ IPEBPBILAT B aKTyalleH MpobiIeM mpe3
MOCJIETHOTO JieceTunerue. Te3n Mpexu ce KiacupuuupaT KaTo Mpeku BbpXy uuil. [lona3Bame ru, 3a
Jla CBbp3BaMe s/pa, 3B€HA Ha KEll MaMeTTa, KOHTPOJIEPUTE M OCTAHAIUTE €JIEMEHTU OT €IUH WM
HSIKOJIKO Mporuecopa. KaTto 1o Mpexara BbpXy UHI € 3aeTa NPEAUMHO ChC 3asBKH OT Kelll TaMeTTa
WIN ChC CHIVIACYBaHE HA MMPOMEHJIMBUTE B TE3U Kelll 3BeHa. HepocTaThluuTe Ha pasiuyHUTE BUIOBE
TOIOJIOTHH, KOUTO pas3riefaxMe JO MOMEHTA, Ca BAJIMIHU U 3a MPEXHUTe BbpXy uuin. ToBa 3a0aBsHe
Ha KOMYHMKallMATa MEXIYy pa3JIMuHuTe 3BE€Ha B IIpolecopuTe 3aabiboyaBa mpobiema c
KOMYHHKAIMATA MEXKAY MPOLEcopa U OCHOBHATA IaMeT.

1.5 3Boau oT MpoOy4YBaHETO

Pa3zpaboTkure BBpXy KOMIIOTHPHHUTE apXUTEKTypH B [HEIIHO BpPEME Ca ChCPEIOTOYCHHU
OCHOBHO BBPXY HNPOU3BOAUTCIHOCTTA U KOHCyMHpPaHaTa CJICKTPOCHCPIU. IToBeuero HU3CJICABaHU
ca CBCPEAOTOYCHH BBPXY NPWIATAHETO Ha Tapalieiu3bM, CBBp3aH ¢ 00pabOTKa Ha HAKOJIKO
HHCTPYKIHMU B €IUH IUKDBJI. I[pyrI/I H3CJICABaHUA Ca HACOUCHHW KbM KOHKPECTHU HpO6J'IeMI/I n
ApXHUTEKTYpPHTE Ca CTPOTrO CIENUATM3UpAaHN HM3ILUIO CaMO 3a 3ajJadaTa, KOsSTO TpsOBa nma Obuae
n3nbiaHeHa. Karto IAJI0 MOXE Oa C€ Kaxe, 4Y€ IIpU YHHUBCPCAJIHUTC KOMIIIOTBPHU CHCTEMU
pa3paboTkuTe ca B 00JacTUTE HA: YCHBHPIICHCTBAHE Ha MHTEp(deiica MeXIy Mmporecopa U maMeTTa,
BBTPEIIHUAT JU3aiH Ha MPOIECOPUTE Ype3 yBeNuuaBaHe Oposi Ha simpaTa, Hepapxus Ha MameTTa,
KakKTO W MHOTOIIPOIIECOPHM CHUCTEMH. BBIpekn BCHYKK pa3paOOTKH, MPOYYBAHHS M TOJISIMO
pa3HooOpasue, HAN-KPUTUYHOTO MSCTO, 3acsAramo OBp30JCHCTBHETO HA KOMITIOTPUTE, OCTaBa
KOMYHUKAITMOHHATa MpPEXa MEXKIY OCHOBHATa maMeET U IIponecopa.
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['maBHUTE TEHAEHIMH, KOWUTO 3acAraT OCHOBHATa MaMeT, ca HyXaara OT o0eM, Obp3uAT
JOCTBII, KOHCYMHUpaHaTa eHeprusi M OBJCIOTO pa3BuTHe Ha TexHoynoruute. OO6eMbT U BpEeMETO 3a
JIOCTBII CE BIUSAT OT pa3pabOTKUTE BHPXY MYJITHIIPOIIECOPHUTE CUCTEMH, TIPH KOUTO o0IaTa maMeT
TpsiOBa /1a 00CIykBa BCHUKH siipa. CHBMECTHOTO ChTpyaHUYecTBO Mexxkay HP Labs, Muuuranckus
yHuBepcuteT 1 AMD OTHOCHO TEHIEHIIMWTE MPU PAa3BUTHETO HA MTAMETTa W MHOTOIPOILIECOPHUTE
ApXUTEKTYpU IOKa3Ba, Y€ MMa Pa3MUHABAHE B PA3BUTHUETO HA IUTBTHOCTTA HA HAMETTa CIPSIMO
sapara [3] [5]. Bpodr sipa ce yaBosiBa NpUOJIM3UTEITHO HA BCEKH JIBE TOJMHU, TOKATO KaNalUTeThT
Ha IMaMeTTa Ce yBelIn4YaBa Ha BCEKH TPU roanHU. KamaruTeThT HA MaMeTTa KbM MPOIECOPHUTE SIpa
me HamairsiBa ¢ 30% Ha BCEKH ABE TOAUHM.
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@ur. 1.16 KananureTsT Ha MaMeTTa KbM MPOIECOPHUTE sIpa

TenpeHIMUTE O OTHOIIEHWE HA MPOITyCKATEeJHATa CMIOCOOHOCT Ha NIMHATA HA TaMeTTa ca
ole mo-TpeBoXHU. [Ipomyckarennara cmocoOHOCT Ha MIMHATA ce yBenudyaBa mpuonmsutenHo ¢ 10%
Bcska roanHa. CaMuTe TIPUIIOKEHUS C BPEMETO UMaT BCE MO-TONSIMA HYXJa OT JOCTBII JI0 JIaHHHU.
[MporpamucTute n00aBAT HOBM (QYHKIMM KbM NPUIOKEHHUATA 32 CMETKa Ha mamerta. [lpu
MHOTOTPOIIECOPHUTE CHUCTEMH MOXEM Ja HM3MbIHSIBAME MHOTO HE3aBUCHUMH IPHIOXKEHUS BBPXY
HE3aBHCHMH TPOIIECOPHU sIIpa, KOETO IIe 3aAbiI004M JTOMBIHUTEIHO NMpobiieMa ¢ OrpaHUYCHHUSATA
BBPXY MaMeTTa. 3a obJeK4yaBaHe Ha JOCTHIA JI0 ONEpaTUBHATA MaMeT, OYTH BCUUKH ChBPEMEHHU
MpOIEcCOopu ca pa3paboTeHW C pa3iMYHU HUBA KElI MaMeT KakTO W PETUCTpH, pabdoTeny Cbhe
CKOpOCTTa Ha sJpoTo. IIpomyck Ha MpoYUTaHe OT Kelml MaMeTTa WM MPOBAJCH OMHUT MOpajau
JUICBAIM JaHHMA OT JIOKAaJIHATa MaMeT Ha Mpoliecopa O3HauaBa 3asBKa 3a JOCTHII JO OCHOBHATa
IMaMeT, KOWTO € MHOI'0 o-0aBeH.

[To mocneanu nannu Ha Intel mpUOMM3UTENTHOTO BpeMe 3a JOCTHII IO PA3IMYHUTE KElll HUBA
Ha nponecop Intel Core E7 Xeon e:

1 IMKBT 32 YETEHE OT PETUCTHP

4 nukbiia 3a yerere ot L1 xem

10 nukbaa 3a yueteHe ot L2 ke

40 nuKbiIa 3a yeTeHe ot JJokaneH L3 ke

75 HuKbia 3a yeTeHe ot croneneH L3 kemr

Y HAKOJIKOCTOTHH LIMKBJIa 3a YeTEHE OT OCHOBHATA IIAMET
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CabIlecTBYBaT TPH BHJIA IPOIYCKH MPH JOCTHI /10 JIOKAJIHATA MaMeT Ha Mpoliecopa: IpoIycK
IpU 4YeTeHe Ha MHCTPYKLUH, MPOMYCK MpHU YeTeHe Ha JAaHHHW, MPOMYCK IMpH 3alucC Ha JaHHU.
[TpomyckbT pu YeTeHe Ha MHCTPYKIMK NpeaU3BUKBa Hal-roisMo 3abassHe. [IpouecopsT TpsadBa na
MPEYCTAaHOBU H3ITBJIHEHUETO HA MPWIOKEHHETO N0 W3BIMYAHETO HAa MHCTPYKLUSTA OT OCHOBHATa
nameT. [IponyckbT npu YeTeHe Ha JaHHMU NPEAU3BUKBA MO-MajKo 3a0aBsHE, 3alI0TO MPOLECOPHT
MOXE€ Ja MPOIBJIKH M3IIBJIHCHUETO HAa HE3aBUCMMHU MHCTPYKLHMH IPE3 BPEMETO HAa M3YAKBAHE HA
nanaute. Crlen Kato JaHHWTE ca TMOJIY4YeHH W 00paOOTeHH, 3aBUCUMHTE HHCTPYKIMH CBHIIO Ce
U3mbIHSIBAT. [IpomycKksT mpu 3amuc Npeau3BUKBa Hail-MajaKoTO 3a0aBfHE, 3al0TO JAHHUTE MOTaT
na ObIaT BPEMEHHO ChXPAaHEHH, JOKATO SAPOTO MPOIBIDKU ChC CieaBamaTa HHCTpyKusa. OrpomHa
4acT OT pa3pabOTKHUTE ca HACOUEHH IJIaBHO KbM aHAJIM3 HA MOBEACHUETO Ha KEII IaMeTTa B OIUT J1a
ce HaMepH Haii-1oOpaTta KOMOMHAIMS OT pa3Mep Ha Kellla, aCOIMAaTHBHOCT, pa3Mep Ha OJIOKOBETE U
B3aMMOBPB3KUTE B Kema. CamMHuiAT aHalnM3 Ha NPOIMYCKHTE OT Kella € TPYyJeH, Karo H3UCKBa
mporpamu 3a cumynanus. [lociaenoBaTenHu cuMyialuyd BbPXY Pa3iU4HU Kell MOJEIH PasryIekaaT
eeKTa Ha BCEKU BapHaHT BbpXy oOmms Opoi mpomycku. OnuTUTE Aa ce OTYETaT pPa3lIUKUTE OT
BCUUK{ IPOMEHJIMBHU I10 BpeMe Ha CUMYJIALUs, Hajara pas/e/sHeTO Ha MIPOIYCKUTE Ha TPU OCHOBHHU
TUNA: CTYIEHH IpPOIYCKH, IMPOMYCKH 3apaau pasmepa M KOHQIUKTHH mpomycku. CryneHuTe
HPOITYCKHU ca MPOIYCKH, HOPOAEHU IPU IBbPBOTO M3BMKBAaHE Ha ajpec B mamerra. lIpeaBapurenHo
U3BIMYAHE M 3apekJaHe Ha JaHHUTE B Kella MOXe Ja MOMOrHe B To3u ciydaid. [Ipomyckure,
MOPOJICHU OT pa3Mepa Ha MaMeTTa, Ce CIyyBaT HE3aBUCHMO OT aCOLMATHBHOCTTA, a CaMO M U3LUIO
OT KpaiiHus pa3mep Ha kema. ['padukarta Ha MpomycKUTe KbM pa3Mepa Ha MaMeTTa JjaBa M3BECTHA
CTEIEH Ha 3aBUCHUMOCT, KOSITO MOXe Ja U3MepuM. BaxkHo e fa ce orOenexu, ye 3aeTocTTa Ha Kella
HsIMa 3Ha4YeHHUE 3a Te3H MU3MEPBAaHUs, ThH KaTO MOYTH Mpe3 ISUI0TO BpeMe LEIHUAT KEell Ha poLecopa
€ 3aIlbJIHEH C Pa3IuyHU OJIOKOBE OT OCHOBHaTa nameT. KOH(IUKTHUTE MPOIMYCKH ce IBJDKAT Ha
OTIPEICIICHOTO HUBO Ha aCOIIMaTUBHOCT, KAKTO M HA METO/Ia Ha 3aMeCTBaHe, N0 KOMTO m30upame Kou
BEYE 3apeleHH JaHHM Jaa ObJaT 3aMEHEHHM 3a CMETKa Ha HOBOHM3BHKaHHTE. [locTaBsHeTo Ha
W3YUCIIUTEIHH PECYpPCH B OCHOBHATAa MaMeT HHU NPEAOCTaBs JOMBIHUTEIHH Bb3MOXHOCTH 32
n30srBaHe HA TPOMYCKH TNMpPH YeTeHe Ha Kema. TekymuTe pa3paboTku ca (OKYCHpaHH BBPXY
KOH(JIMKTHHUTE MPOITYCKH. BB3MOXKHOCTHTE 32 TPEIBAPUTEITHO 3apeKaaHe Ha OJIOKOBE OT OCHOBHATA
MaMeT B KOHBEHLHMOHATHUTE MPOLECOPH HE Ca MHOTO M BKJIIOYBAT JOMBIHUTEIHH HHCTPYKIIHH,
3aJlaZIcHd B KOJa OT mporpaMucTa. JlombJIHUTENIEH MPOLIECOPEH €IEMEHT B MaMETTa LIE HU MO3BOJIH
nmapajgeaHo padoTeml MpoLec CHEeKYJIaTHBHO Na 3apekaa OJIOKOBE OT OCHOBHATa TaMeT B Kella,
KOUTO CMsITa, 4e 1e ObAaT MOJA3BaHU HEMOCPEACTBEHO. BIIOKBT OT OCHOBHATAa MaMeT MOXeE J1a Obae
KaKTO C MHCTPYKIMH, TaKa U C JaHHU. [IpeaBapuTeNHOTO yclenHo npe3apexaane Ha MHCTPYKIUU
e uMa Hail-roiasiM eekT BbpXy O0O0IIOTO BpeMe 3a 00pa0oTKa Ha €IHO HPUIIOKEHHUE, Thi Karo
IPONYCKBT IIPU YETEHE Ha MHCTPYKLUSA 3a0aBs CUCTEMaTa 3HAYUTEIHO.
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I'JIABA 11
ApxuTekTypa 0a3MpaHa HA U3YMCJIUTEHH 3BEHA B IaMeTTa

2.1 TeKyum OrpaHH4Y€HUd M HEAOCTATBIM HA MHOIOIMPOUECOPHUTE

CHUCTEMH

3akoHBT Ha AMJaJ WIIOCTPUPAa OTPAaHUYEHUETO HAa PbCTa HAa IMPOU3BOJUTEIHOCTTA MpHU
yBeIMuaBaHe Ha Opos W3YHMCIMTEIHM 3BeHa. [Iporpamure Moke Ja pas3gesiuM Ha JBa THUIA:
IporpaMu, KOMTO MOrar Aa ObJaT M3MBJIHEHU caMo IO CTaHJApTHHS IOC]eA0oBaTelIeH HAauMH, U
IporpaMu, KOMTO MOXEM Ja Hu3NbiHsABamMe mnapanenHo. [Ipu mapanenHa oOpaboTka HSIKOJKO
CerMEeHTa OT €IHO M ChILO NPUWIOKEHHE MorarT jAa ObJaT M3MBJIHEHM IO €IHO M ChHII0 BpEME.
ITporpamuTe, mno3BoisBalM MapajnenHa oOpaboTka, ca Hal-e(pEeKTHBHU INPH MHOIONPOLIECOPHH
apXUTEKTYpH, HO BBIIPEKU TOBA U T€ UMAT CBOMTE OrpaHHuYeHHs. BpemeTo 3a 1snocTHaTa 06paboTka
Ha MPUIOKEHUETO 3aBUCH OT BPEMETO, HEOOXOAMMO 3a 00paboTKa Ha €JMH OT CErMEHTHTE Ha TOBa
MPUIIOXKEHHUE, KaKTO U OT Opos sfpa, C KOUTO pasnojiarame:

Sp=1/((1-P) + P/N)

Sp — Yckopenne Ha cucteMaTa — MbpBOHAYaIHA CKOPOCT KBM MOI00peHaTa CKOPOCT
P — bpost Ha KOHKYpEHTHUTE CErMEHTH, KOUTO HU MTO3BOJISIBA ITPHIIOKEHUETO
N — bpost Ha IporiecOpHUTE AApa

Tasu popmyna HHM TTOKa3Ba KaKBO IIE CTAaHE, aKO YBEIHYaBaMe NPOICCOPHUTE spa. Buxkna
ce, ue JIOpHM Jla YBEJIMYMM sjipata J10 Oe3KpaliHOCT, BPEMETO 3a M3MBIHCHHWE Ha TIporpamara Iie
3aBUCH UBISUIO OT Hail-0aBHMS cerMeHT Ha mpuioxkeHneto (dur. 2.1). Taka BuHarm mocturame a0
MOMEHT, TPH KOWTO, JOpW Ja J00aBUM JOMBIHUTEITHU TPOIECOPHH sifipa, HAMA Ja I0J00puM
BPEMETO 3a U3ITBJIHEHUE HA MTPUII0KEHUETO.
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Bpowu npouecopHu sigpa

@ur. 2.1 YckopeHue Ha cucTeMaTa CpsMo Opost sifjpa U CTENEHTa Ha Mapajielu3bm
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JIpyro orpaHuveHue NpU NapajieiHa oopaboTka Ha €HO MPUIOKEHUE € CUHXPOHHU3AIUSTA
Ha oneparute. Onepanuu, 00padoTBalK OOITM MPOMEHIUBY, HE MOTaT Ja ObIaT MapayieIu3upPaHu.
KoraTo eiyH CEerMEeHT OT MPHIIOKEHHETO paboTH C MPOMEHINBA, HEOOX0IUMa Ha JIPYT CErMEHT OT
MPUIIOKECHUCTO, TO BTOPHUAT CETMCHT TpH6Ba Ja Hu34akKa OCBO60)K)13,B3.HCTO Ha Ta3u IMPOMCHJIMBA.
CerMeHTHTE MOXE Jia TIOJI3BAT KAaKTO OOIIM MPOMEHIIMBH, Taka U 00mu pecypcu. [1o chIius HAUYMH,
KaKTO TMpH TPOMEHJIMBUTE, PA3MUYHUTE CETMEHTH TpsOBa /Ja M3YakaT oOmMAT pecypc na Obae
0CcBOOO/IEH, IPE/U 1a MOTaT Jia To MOJI3BaT.

KomyHukarusaTa Mexty pasTudHAUTE CETMEHTH BOIM A0 JAOMMBIHUTENHO 3a0aBsHe. He Bcekn
OBT MPU CErMEHTHPAHETO Ha €QHO MPWIOKEHHE MogoOpsiBamMe BpeMeTo 3a u3mbjHeHue. Kakro
oTOens3axme Imo-rope, CErMCHTUTC MOXKE Ja HMMaT HYXJda OT 06H_II/I IIPOMCHIIMBU HJIN PECYPCH,
HCO6XOI[I/IMI/I Ha KOHKYPCHTHU CETMCHTH. Taka Te HE caMO TpH6Ba Ja u34gyakar OCBO60)KZ[aBaHeTO Ha
T€3W NPOMEHJIMBH, HO TpsAOBa Ja KOMYHHUKHpAT MOMEXIy CH. Bpemero 3a KOMyHHKaIus
3apyI00UaBa TpobieMa C HM3YaKBaHETO. Taka TpU TPEKAJICHOTO CETMEHTHpaHe Ha eIHO
MPUIOKEHUE, MOXKE JIa YBEJIIMYUM BPEMETO 32 HETOBOTO M3ITBJIIHECHHE.

2.2 CbriacyBaHOCT Ha JaAHHHUTE OT Kelll MaMeTTa

Pazauuaure HHUBA Kelll nNaMeT, KaKTO U pasnpeacCHUTC 6J'IOKOBC OT ¢€IHO HHBO,
NpUHAMJIC)KAIIX KbM PA3JIMYHU A/lpa WK INpOUeCOpU, MOraTt Ja CbAbprKAaT KOIIHSA OT €AHA U Chlla
MPpOMCHJINBA. Koraro croiiHocTTa Ha Tasu IIPpOMCHJIMBA € MMPOMCHCHA, HOBATa CTOMHOCT Tp}I6Ba aa
6’[)[[6 06HOBeHa BBbB BCUUKHUTE M KOITHS. CLrnacyBaHeTo Ha MPOMCHJIMBUTE B pPa3JIMYHUTC KCII HUBA,
KaKTO M Ha MPOMCHJIMBUTE B pa3npeaAciiCHaTa rnnaMeT Npu CUCTCMUTC € €ANH OT OCHOBHUTC HpO6J'ICMI/I
Ha CbBPCMCHHUTC KOMIIIOTPHU, HC3aBUCUMO OaJin Ca MHOTI'OAAPCHU, WJIM HE. 3a CbIIaCyBaHOCT Ha
Kell IrmamMeETTa € H€O6XOI[I/IMO Aa rapaHTupamMe €AHAKBOCT HAa NPOMCHJIMBUTEC, 3apCICHU BbB BCUYKH
KCII 3BCHA U IIaMCTTa. Tp}I6Ba Ja rapaHThupaMC€ KOPCKTHOCTTAa Ha MPOMCHJIMUBUTC CJICHA TAXHOTO
OOHOBSIBaHE OT PA3IUYHUTE HM3YUCIUTEIHH YCTPOWCTBA. MeETOIWTE 3a CHIITACyBaHOCT TpsiOBa 1a
MOJICUTYPSIT Pa3NpOCTPAaHCHHETO Ha OOHOBEHATA CTOWHOCT, KAKTO M TIOCJICJOBATEIIHOCTTA B
riobanHaTa rnoapeada 3a BCHUKH siIpa.

BCGKI/I ObT, KOrato FOBOpI/IM 3a KelI C”bl"J'IaCYBaHOCT, HHUC KOCBCHO FOBOpI/IM 34 aBTOMATHUYCH
XapayepeH KOHTPOJd Ha mpoMeHnuBuTE. [Ipy mpoeKkTHpaHe Ha KOMOIOTBPHA CHUCTEMA HUE MMaMe
onouvAa M 3a CO(bTyepHO C’LFJ’IaCYBaHC. EI[Ha OT BB3MOXKHOCTUTEC € HOa C’LFJ’IaC}’BaMC HpOMeHHI/IBI/ITe
ype3 BHUpTyanHaTa nameT. Ha Bcska cTpaHMma OT BHUpTyajlHaTa NaMeT MOXeE JAa IOCTaBUM
JIOTTBTHATETHA OWTOBE, yKa3Bally Jalld CTPAHUIATA € CIIoJeicHa U Jaid WH(OpMaNuaTa B Hes ¢
aKTyaJ'IHa. KOFaTO HaHpaBI/IM 3ariucC B CIIOACJICHA CTpaHI/ILIa oT BI/IpTyaIIHaTa IIaMeT, ¢ U3YNCTUM
BCHUYKH OCTAHAJIN KOIIUA.

HpI/I anapaTHOTO aBTOMATHUYHO CBhIJIACYBAHC XapAyCpbT YIIpaBjisiBa ABWIKCHUCTO HA JaHHH
MCXKAY pPAa3IMYHUTC HHUBA HAa MaMCTTa. HpOFpaMI/ICT’bT HAMa HYXJa Ja CC€ I'pHWXHU 3a KOIHMATA Ha
MNPOMCHIIMBUTEC, KAKTO H Ja € 3allO3HAT C MUKPOAPXUTCKTypaTa Ha KOMIIIOTbpHATa CHCTCMaA.
AHapaTHOTO OpraHu3svpaHe YJICCHABA pa60TaTa Ha [OporpamMucTta, HO MU3IOBJIHCHHUCTO Ha
NPUIOKCHUATA HE € ONITUMU3HUPAHO U YCJIIOKHABA I/I3pa6OTKaTa Ha MUKPOApXUTCKTYypara. OCHOBHO
ABa MEXaHH3Ma CC II0JI3BAT 3a pa3lO3HaBaHC Ha O6HOBeHa MPOMCHJINBA: 11pe3 YKa3aTey — JJOTHICCKHU
HCHTPAJIM3HUPAH 06].].1 YKazateil CIeaAnu BCUYKH 6J'IOKOB€ OT nNaMeTTa U B HCIO CC 3aIluCBAT TCXHUTC
ChCTOSHUA. YKa3aTeasaT peructpupa KOU 6J'IOK € 3apC/ICH B PA3JIMYHUTC 3BCHA MMAMCT U KOOPpAHWHHPA
3ajBKUTC 3a IPOMCHHU; qp€3 CJICACHC Ha IIMHATa 3a JaHHU — MNPOUCCOPHUTC 3BCHA KOMYHHKHUPAT
ype3 o0mia muHa 3a naHHu. [Ipomecopure HaOmOgaBaT 3asBKUTE HA Apyrute mporecopu. OOmara
mrHa € €JMHHa TOYKa 3a CHMHXPOHHU3alu. AKO €IHO IPOLECCOPHO 3BC€HO HM3BHUKaA 6J'IOK C IIpaBa 3a
3aIInuc, OCTAHAJINUTEC HpOLIeCOpHI/I 3BCHA BWXXIAT Ta3u 3asiBKa U MapKI/IpaT TAXHOTO KOIIMC Ha 6.]'[01(3
KaTO HEBAJIUIHO. Hpe,I[I/IMCTBOTO Ha TO3W MECTOA € HHCKAaTa JATCHTHOCT HpI/I O6HOB$IBaHeTO nin
YCTCHCTO OT MaMETTa, KaKTO U JICCHATa 1/13pa60T1<a. AKO pasriicaamMe 6a3OB IIPOTOKOJI 3a O6HOB$IBaHe
Ha HpOMeHJ’II/IBI/ITe C ABC CBCTOAHUSA HaA 6J'IOK OT IMaMETTa — BAJIUACH U HCBAJIUJACH, KAaTO 3asIBKHUTEC 34
3aIlliC WKW 4eTeHEe BHPXY OJIOK ce pa3mpoCTpaHsBaT MO OOIIaTa IIMHA, TOTaBa I UMaMme YeTHPHU
BB3MOXKXHOCTH:
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Mo obwaTa WKrHa pasnpocTpaHsBaMe:

PrRd — Processor Read — npouecopbT 4eTe OT fiokanHaTa namer;
PrWr — Processor Write — npouiecopbT 3anucea B niokaniHata namer;
BusRd — Bus Read — 3asBka 3a 4yeTeHe Ha fokanHaTa namer;
BusWr — Bus Write — 3asiBka 3a 3anuc Ha nokanHara namer.

®ur. 2.2 OHpOCTCH IMPOTOKOJI 3a 00OHOBsIBaHE Ha MPOMCHJIMBUTE C ABEC CbCTOSAHUA

@ Mpouecop ¢ BanuaeH 6nok 3acu4ya 3asiBka OT ApYr NPOLEecop 3a 3anvc Bbpxy Konue oT
TO31 6nok. MNMpouecopsbT We MapkMpa Herosusi 6ok KaTo HeBanuaeH.

@ Mpouecop ¢ HeBannaeH 610K n3npalla 3asiBka 3a YeTEHEe OT CbCeAEeH Kell Uin
onepaTtuBHaTa naMmeT 3a To3u 6rnok. Cnen npoyntaHe mapkupa cBosi 650K KaTo BanuaeH.

@ﬂpouecop C BanuaeH 6nok nsnpatla 3asiBka 3a YeTeHe Unu 3anuc 4o octaHanute
npouecopun. 3asBkata € nHpopmaTUBHa 3a OCTaHaNUTe NPoOLEecopy N HErOBOTO KOMNue
ocTaBa BanugHo.

@I‘Ipouecop C HEBaNMAHO KOoNue 3acuya 3asiBKa 3a YeTeHe Unn 3anuc oT Apyr npouecop.
ToraBa KONMETO Ha nNpoLecopa ocTaBa HEBaNMOHO.

[MomoOpenus Ha To3u Mojen ca npotokoiure: MSI (Modified Shared Invalid, ¢ no6aseHo
TOMBITHUTETHO, TpeTo cherosiuue Modified), MESI (¢ mombmauTeHO cheTosiHue Exclusive) 1 MOESI
(C JOITBJIHUTCIIHO CBHCTOSHHEC OWIICI'). I[OHTJJ'IHI/ITCJ'IHOTO cbcTOsTHHE M — MO,Z[I/I(bI/ILII/IpaH, II03BOJIsIBA Ha
mnmponoecopa aa 00HOBHU OJIOK OT IIaMeTTa, oe3 Aa pasnpoCcTpaHsBa I/IH(I)OpMaHI/IH II0 ImKHara 3a HEroBOTO
06HOBﬂBaHe, KOraTo OJIOKBT HE € CITOCJICH. Koraro opouecopbpT AaAc 3asiBKa 3a 0JIOK OT ImaM€ETTa, KOMTO
JIUICBA B Kellla, KOHTPOJIEPHT U3BINYA OJIOKA OT OlepaTHBHATa IaMeT U TO MapKupa karo crnozeneH. Koraro
npouecopsT AaA€ 3asBKa 3a 3allMC BBPXY 070K OT IaMeTTa, KOMTO JHIICBA B Kellla WIIM € CIIOACJICH,
Mapkupame 010Ka KaTo MOAU(UIMPAH U pa3NpocTpaHsIBaMe CUTHaj, 4ye OJIOKBT € 00HOBeH. Upe3 TO3H CUTHAT
MapKupamMe€ BCHUYKH OCTAaHAIM KOIIMA KAaTO HEBAJIUIHU. Koraro MpoHeCcopbvT 34CCUC CHUI'HAJI 3a 3aIllUC BBPXY
OJIOK OT JpyT MPOILECOp, C MPUCHCTBAIIO KOMHE B HErOBUS KEII, KOIMETO TPsAOBa Ja Ce MapKupa KaTo
HeBanmHO. [IpennmcTBOoTO HAa MSI poTokona e, 4e Kkorato nMame OJIOK ChC CheTostHIE M (Monuuiupan),
IpouecopsT HE Tpf[6Ba Ja pasnnpoCTpaHsBa CUTHAJIN 11O MIMHATA 3a Y€TCHE WJIN ITOBTOPCH 3allncC.

[TporoxonsT MESI, chkpareno or Modified Exclusive Shared Invalid, e mogoOpenue Ha
npotokona MSI. TloBeueTo CHBpeMEHHHM MHOTOIMPOIECOPHH CHUCTEMH HMAaT BEpCcHS Ha TO3U
npotokod. [Ipu Hero nobapsime omie enHo cheTosiHUE Exclusive — M3KITIOUMTENHO, AaBailo MpaBa Ha
mporecopa 1a oOHOBSIBa KOMHETO, 03 a pa3npocTpaHsaBa nHpopMaius 3a Toea. [locraBsame 650K OT
rmaMeTTa B ChCTOsTHUE E, KoraTo mpu deTeHe OT OnepaThBHATA MaMeT OJOKBT HE MPUCHCTBA B APYT
kem. Koraro 050k OT mameTTa € MapKUpaH B TOBAa ChCTOSHHE, MPOIECOPHOTO 3BEHO, paboTemio ¢
0JloKa, TPUTEKaBa CJIWHCTBEHOTO KOMME W MOXKE Ja TMpaBd MPOMEHU BBPXY Hero, 0e3 ga e
HE00XO0IUMO Ja pa3npoCcTpaHsBa HHGOPMAITUS 32 TOBA.
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®ur. 2.5 [IpoTokon 3a oOHOBsIBaHe Ha mpomeHinBuTe MESI

[Ipexon ot cwbcrosuune E mam M kbM cbhcTOsiHHE S ce Hapuya ,,[IOHWKEHHE', 3aII0TO
MpeXoabT OTHEMa MpaBaTa Ha Tpolecopa Ja Moauduiupa 0jioka 0e3 ChOOIEHUE IO IIUHATA.
CpoTBETHO TpOMSHA OT S (CHOJENEHO CHCTOSHUE) KbM ChcTOssHWME E mmm M e ,,moBuimieHue”,
3aII0TO JlaBa MpaBa Ha MPOILECOPHOTO 3BEHO 3a ,,0e3MbIBHA mpomsHa Ha Omoka. Korato
MMOHMXaBaMe ChCTOSHUETO OT E minm M, BB3HHKBA BBIPOCHT KbM KO€ CHCTOSHHUE Ja TO TTOHIKHM.
Moske nma mapkupame 6JI0Ka KaTo HEBAJIUACH WU KaTO CIOACICH. AKO PemnM Ja TOHIKAM 0JI0Ka
KbM CBCTOSHHME S, TOBa O3Ha4yaBa, 4ye¢ TpsOBa Ja W3BjIcUeM OOHOBeHHWs Ojyok. Taka mme crasum
YCIIOBUETO 3a CBCTOSHUE S — OJOKBT € CHOJCIICH W TNPHUTEKABa IMOCIEAHATA aKTyalu3upaHa
ctoriHocT. OGHOBSBAaHETO Ha BCHUYKH KOMHS B CHCTOSHUE S MOXKE Jia JO0BeJe J0 MU3IUIICH Tpapuk
BBPXY 00IaTa MMHA, TPH YCIOBUE Y€ OOHOBEHUTE KOMHS HE CE TOJI3BAaT.

Enno ot pemenwusta e, KoraTo MoHMKaBaMe ChCTOSIHUETO Ha OJIOK OT MameTTa, BUHATH Ja
MpeMHHaBaMe KbM CBhCTOsIHUE I, T.e. Mapkupame OCTaHAJIWTE KOMMs KaTO HeBalWAHU. Taka, ako
HSIKOE OT MPOLIECOPHUTE 3BEHA MMa HYXJla OT OOHOBEHHs OJIOK, caMO ToraBa IIe ce JaJie 3asBKa 3a
oOHOBeHOTO Komue. ToBa obaue mie MoBene JO M3IUIIHU 3asiBKM 32 OOHOBSBAaHE, KOUTO OTHOBO
3aeMar OT BpeMeTo Ha oOmiaTa muHa. J[pyr HeZjocTaThK €, 4e MPH YECTOTO U3MOI3BAHE HA €JJUH OJIOK
OT J[Ba MpOIEcCOpa €THOBPEMEHHO, OOHOBEHUTE JIaHHU MOCTOSHHO TPsiOBa J1a ObJIaT MPEXBBPISHU OT
€IMH KeIll KbM JIPYT ¥ 00paTHO.

Jpyro peimieHue € Tpu MPOMsSHA J1a OOHOBMM KOMUSITAa Ha OJIOKAa KbM CBCTOSHHE S —
CIIOJEIICHO, HO KaTO IIOCOYMM €IHO OT 3BeHaTa KaTo cobctBeHMK (O — owner) Ha Oioka. Taka
pasmmpsiBame Mozena B mpoTokon MOESI, cwkpareno ot Modified Owner Exclusive Shared
Invalid. Taka Gnok B chCcTOSTHHE S MOXKe Ja OBbJI€ C Pa3IMYHU JAHHU OT TOCJICAHUTE OOHOBEHHU.
[TpoTokomuTe MoraT ia ObJIaT OOHOBEHHM C OIIIE ChCTOSHUS WM Upe3 MEXaHU3MU 3a MPEABIKIAAHE, C
KOWTO Ja HAMaJuM W3JIMITHUTE 3asSBKU 3a WHBanHaupaHe. J[00aBSHETO HAa HOBU CHCTOSHUS WU
MPOBEPKH HE yBEIWYaBa MPOIOPIIMOHATHO MPOU3BOAUTEIIHOCTTA, a BCSIKO HOBO CHCTOSIHUE WU
MPOBEPKa IIe MOTO0PH MAJIKO MPEAMIITHUS TPOTOKOJI, KATO B PA3IHYHU MPHIIOKEHUS MOXKE JIOPH J1a
MpeAN3BUKAT 3a0aBSHE MPU U3ITHLITHEHUETO.
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2.3 HecumeTpUYHU MHOTOSI/IPEHN APXUTEKTYPH

CpBpeMEHHHUTE IIPOLIECOPU CE€ JEeAT IPENUMHO Ha EIHOSAPEHHM W MHOTOSIPEHU C
efHOTUnHU siapa [6]. CTraHAapTHO MHOTOSIIPEHUTE CHCTEMH Ca CBCTaBEHHM OT HAKOJIKO WM
MHOKECTBO XETEPOI€HHU MpOoIecopa ¢ I0-MajKa M34YMcIuTe]Ha MomHocT. llenta Ha
MHOTOSIIPEHUTE CUCTEMH € JIa TOCTUTHEM HapalieIn3bM ChC CTEIIEH OpOos Ha TPOLECOPHUTE Spa, C
KOETO Jia MoAoOpuM ISUIOCTHATa MPOM3BOAMUTENIHOCT Ha cucTemara. KakTo pasriegaxme mo-rope,
MOpaay HAKOJIKO MPUYUHHU HE MOCTUTaMe MPONOPLHOHAIHO YBEJIMUEHUE Ha MPOU3BOAUTEIHOCTTA C
N00aBsIHETO HAa HOBU TMPOIECOPHU 3BeHA. [IpW pasnuyHM TPWIOKEHUS CErMEHTHPAHETO |
00paboOTBaHETO HAa OTHIEIHUTE CETMEHTH IIE JOBEIE M0 PAa3IUYHHU Pe3yITaTH, KaTO MOHSIKOTAa MOXKE
7Iopu na 3a0aBM BPEMETO HAa M3MBbJIHEHHE. HecHMeTpUYHHTE MHOTOSAPEHH ApXHUTEKTYpH IIE HU
JajaT BB3MOXKHOCT 3a pa3IMYHU pelieHuss Ha To3u mnpoOiem. I[lapanennure cermeHtH Ha
MPUJIOKEHUETO MOorar na ObAaT M3OBJIHEHM HAa MHOTO W MO-MaJKH SApa, AOKATO H3YaKBaT
W3ITBJIHEHUETO HA MOCTIeI0BATEIHATA CEKIIMSL.

KoHBeHuUuoHaneH MHorosigpeH HecumeTtpunyHa

AByAOpPeH npouecop npouecop MHOroggpeHa apxXmTtektypa
F/4 | F/4 | F/4 | Fl4 F/4 | F/4

F1 F2 F1

F/4 | F/4 | F/4 | Fl4 F/4 | F/4

- MHOXeCTBO 1 pa3nuyHun - No-marnko yHKUMOHaNHN - KombuHaums ot pasnuuHn agpa

OYHKUMOHAnNHW ycTponcTea yCcTpomncTBa

- Ibn6boka koHBelepHa - Manbk KoHBeNep

obpaboTka - OnpocTeHo npeaswxgaHe Ha

- ArpecuBHO NpeaBMXKaaHe Ha  MpexoauTe UIu NUNCcBaLLo

npexoamu npeaBuxaaHe

- HenocnepgosatenHo - Mo-manbk kew

n3nbHeHne

- [Mo-ronam ket
®ur. 2.6 HecumeTpuyHM MHOTOSIAPEHN apXUTEKTYpU

Ako m30epeM MoIel ¢ eIWH TOJISIM TPOLECOp, MMaMe BHCOKAa IPOM3BOIUTEIHOCT Ha
IIPUJIOKEHUATA, HENO3BOJABALIM IApaJeIN3bM, HO JIOIIO M3IBIHEHHE Ha HAKOJIKO IPHIOKEHUS
napajeaHo WM €JHO NPWIOKEHHE, IO3BOJIABALIO MapaienHa obpaboTka. ['onemure sapa ca u
eHepruiiHo HeeekTuBHU. C y4eTBOpSBAHETO HA 30HATa 3a M3pabOTKa HAa €IHO SAPO IOCTHrame
yIBOSIBAaHE Ha IPOU3BOJUTEIIHOCTTA, HO C TOBA U3II0J3BaHATa CHEPIHUs L€ CE YBEIMYU YETUPHU I'bTH
[7]. Or npyra riaenHa TOYKa, MHOTONPOLIECOPHA CUCTEMAa C HUCKO(QYHKIMOHAJIHU sjpa 3a0aBs
4acTTa OT NPHJIOKEHUETO, KOETO HE MOKe /1a ObJle CErMEHTHPAHO, KaKTO U I'yOU MPOU3BOJUTETHOCT
IpU JIMIICA Ha NMpeIBUKIaHE Ha PEXOIUTe U caadaTa KOHBeliepHa 00paboTKa B Te3H spa.

TenaeHunuTE Npe3 NOCIEAHUTE TOAUHU ca CBBbP3aHU C pa3padoTKa Ha MPOLECOPHU ¢ OCHOBHO
A0p0 3a U3NBIHEHHE Ha YacTTa OT MPHIOKEHHETO, KOSATO TpsAbBa na ObJe M3MbJIHEHA
[IOCJIEOBATEIHO, U MHOTO MAajKU IPOLIECOPHU 3BEHA 3a YacTUTE OT IPUIOKEHHETO, KOUTO
MO3BOJIABAT TapasielHa 00paboTKa WM M3ITBJIHEHHETO Ha OTICITHH NpWiIokeHus. pyr momen Ha
HECHMETPUYCH IMPOIIECOp € C S/Apa, MO3BOJABAIIM padoTa ¢ pa3InyHa TAKTOBA YECTOTA. TOBa e HU
MO3BOJIM MIPU HEOOXOIMMOCT J1a YBEJIMYMM I10/1aBaHaTa EJICKTPOCHEPIHsl U TAaKTOBAaTa Y€CTOTa KbM
KOHKpeTHO siapo. Korato pasriexpame apXWTEKTypd C MHOXKECTBO IPOLECOPHU €JIEMEHTU B
mameTTa, 1€ MMaMe  acHuMeTpuYHa  apxuTekTypa.  ChluecTByBallUTe  ACUMETPUUYHH
MUKPOAPXUTEKTYPH W KOMIWJIATOPUTE 3a TIX 1€ HU IO3BOJAT BHeApsiBaHeTo Ha mPIM
(MHOXECTBO OT TIOMOIIHHM TPOIECOPHM €JIEMEHTH B TaMeTTa) Ja CTaHe He3a0eleKuMo 3a
MIPOrpaMuUCTa U ONepalliOHHATa CHCTEMA.
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2.4 U3cnenBaHe U npeasioxkeHus 3a u3noa3sane Ha mPIM

ITpe3 2011 Samsung u Micron (HMC Tech — Hybrid Memory Cube Tech) 3amouBar o6ma
pabota BbpXy pa3paborkaTa Ha HOB Tun xuOpugHa 3D mamer [8]. KM KOHCOpIMyMa MO-KbCHO ce
BimouBat Microsoft, ARM, HP, SK Hynix u Fujitsu, xaro toii ce mpeummenyBa Ha HMC
Consortium. TpumsmepHata xuOpuana texHoynorus ,Hybrid Memory Cube“ e chcraBeHa B
eIMHINYHA OMAaKOBKa, ChIbpXkKam@a HAKOIKO ciosi DRAM mamer, u3rpajieHu IUPEKTHO BBPXY
CUJIMLIMEBA MOJJIOXKKA C JOTMYHU elleMeHTH. Paznuunure cnoese ca cBbp3anu upe3 TSV (through-
silicon via) Texnonorust. TSV TexHosorusTa no3BoisBa BepTUKaIHa B3aMMOBPbB3Ka, IPEMUHABAILA U
CBBbp3Ballla CWIMLHUEBUTE MOAJIOKKH WM MHTErpaHU cXxeMu. BepTukamHata Bpb3Ka MO3BOJISIBA
MOJUTIOKKUTE J1a ca €[JHa Ha/l Apyra, KOeTO HU JaBa [oBeYe MaMeT Ha MO-MaJIKO MPOCTPAHCTBO, KAKTO
U 10-7100pa cBBp3aHOCT MeXy cioeBete. [Ipu xuOpuaHust Ky0 BEpTUKAIHUTE BPB3KU Ca U3TPasieHH
BbTpE B MAKeTa, KOETO APACTUYHO CBKpallaBa eJIEeKTPUYECKUTe MbTeKH. llpumepHuAT Mozedn,
MPEJOCTaBEH OT KOHCOPLUYMa, pasriexia pa3fe]eHUeTo Ha MOAJIO0KKUTE Ha CUMETPUYHU JISJIOBE.
JlsoBeTe, KOUTO ca €JMH HaJ APYT, ce paslpeaensaT Ha o01l KyO, yrpaBisBaH OT Jiejla Ha JJOrH4yHaTa
MOJUIOKKA MOJ TAX. XUOpHIHATA TEXHOJOIHs MO3BOJISBA Pa3pabOTBAHETO HAa MU3UMUCIUTENHU S7pa,
U3rpajieHu BbPXY IIbpBaTa CUIMLUEBA MOI0XKKA.

Cunuuuesa
noanoxka TSVs

®@ur. 2.7 Cebp3Bane upe3 TSV (through-silicon via) Texnonorus

[MpumepHUTE W TECTBAHW W3IIBJIHEHHSA, TPEIOKEHH OT KOHCOpPIMyMa BKJIIOYBAT: Bcuuku
BXOJHO-U3XOJHHU OMNeEpalyy a ObJaT M3MBIHEHU KAaTO CEpHaTU3UpPaHH IbJEH TYMJIEKC BPB3KH 3a
oTaenHuTe KyooBe; MHIuBUIyaqTHH KOHTPOJEPU 32 BCEKM KyO C MHAMBMIYalHO YIpPaBJIeHHE Ha
MapuipyTu3anusTa Ha JaHHUTE U OydepupaHe Ha BXOJHO-U3XOAHUTE Bpb3KkH; KoHdurypupyemu
perucTpy U GyHKLUH 3a yIpaBlIeHUE HA TaMeTTa.

CeiiectByBamiara texuonors npegioxena or HMC Tech, me Hu mo3Bonu pazpaboTkaTta Ha
MHOECTBO MaJKH U XETEPOr€HHH W3YMCIUTEIHU €JIEMEHTH, IUPEKTHO MPUKPENEeHN KbM MaMeTTa.
ITpu uscneaBaneTo Ha MeToAMTe 3a nmoa3BaHe Ha mMPIM 1me ce checpenoTounuM BBPXY apXUTEKTypa,
ChCTAaBEHa OT OCHOBEH KOHBEHIIMOHAJICH MPOLECOP WU HAKOJIKO Mpoliecopa ¢ MOMOILIHUTE PeCypcu
B namerta. ToBa IIe € CHJIHOCBbpP3aHa apXUTEKTypa, Moy3Balla oOlja IIMHA W MaMeT 3a
KoMyHHKalusa. Hannumero Ha OCHOBEH KOHBEHIMOHAJIEH IPOLECOp 1€ HU MO3BOJH Ja MOJI3Bame
BCUYKM TEKYIIM pa3pabOTKU BBPXY Mapajenu3upaHe Ha nmporpamute. DoKychT Ha MpEATIOKEHUTE
mojoOpeHusl € Ja TMOCTHTHeM Tojao0peHms, 0e3 Ja ce HamaraT JONBJHUTCIHA TNPOMEHU Ha
MPOTPAMHUTE WM TSXHOTO MPEKOMIIIUPAHE, KATO TOBA OCTaHE CKPUTO 3a mporpamucTta. OCHOBHUST
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IIPOLIECOP 1€ HU I03BOJIM CHILO TaKa Ja Bb3JaraMe pasInyHUTE CETMEHTH BbPXY AIpOTO, KOETO 1€
I'M W3MBJIHU Hail-edexTuBHO. MHTerpupaHero Ha NPOLECOPHM sAapa B €IUH YUI C IaMeTTa
MO3BOJIIBA HUCKA JIATEHTHOCT W Obp3a KOMYHMKALUS MEXIY MpOLECOpUTe M IameTTa.
N3paboTBaHeTO HAa MaJKW XOMOTEHHH INPOLECOPHU €JIEMEHTH € PeHTaOMIIHO, KaTo CHINO TaKa IIe
HaMaJd KOHCyMHpaHaTa eJIeKTpOeHeprus Mpu paboTa Ha MPOLECOPUTE.

CPUO CPU1
Core/s Core/s
reg reg
L1 L1
L2 L2
L3 L3

mPim0 mPim1 mPim2 mPimN

L1 L1 L1 L1

@ur. 2.8 MHOTONpOIIECOpHA apXUTEKTypa C N3YHCIUTEITHNA PECYpPCH B TAMETTa

To3m kiac XeTreporeHHa apXWUTEKTypa € ChYeTaHWe OT EAMH WM HSIKOJIKO OCHOBHHU
npolrecopa ¢ royiiM Opoil MHCTPYKIMM U KeIll HUBa C BUCOKA JIATEHTHOCT IPH 3asiBKU J0 MaMeTTa, u
HaOOp OT MpPOLECOPHU €JIIEMEHTH B MaMeTTa C MalbK KOMIUIEKT MHCTPYKIMH, HO MO-HHCKa
JATEHTHOCT J10 OCHOBHAaTa NaMeT. B nucepTalMOHHMAT TPy ca NPEUIOKEHH M H3CIEIBaHU
CJIETHUTE METOJHU 3a U3II0JI3BaHE HA JOI'BJIHUTEIHUTE PECYPCH:

. [Tapanenna o6paboTka Ha cermeHTure oT mMPIM M u3NbIHEHHE Ha TMOCIEJOBaTe/IHATa
HopLUs KOA OT OCHOBHUS IIPOLIECOP

JIMHAaMUYHOTO HMIEHTH(UIIMpaHe Ha Hemapajeilu3upaHaTa MOpIHs KOJA M H3IpPaLlaHeTO Ha Ta3H
NOpLMA KbM OCHOBHMS IpOLECcOp Lie ObAe KPUTHYHO 32 ILUIOCTHOTO BpPEME Ha HM3IbIHEHUE Ha
HNPUIOKEHUETO. JIMHAMUYHOTO WACHTHU(QULIMpPAaHE HAa Hemapajesn3upaHuTe 4acTH OT KOAa MOXe Jia
Ce M3BBpPIIBA Ype3 XapAyepHO-COPTYepHO pELICHHWE Ha HHUBO CHUCTEMHU HWHCTPYKLUUU H
MHUKPOAPXUTEKTYpa, CKPUTO OT mporpamucTa. ToBa Iie ce H3BBPLIBA, KaTO NPU H3MBIHCHHUE Ha
napanequ3upaHo NPUJIOKEHHE H3MEpBaMe BPEMETO 3a HU3IBbJIHEHHE Ha BCEKU CErMeHT. Bceku
CeTMEHT Ce MJCHTU(HINPA C YHUKAJIECH HOMep. 3aensiMe Ta0Inia B IaMeTTa, B KOSATO Ja 3allucBaMe
Oposi IUKJIH, 32 KOUTO € U3IIBJIHEH, KAKTO M €BEHTYaJIHU 3aBUCUMH CETMEHTH, U3YaKBaIll HETOBOTO
U3ITBIHEHHUE.

mPimO0
CermeHT
#20000 @
CermenT # | ST | WT CPU 1
CermeHTPim 1 20000 20 300
Corwer 20007 |10 |50
20002 10 20 OcHOBEH npoLiecop
mPimN
Cermel
#,\;M HT N 5 5

ST — Segment Time — BpeMe 3a n3nbnHeHWe Ha cermeHTa
WT — Wait Time — KombuHnpaHo Bpeme Ha n34akBaluy CErMeHTH

®ur. 2.9 luHaMIYHOTO WACHTH(GHUIMpaHEe HA HeTapalen3upaHaTa mopIus Ko
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. [Mapanenna obpaborka Ha cermeHTuTe 0T MPIM M M3MBIHEHHWE HAa KPUTUYHUTE CEKIUU OT
OCHOBHUS IIPOLIECOD

B cnywaute, korato cMe 3aAeNIMIN OCHOBHUS IIPOLIECOP 32 U3MBJIIHCHHE CaMO HA KPUTUYHHTE
CeKIMH, TpaHc(hepbT HA JAaHHH MO O0IIaTa MIMHA IIe € HUCHK M MPEXBBPIISTHETO HAa KPUTHYHUTE
CEKLMH 1€ OTHEME CTAaHAAPTHOTO BpPEME 3a MPEXBBHPJISHE Ha JaHHU OT OllepaTHBHATa MaMeT, 0e3
JOIBJIHATEITHO BPEME HA N3YaKBaHE.

EnterCS()
PriorityQ.insert (...)
LeaveCS()

Core 1

[ ) Pim1 Pim2 PimN

Bydep 3a 3asasku
Ha KPUTUYHMN CeKLUn

®@ur. 2.10 MexaHu3bM 32 YCKOpPEHUE Ha KPUTUYHUTE CEKIIUN

[Ipu nocturane W3MBIHEHUETO HA KPUTHYHATA CEKIUS, C IPYTH AYMH, KOTATO MPOLECOPHT
JIOCTUTHE [0 W3MBJIHeHWEe Ha npuMmuTHB LockX, Ha HUBO CHCTEMHM WHCTPYKIIMU OTOEIsS3BaMe
HaBJIM3aHETO B KpuTHuHA cekins EnterCS(). KobT Ha KpUTHYHATA CEKIUS Ce M3MpaIia KbM Oydepa
Ha OCHOBHHS TIPOIIECOP | SIAPOTO B MAMETTA U34aKBa HETOBOTO M3MbiIHEeHNE. Clie/] 3T ITHEHUETO Ha
KOJIa OT OCHOBHHSI ITPOIIECOP KPUTHUHATA CEKIIHSI C€ M3KIII0UBA OT OCHOBHUS MIPOIECOP U PE3YITATHT
ce BPBIIA KbM SIPOTO B TAMETTa, KOETO MPOIBKaBA U3ITBIHEHUETO HA TIporpamara.

Pim1 D2 ‘......'.dl.e......,j . X

. pim2 02 o 1 SRELLLES =
- L = - .
" O o ) i e 7y e DO
1) . c 5 o) . OB6wo speme
Pim4 D1 Y memmmmn X D2 X
im b1 x - —.— — " T 3a u3nbnHeHwe

Pim1 ‘?Qi’i Y ‘-------:_.::
SN Tl ) e e—
2) e AW Pms I @02 *

Pim4 D1) X ----L‘ir D2 X ]
Yckopenuwe

®@ur. 2.11 Paznpenenenrue Ha KPUTUIHUTE CEKLMU KbM OCHOBHHSI TIPOLIECOP
JuHaMUYHOTO pelieHre 3a U3NpallaHe Ha KPUTUYHHUTE CEKLIHMU KbM OCHOBHHSA MPOLIECOp Ce
U3IIBJIHSIBA HA HUBO CUCTEMHH MHCTPYKIIMH, KaTO M TOBAa OCTaBa CKPUTO 3a mporpamucrta. Metos 3a

I/136I/IpaTeJ'IHOCT € OCBLICCTBCH IIpU 1/136opa 3a U3I'bJIHCHUC HAa JIBC HC3aBHUCUMH KPUTUYHU CCKIIMHU.
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Axo B nenus 6ydep Ha OCHOBHUS MPOLIECOP UMaMe 3apeieHN HAKOJIKO 3aBUCUMH KPUTHYHU CEKLINU,
a eHO OT sAApaTa B IIaMETTa IONAaJHE HAa KPUTHYHA CEKLUs, HE3aBUCHUMa OT 3apelCHUTE, TO HUE
MOXEM Jia 3alo4YHeM HEWHOTO u3mbjHeHue mnapanenHo B mPIM. Taka mie nocturHeMm
napajenu3anys Npu HU3MbJIHEHHETO HAa HE3aBHCHUMUTE KPUTHYHM CEKIMH IO ChIIMA HAYWH Ha
U3MIBJIHEHNE, KAKTO MPH KOHBEHLMOHAIHUTE MHOTOSIIPEHH apXUTEKTypu. KaTto pesynrtat KoasT 3a
U3MBJIHEHHE M CHABPKAHMETO Ha €JHa MporpamMa ocTtaBa HempoMeHeH. He ca HeoOxoammu
CIEeUUAIIHA MOIW(UKAIMHA, TbH KaTO CHBPEMECHHUTE OINEPALMOHHU CHCTEMH MOJIbpPXKAT
MHOTOSIIPEHH aPXUTEKTYPU U CICLHUATU3UPAHO pasNpeesiCHUE Ha PA3INIHUTE SApa.
. N3non3Bane Ha PIM 3a mpenBapuTenHO 3apekIaHe Ha Kella W HaMaJsIBaHE HA CTYICHH
MIPOITYCKHU

[Ipe3apexxgaHeTo Ha JaHHU B Kellla HA OCHOBHUS MPOLIECOP, M3MBJHABAL] IIpOrpaMara, ce
0a3upa W3IS0 Ha TpeABapHTENHAa 00paboTKa Ha chInara mporpama. MeToanTe Ha TO3M MOJEIN
Morar nma Opmar aBa: M3mbiHsBaHe Ha mapye OT OCHOBHATa Mporpama C Iell Ipe3apekaaHe Ha
W3BUKBAaHUTE NIPOMEHNMBY; V3MbiIHABaHE Ha ChbKpaTeHa IpOrpaMa ChC ChIATa LIEJ: ChKpaTeHara
BEpCHUs Ha IIporpamara Moxe Ja Obje reHepHpaHa OT KOMIMIATOpa HE3aBHCHMO OT IPOrpamMMCTa,
KaKTO ¥ OT camus nporpamuct. [Ipu Te3u metoan Hue TpsAOBa 1a U3IIBJIHUM OTAEIHU CETMEHTH WU
ChKpaTeHa BepCcUs Ha Iporpamara, KOMTO BOIAT 1O IPOILYCKH IpU 3asiBKU KbM Kemnla. Tas3u gact ot
Koja usnbiaHsaBaMe Bbpxy PIM sapo u e s pasriaexname KaTo OTAENHa CIEeKyJaTHBHA HUIIKA OT
mporpamaTa. Taka, KOraTo OpMIMHajHaTa IporpaMa CTUTHE 10 3asBKa Ha JlaHHU, T€ Bede IIE ca
3apeicHM B Kellla ¥ HAMA Ja UMa Hy/1a OCHOBHOTO SAPO /1a U34AKBA TSIXHOTO 3apeKIaHe.
. Nznon3eane Ha PIM 3a npenBxaaHe Ha IPeXoau

ITpu u3nomns3Banero Ha PIM 3a mpeaBukaaHe Ha NPeXOoAM IpuilaraMe MeToj, MHOTO OJIM3BK
0 METOZa 3a IPEIBAapUTEIHO 3apeXkJaHe Ha JaHHM B Kella. 3a MpEeABWKIAHE Ha IPEXOIUTE
U3MBJIHSBAME MPEABAPUTENIHO YacTH OT IporpamaTra BbpXy sApaTa B MaMeTTa KaTo OTACIHH
MOMOIIHM HHUIIKH. BCeku mbT, KOraro nMMame pas3KJIOHEHMs, HHE B3MMaMeé 4acT OT KojAa Mpeau
caMHTe Pa3KJIOHEHUs U ro uinbiHsBaMme Bbpxy PIM sigpara. OrceTure cerMeHTH ce M3mpaiiar KbM
MIOMOIIHHUTE PECYPCH B NMAMETTa, KATO pa3unuTaMe, ye CJie] U3IIbJIHEHUE Ha MIPEX0/1a HUE IIe 3apeaumM
MPaBUJIHUTE JAHHU 3a IPEX0Ja B ONEpaTUBHATA MaMeET.

OcHoBHa nporpama

Core 1 Pim1 Pim2 Memory

t1 t1 [ Branch 1 ——> t1 [Branch 2

t2 t2 | Cash Miss t2 | Cash Miss

t3 t3 [DataRq1 | ——>t3 | DataRq2 |—>{LoadRq

. Load D1, D2§—
Branch 1
Data Rq 1 Ready D1
Branch 2

. Data Rq 2 Ready D2

tn

®@ur. 2.12 YckopeHnue upe3 MpeABIKIaHe Ha MPEXOoau

l'onssMOTO MPENMYIIECTBO HA CTIEKYJIATUBHOTO M3ITHIHEHUE HA CAMUTE TIPEXOAH B ITaMETTA €,
Ye MOXKE Jla Ce M3BBPIIBA M3ILI0 XapayepHo. Hsama ma e HeoOxoamma HHWKaKBa MPOMSHA BBPXY
oreparyioHHaTa CHCTeMa, KOMITHIATOpa WK Koja Ha mporpamata. ToBa € 0coOeH TUTIOC, aKO NCKaMe
na BbBeieM PIM B chIiecTBYBaIM KOHBEHIIMOHATHN KOMITFOTPH, 0€3 1a TIPaBUM KaKBHUTO U J1a OUJIO0
MPOMEHH TI0 TeKYIIUTe pa3padoTKy wiH padorenms codryep.
J JonbIHUTEIHN U HE3aBUCUMH HAauMHU 32 u3non3BaHe Ha PIM: M3nomn3eanero Ha PIM siapo
3a KOMIpPECUpaHe Ha JaHHUTE, M3IpallaHu 1Mo muHaTa; [laketnpane Ha JaHHWUTE W3MPAIIaHH TI0
IIMHATa Ha [IaMeTTa.
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2.5 AHaJuTH4YeH MOAeJ Ha M3NO0JI3BAHETO HA M3YHUCIUTETHH pecypcu B

nmaMerTrTa

3a mpeaBapuTeNHa OIEHKA Ha apXuTeKTypa ¢ MHOXkecTBo PIM BB3nmu ¢ obur 6poii ot ,,N*
CJIEMEHTH € TNPEeJIOKEH AaHaJMTUYEH MOJeJ, ONUCBAlll KOMOMHAIMATAa Ha IapaMeTpure,
npeAcTaBeHd NoApoOHO mo-rope. To3nM aHaIMTHYEH MOJEN Ie IOCHIYKH I0-HaTaTbK IpH
NpOEKTHpaHe Ha MoJena 3a IPEeABAPUTEIHOTO OIpeJeNisHE Ha OCHOBHHMTE mapameTrpu. B
MPEIJIOKEHUSI MOJIEN Ce MpeAroiara, 4e 3a MPHJIOKEHUS! ¢ UHTEH3UBEH MOTOK OT JIAHHHU, B KOUTO
HMaMe€ WM PSIAKO MMaMe MOBTOPHO H3IIOJI3BAHE HA OMNPEIENICH CETMEHT OT Be4e NMPEeMUHANIHs
MOTOK JTAaHHW M MaJKO HAJIMYHO KOJIWYecTBO Keml mameT, PIM apxurektypara mMoxe na Oble OT
rojgsiMa moms3a. Pe3yaTaTH OT mNpeasioKeHUs MOJEN C€ MoJydyaBaT upe3 CHUMYyJalus H ca
aHanm3upanu B ['naBa 4 3a mpoBepka Ha XWIIOTE3aTa, HAPaBeHa OT AaHAJMTHUYHOTO OIMCAaHUE Ha
MpeJIoXKeHaTa apXUTeKTypa.

TZI_%WPIMX 1_ix rpin1+LSX(TMpin1—Tpiln)
N | 1+ LS X(Tcmp — 1+ PX Trmp)

(2.13)

T pim + LS X (TMpim -7 pim) (2. 14)
1+ LS X (TCmp - 1 + PMPXTMmp)

4dKO IIpueMeM, 4e M =

t0 32 T nmonyyaBame T =1-%Wrm X {1 - %} (2.15)

Ksaero:

T = BpPEMETO 3a IbJIeH HUKbI Ha PIM onepanus
%W PIM= niporieHTHO U3BHpIIEHa padoTa oT PIM
Tpim = Ttakt Ha PIM

TMpim= PIM pocTtsm 10 mamerra

LS = CpEeIHO BpeMeE 3a YETEHE U 3aInC

TCmp = Bpeme 3a TOCTHI 110 JIOKaseH ket Ha MP

P = CTOMHOCT 3a OpOo¥ MPOMYCKH B KEIll TaMeTTa
N = Opos Ha PIM BB37MTE

u napameTtpure , M u N ca He3aBUCUMU.

[MomyuenusT uzpas 3a M nokassa, ye koratro N > M, uznonszBadero Ha PIM Bb3en BuHaru ime Obje
OT TI0JI32a | 1Ie UMa Mo-00pa MPOU3BOAUTETHOCT OT cuctemMa 6e3 PIM BB3en. MoaensT JaBa ChIno
Taka OCHOBHa WH(OpMAIHs 3a pa3npeaelisiHe Ha pabdoTaTa ChIIacHO JBaTa OCHOBHU MapaMeThpa Ha
PIM:

. bpos na PIM Bb3nuTe;
. YacrTa oT obmaTa pabota, KoATo MOXke 1a 0b/e monaaeHa Ha PIM.

Beopekn dWe e TpyAHO Oa ce ONpeAensaT Te3W MapaMeTpu 3a KOHKPETHO NpeIHa3HadYeHUE,

pasriexmaku TH B ONpEAENIEH JHala3oH, MOXe Ja IMOoIy4YuM MpUeMIMBaA MpeAcTaBa 3a
BB3MOKHOCTHUTE, KOUTO IpeIaraT apXuTeKTypu ¢ pasnudeH opoit PIM Bb31u.
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I'JTABA 111
ExcnepumenTa/IHa METOA0JIOTHA 32 CUMYJIALUS M XapAyepHO U3IbJIHEHHE
Ha mPIM sixpo

3.1 Cumyaanus na mPIM siapo

3a puzaiiHa u cTpykTypupaHeto Ha PIM sanpo wusnomsBame SystemC, a cumynanusara
u3BbpiBame upe3 ModelSim. SystemC e komriekT oT C++ KjacoBe U MaKpOCH, KOUTO MO3BOJISIBAT
CTBIIKOBO M3I'bJIHEHHE Ha 0a3aTa Ha crOuTHA. ToBa € omucareseH e3uK 3a pa3paboTKa Ha Xapayep ¢
LeJl CUMYJIMpaHe M eMyJMpaHe [0 HauuH, Mo KoiTo cranmapTHuAT C++ €3uK He I03BOJIsBA.
Ju3aiiHbT ce cb3gaBa OT MOJIYJHM, BKIO4eHH B SystemC OHONIMOTEKHTE, KOUTO ChIbP)KAT
HEOOXOMMHTE BXOJA-U3XOAM 3a JCKJIApUPAHETO Ha caMuTe MOAyau. BBB Bcekn Momyn umame
KOHCTPYKTOpPH, UMEHYBaHU MO ChIIMA HauyMH KaTo Moxayna. Cren karo aeduHupame MOIYJIHUTE C
TEeXHUTE KOHCTPYKTOPH, HUE OMMCBaMe JIeiicTBUETO Ha MoayJia B SystemC KOHCTPYKTOp

Inl —
Out
In2 —

®ur. 3.1 Jlornuecku enement "N" — "AND GATE"

Inl | In2 | Out

—_|— O
— o= O
[l k=l =] fen]

Tyk e mokazaH mpumepeH au3ailH Ha joruyecku enemeHT "U" — "AND GATE" upes
ModelSim. [Ieknapupanero Ha To3u eneMeHT upe3 SystemC ce U3BBPIIBA MO CICTHUS HAYUH
#include "systemc.h"

SC_MODULE(and2) // declare and2 sc_module
{
sc_in<bool> In1, In2; /l input signal ports
sc_out<bool> Out; // output signal ports
void do_and2() /I 'a C++ function

Out.write(In1.read() * In2.read());
}

SC_CTOR(and2) // constructor for and2

{
SC_METHOD(do_and2); / register do_and2 with kernel
sensitive << In1 << In2; // sensitivity list

}

m wave - default

File Edit View Add Format Tools Window
NsE&| » @D [ AE % |
4 &% B[ 1=3EIEEER I B O

/and_gate/in1
/and_gate/in2

“  Jand_gate/outl

®ur. 3.2 Jlornuecku enement "U" — "AND GATE"
Onucanue Ha SystemC u cumynanus upe3 ModelSim
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3a mmu3aifna Ha PIM cme m3bpamm RISC apxutexTypa mopaaym MHOKECTBOTO CHINECTBYBAIIN
pa3paboTKH, KAaKTO ¥ JIECHOTO W3IIBJIHCHHE W HHTErpamus. bposST Ha eNeMEeHTUTE |
TOIUIOOTACNISIHETO Ha TO3M THUIl AApa Ca JOCTATHYHO MAJKH, 32 Jla HU MO3BOJST MHTETPUPAHE B
mamerta. Hammre PIM simpa ca HacTpoeHU Ja MOAIbpKAT TAKTOBA 4eCTOTa OT 1.25 HAaHOCEKyH/H.
Tosa ca 800 meraxepiia, chljaTa TakToBa 4ecToTa, padorema Bopxy HMC DRAM. Hamnunero Ha
HambIHO (yHKnuoHupamo RISC sapo HE oTBaps BB3MOXKHOCTUTE 3a NEPCOHANIM3ALUS HA
cnenuuKaMUTe Ha Mpolecopa. Taka MpoLecOpUTe MOKeE Ja ca MOAXOASALIM NPHU U3ITBIHEHUETO Ha
BCSIKAKBU IPUIIOXKEHUSL.

& CMD - cmd - pim (o] @ =)

C:\VUisaulStudioPrj\PIM\Debug>pin

m

SystemC 2.3.1-Accellera ——— Dec 14 2014 14:45:31
Copyright (c)> 1996-2014 by all Contributors.
ALL RIGHTS RESERUED
/S
//Author : Svetoslav Tashev //
//Company BAS BG Va4
//Purpose This is a PIM Core//
//Designed: using SystemC Va4
/S
//SystemC (TMD> Va4

//Cc> 28014 by Synopsys Va4
/S
L/ / /7
// PIM Core Clock Cycle 1.25ns//
L/ / /7
L/ /S

% ALERT »% ID: initialize Architectural Registers

®@ur. 3.3 SystemC Model Debugging na PIM sinpo

Onucanara apxXUTEKTypa € ChBMECTUMa U MOXe Jia Obje cuHTe3npana B matdgopma FPGA.
Bewnuku peructpu, MIMHU U BXOA-U3XOAM €A TOCTBIIHU 32 MOAU(DUKALMM Ype3 IpenporpaMupaHe Ha
SystemC kozxa. Ha To3u eTtan nmame cuMyJaiys Ha MOBEAECHUETO OT apXUTEKTypaTa Ha Ipolecopa.
IToBeneHueckara cuMyJanus MO3BOJISIBA BHUCOKO HHMBO Ha  aOCTpakuust Ha  ApoTo.
@DyHKIIMOHATHOCTTa Ha MOXYJIUTE MOXe Ja ObJe TecTBaHa 0e3 NpPOBEPKM 3a ChCTE3aHHE Ha
CUTHanuTe. I'penkuTe, yCTAaHOBEHU IO BpeMe Ha CHUMYJIAIMUTE, Ca JIECHO OTCTPAaHUMHU B Ha4aJHUA
CTaZui Ha qu3aiiHa.

3.2 ETanu Ha mpoeKTHpPaHe W XapAyepHO H3MbJHEHUE HA NPeAI0KeHHSs

mozaea PIM sigpo

Usrpaxxnanero Ha ompezneneH npoekT B cpenata ISE WEBPack e utepatuBen mpouec Ha
CHUMYJIallAsl Ype3 MPOBEPKA HA JIOTUKATA U NTPOBEPKA HA MTOBEJAEHUETO NPU CHCTE3aHNE HA CUTHAJINTE,
W3MBJIHABAHE M TPOBEPKA HAa CH3IAJECH MOJEN [0 YCTAHOBSBAaHE HA HEroBaTa KOPEKTHOCT H
¢uHanHOTO MY 3aBbpiuBaHe. Cuctemara 3a pa3paboTka Ha Xilinx mo3BossBa Obp3M NPOMEHU Ha
CIIOMEHATUTE CTBHIIKM 10 BPEME Ha LENHs LUKbBI. XapIyepHUTE YCTPONCTBA UMAT BB3MOXKHOCT 32
HeorpaHudeH Opoil mpenporpamupanusi, 06e3 HEOOXOJUMOCT OT (PU3MYECKO YHHIIOKaBaHE MpU
I'PELIKU B IPOrpaMUpPaHus B€4€ KOJ.
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BBBEXK/AHE HA | nposepka Ha mooena
Mozenl v
7 (pyHKIIMOHATHA
CUMYJIaLHs
CHHTE3 Ha A
MO
v +
U3NvIHEHUe Ha MoOena CTaTH4YeH
> aHaJIN3aTop
ONTUMHU3ALIUS 10 Bpeme
FPGA
® [IaHUpaHe oOpatHu .| cumynanus
®  PpAa3oJIOKEHUE KOMEHTapU 10 Bpeme

® pyTupase

CPLD
® HamacBaHe

TeHepHUpaHe Ha
MOOUTOB ITOTOK

v

3apekaaHe Ha IpoBEepKa Ha Koza
YCTPONCTBOTO € "| B yCTpOMCTBOTO
nporpaMara

®@ur. 3.4 bnokcxema Ha MPOEKTUPAHE

3.3 Emyjaanusi u xapayepHO H3NbJIHEHHe Ha mpeaoxeHuss moaea PIM

SIZAPO

3a emynanusrta Ha npeanoxenus PIM moaen nznon3same codryeprus naker Ha Xilinx - ISE
WEBPack (ISE — Integrated Synthesis Environment — unu Cpena 3a Muarerpupan Cunres). B To3u
MakeT € MPeJAOCTaBeH MbJIeH Habop oT MHCTpyMeHTH 3a nporpamupane Ha FPGA u CPLD, karto ce
npenigara HDL — Hardware Description Language, 3a cunte3 u cumynanus. [lakeTsT BKIIOUBa
WHCTPYMEHTH 3a NPOrpaMHUpaHe W peayiv3alys Ha MPOEKTa, aHAJIM3UpPaHE HA BPEMEBUTE IMPOMEHH,
MpoMsiIHA Ha HACTpPOMKWUTE crpsiMo uenta Ha ycrpoirctBoTo. ISE WEBPack moanbpxka wusnara
damunust ycrpoiictBa Ha Xilinx, kaTo ce 3amoune ot FPGA cepusra ot Virtex go Virtex5, FPGA
cepusra ot Spartan II no Spartan-3, kakro 1 CPLD cepusita CoolRunner. 3a peanu3zauus Ha sapoTo,
npeasuneHo 3a PIM apxurektypata, ¢ m30pana pammiuara FPGA. OCHOBHUSAT MOTpeOUTEICKUS
unrepdeiic Ha ISE e HaBUraTOphT Ha TPOEKTa, KOWTO BKIIOYBA HEpapXusi Ha TMPOSKTHUpPAHE
(Workplace), penakrop 3a nporpamuus kog (Workplace), nsxoana xonsona (Transcript) u fiepapxus
Ha mponecure (Processes).
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: Xitinx - ISE - D:\Hardware _designWrojectsWIMVI 6_bit_ PIM\16_bit PlMcore\src\Risk core\Risk core.ise  [Design Summary]

| Fl Edt Vew Projet Souwrce Window Help =DBR
DAHG S dD0X D Q-PLHAXAI A XS MO FN 0K v OOLNLPLMdY REAAXN OO
X FPGA Dasgn Summaty Risk_core Project Status A
Souaces b lnpwnardaton >
mon T | Tenmene hé Project Fie: Rick,_care.ve Current State: Prazed i Roged
F)Rek_care_spatan2
MNodule Name: Pim * Emoes: Mo Enos
[\ 3 - su_smuchure [D Hadwers_design/Promed Target Device: w331 A0 Sig 2 + Wamings
® [n)ooen 24 tep2 - ates 2 top2 behav (D:MHe Product Verson 1SE 101 - WebPALK + Routing Hesults
< >| o Desgn Goal Edarcal * Timing Constramnts A Conghrds Mot
a3Souces |[\Fles | g Soepehons | ) Lieares (& Clck Repor Design Stategy. Xiirw Delad [urdocked) « Final Timing Score. 0 [Tiie Receet
- - = Enors and Wamngs
® Syrihiss Moz - .
A for. dbiee_2%_top2 - afar_B_lopd_toeh = Trensason M L ¥ 2
oosepie lor. dlbise_2%_top? - alas_2%_lopl_tebay 3 Trens
O Ad b Saasce 2 Map Mestages No partion mformation was found
[ Creets New Scurcs [ Flace anc Route Messages
L ViewDesion Sunmay " “ Duvice Utikzation Summary 5]
39 DesinUniies Logic Utikzation Used Available Utilization Note(s)
* P Uit 5 Nurrber of Slice Fio Flope 1032 17348 5
* L L\Syrthe Nurber of 4 ot LUTs 2205 17248 12
¥ £2@Inpensrt Desgn - Logic Distribution
#02 GensalePoganningFie > vt Nurrber of cozuped Shees 1418 8672 16%
# 82 Corlgue Luge Deves (& Mep Report e - §
[ Place and Poute Pagent Number of Shoes cortareg ordy rekaled boe 1418 1418 100%
[ State Tirng Rescat Hunbir of Shons cordarag urwanad bge ) 1418 (33
L BioenFe Total Number of 4 input LUTx 2.285 1730 3%
o cclich Bacom Nunbse ueed o b 207
Number used a5 2 sute-fru M
Project Properties 0 M
B Eraste Entnced Desgn Summand || Momber vied fot DuslPot R 12
Number of bonded 085 25 =0 0%
Nuber of RAME 164 2 2
Nuvber of BUFGMUDG 1 2 13
O Show Enars Nuvtwt of MULTI 203504 1 F 3%
O Show Wamings
O Show Faling Coretrants Performance Summary 1€}
T3 Shove Clck Ropot Final Timing Score: 0 Pinout Data: Pros Reoze
Routing Results: Al Siras Complets Aouted Clock Data: Clock Repat
Timing Conatrants: Al Conarants Mt
Dutaled Ruports 18]
Repoit Name Status Generoted Enors ‘Wairings Infos
< >| Surthags Ragen Cuvert ercpma 11 Aeryer 151172015 | 0 445 \Warees 16 bnfos v
=4 Procewes What's Nes i 1SE Design Sule 101 | I Desagn Suammary
Started : "Launching Design Summary”.
>
a| Corcoe | @Encs | g Wavinge (@) ToiShel | g Firc n Fies
T

@ur. 3.5 I'papuuen uarepdeiic Ha Xilinx ISE WEBPack

B cBosta ceuHoct ISE WEBPack mnpeacraBnsiBa mHTerpupana cpeaa 3a MPOEKTHPaHE,
M3rpajieHa Ha MOJYJICH MPUHIUIL, YHUTO 3aBHCUMOCTH ce ThIKyBaT oT ISE m ce mokasBar karo
JIBPBOBHHA CTPYKTYpa. 32 €JHOYMIIOB IHM3aifiH TOBa MOXeE Ja Ob/e €IMH OCHOBEH MOIYIN C APYTH
MOJTYJTH, BKIIFOYEHU KbM TTIaBHHS.

Design entry module - maBa Bb3MOXHOCT 32 pa3paboTKa Ha MPOEKTH, pa3pabOTEeHH BBPXY
HDL 3a onmcanue Ha cXxeMH OT BHCOKO HHBO, KaKTO M pa3pa0OTKa Ha MPOEKTH C MOMOIITAa Ha
KJIAaCUYECKUTE CXEMHHM METOJM 3a pa3Boil. TecTBaHe Ha CHCTEMHO HUBO MOXKE Ja C€ HU3BBPLIM ChC
cumynaropa ModelSim unu upe3 nomooun HDL nporpamu.

Fitter — 1aBa Bb3MOKHOCT 3a MpHJIaraHe Ha Beue pa3paboTeHUs AU3aiH B YUI CTPYKTyparta.

Programming — Moy 3a mporpaMupaHe Ha YuIa.

Hombnautennusar mnaker BackPack kem codryepnus maker ISE WebPack BHeapsia
JIOIIBJIHUTEIHA MOJYJIM, KOMTO OMXa MOIVIM Ja ce M3MOoJI3BaT NMpH HeoOxoaumocT. Toa morar ja
ObIaT MakeTH, KOMTO OCHUTYpsBaT YCIOBHSA 3a JIECHA IpOBEpKa Ha (YHKLUMOHAIHOCTTA IpU
pa3paboTKa Ha HOBUS AM3aiiH, KaKTO U J1a AaBaT OOl Morjie] BbpXy (GU3NYeCKUTe PecypcH, ¢ KOUTO
MPOEKTAHTBT pasnosiara B KOHKpeTHUs ciaydaid. [Ipumepnu nonbanurennu naketu ca ChipViewer,
FPGA Editor, FloorPlaner, CoreGenerator, ModelSim XE Starter Edition u 1.H.
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Active HOL (bit_16_core) - D:\Hardware_design\WProjects\WWIM\16_bit_core\bit_16_core\src\PIM_base_tb.vhd

Ble Edt Sexch Yew Qesgn Jmuotion Jooks Help O ox
A*FH 22 P2LOLHOR © S > M p 000N Sxlmom No umdatcn
= . Wimire i [ H B o 6 LA 5 3 T AT
[yotias 2% bace tb (stlas 2% base tb_srutwe)  +| [0 Fivracy ieee: =
= o use ieee.std_logic_1164.all; !
-® _bR_16_atles_core use ieee.numeric_std.all;
AN Add New Fle 4
@7 ATLAS shg.vhd library work:
+ @ J 8001 MeM.hd use work.atlas_core_package.all:
+ @ J MEM_GATE. vl

entity atlas_2k_base_tb is

+ @Y svs_0_cort.vhd
end at IAS-Z l;buc,:b:

« @V svs_1_core.vhd
+ @J com_0_CORE.vhd
+ @V CoM_1_CORE.vNd
o @Y srs1em_ .
+ @Y ce_pec.vhd

architecture atlas_2k_base_tb_structure of atlas_2k _base_tb 13

+ @J cRLvng 1 component atlas_2k base_top
+ @J 53 REG.W 16 pore |
+ @Y ReG_rnevhd i
+ @Y aw.wnd - f2obels -
@/ vem 2ec b 1 clx_1 : in std ulogic: -- global clock line
s LACC.vhd - ratn 1 : in  std ulogic: -- global reset line, low-active

« @J we_mar.wg

+ @Y Anas_crunhd g -~ uart --
+ @Y anas 2x_1oe.vhd uart_rxd_1 : in  std_ulogic: -- ¢
« @Y nr_panhd 4 uart_txd o : out std ulogic: -- uart tr
+ @ J ATLAS_2X_BASE_TOP.vhd

{775 @7 stes % base th.vhd -- &pi -
T3 B ek core_spartan spi_mosi_o : out std ulogic_vector (07 dowato 0): ata
s n"'m;wwg spi1_miso_1 : in  std ulogic_vector (07 downto 0); -- lata 1
iy - spi1_sck o : out std ulogic vector| downto 0); -- 1 clock
(0 risk_core_spartans 2pi_c3 o : out std_ulogic_vector (07 downto 0); -- chip select (low active
*] sm
@ br_16_stes_core loeary - pio --
pio_out_o : out std ulogic_vector (15 downto 0): -- parallel
pio_in_1 : in  std_ulogic_vector (iS5 downto 0); -- parallel
3
-~ system io (bootloader, nos, -- 0|
sys_out_o : out std ulogic_vector (07 downto 0): -- systen ¥
sys_in_1 : in std_ulogic_vector (07 downto 0): -- system input %
iK1 | |
& atlas 2k b.. & int_ramvhd  Rwaveform ff. = atlas_cpuvhd, Elatlas_pkgvhd, & mem_gate.. & atlas_2k b & mem_acc.vhd
[~ Warning: ELBURITE 0030: MEN ACC.vhd : (177, 0): Non resolved signal ~alu mac dat” may have multiple sources. ~
* |- Compile success 0 Errors 2 Varnings Analysis time : 0.0 (s)
VHDL file(s) detected
Compile...
File: .\src\NEN ACC.vhd
Compile Entity "MEN _ACC*
Entity "MEN ACC” has been skipped - no difference detected.
Compile Architecture “"me_structure” of Entity "NEN ACC*
Compile success O Errors O Varnings Analysis time : 0.0 (=)
> v
< > le >
@ Files % Stucture 2 Resources [. Conscle P4 Find & Compiation - P Simulation

®ur. 3.6 Kog u cumynupane upe3 ISE WEBPack

IIpm npoextupanero Ha PIM monyna ce pealm3upar HIKOJIKO OT OCHOBHUTE KOMIIOHEHTH
upe3 HDL e3uka. Tosa ca:

DPM Control — ynpasiieHue Ha IByHOPTOBa MaMET;

I/O Control — mpoBepka u ynpaBieHHe Ha BXOAHO-U3XOAHUTE MOTOIIH;

Arithmetic CU — ynpaBneHie Ha apuTMETHYHOTO YCTPOKCTBO;

AU - cTpyKTypa Ha apuTMETH4YHO ycTporcTBO Ha PIM monymna.

OcHoBHaTa 11eJ1 Ha eMyJalysiATa € IpoBepKa Ha cuMysupanus Mozaen Ha PIM sapoto, koeto
i€ ce I0JI3Ba 3a CUMYJIallUs Ha LIJIOCTHATA CUCTEMA B CJIEABAILUS €Tall Ha IIPOEKTa.

3.4 Peanuzanus Ha paziauunure PIM moayaun ¢ HDL

Paznuunnte KOMMOHEHTH Ha sApoTo ca wmarpageHu upe3 HDL — Hardware Description
Language. Kakto cnomenaxme no-rope, eauH ot te3u komnonentu € DPM Control. KomnoneHTsT
ce XM 3a yIpaBjieHUE Ha maMeTTa (3amuc/dereHe). OT TO3UM MOAYJ Ce KOHTPOJIMpa BBTPELIHUAT
MOTOK Ha MHpOpMauUusATa OT U KbM apUTMETHYHOTO YCTpoiicTBO AU, KaTo B HEro BJIM3aT caMo
JaHHW OT BbTpELIHAaTa MaMmeT. BBHIIHUAT BXOJEH NOTOK NPEABAPUTENIHO CE€ 3amucBa B
TPUCEKIIMOHHATa ABYyMOpToBa namer, ynpasisiBaHa oT I/O Control momyma u DPM Control.
XapayepHara peanu3alusi € HampaBeHa Taka, Y€ Ha MBPBUS HOPT B 3-CEKLMOHHATA IMaMET Ce
MYJTHUIUIEKCHPAT CaMO aJIpeCUTE 32 YETEHE U 3aIlHC.
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DataIN PR 3-cexunonHa DP nmamer
> DPM :
Control » ADDR A SEC 1lg|...
DataOUT /0 :

8 ADDR B DS

< H ™~ § §

: L—] o

: » ADDR A SEC qepeei:

L : > ADDR B D

v %

<:: 5| ADDR A SEC efers :

Arithmetic CU :>AU P

—N ADDR B

—/ :

®@wr. 3.7 PIM monyn

B mbpBUsS mopT MOXe Ja MOCTBHIBAT KAKTO aJpecH 3a 4YeTeHe W 3alucC, Taka W BBHHIICH
BXOJIHO-U3X0JIeH TOTOK. JlocThmbT m0 AU ce peanmzupa mo nBa 32 OMTOBM KaHana ¢ 3 eTamHH

Oydepa.

Al A2 A3
<L L L
Oydep Oydep Oydep

' ~ ~ ~ >> inBus0 AU:>

32 oura < inBusl

@ur. 3.8 locten no AU

3a mo-romsiMa sicHota Ha PIM apxutekTtypara ca mpeAcTaBeHH ONPOCTEHH BXOMA-M3XOIU Ha
ocHoBHUTEe KommoHeHTH. [/O Data Out cpmo ce peammsupa upe3 Oydepu ¢ 3 CBCTOSHUS.
ApPUTMETUYHOTO YCTPOICTBO M3BBPIIIBA ONEPALMUUTE MO U3BIMYAHE U IEKOAUPAHE HA MHCTPYKIHSITA
oT 3-ceknmoHHaTa mameT B PIM, kakTo u M3BIMYaHETO HA OTnepaHa u nojgaBaneTo My kbM DataOUT
ype3 /O Control. DPM Control cbriacyBa BXOAHO-U3XOAHUTE MOTOLM KbM MaMETTa Ha MOZyJa.
AnpecarnusTa ce u3BbpiuiBa u3isuio or AU. 3a ta3u nen e ce3nanen AU moayn — DPM adr, koiito ce
IPYKM U3LSJIO 3a aJpecalusaTa Ha 3-ceKIMoHHaTa nameT. JlocThIbT 10 BXoAHUTE KaHainu Ha AU e
peanmusupaH cbIO Taka upe3 3 Oydepa ¢ 3 CBbCTOSHMSA, KAaTO AAHHUTE B HEro IOCTBHIIBAT
3anbokuTenHo oT PIM mamerta. DPM Control norukara e usrpajeHa Taka, ue iMaMe Bh3MOKHOCT
3a yIpaBJieHUe €JHOBPEMEHHO Ha JiB€ OT Tpute cexuuu B PIM Monyia.
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I''TABA IV
Cumynanusi Ha HAJTOCTHH CHCTEMH, MOJI3BAIM M3YHMCIUTETHH PeCypcH B
namerTra

4.1 U360p Ha cUMYJIATHBHO HATOBApPBaHe

[IpoexTrpaHeTo Ha XETEPOTCHHA MYJITHIPOLECOPHA W MHOTOSIPEHA apXHTeKTypa ¢ oOria
ISA e cepno3HO TpeIW3BHKATENCTBO, KAaTO MHOXKECTBO (akropu TpsOBa Aa OBAAT B3ETH TOJ
BHUMaHUE. AHAJTUTUYIHUAT MOJET € Ch3/Ia/IeH Ype3 CUMYJIAINY U PE3yJITATHTE Ca CPABHEHH C JIaHHH
OT peaJHO CHIIECTBYBAIIM KOMIIOTBPHM CHCTEMH 3a TIPOBEpKa Ha TPEHIKM B Mojena. 3a
HATOBapBAaHETO HA PA3JIMYHUTE M30paHM OT HAC CHCTEMH H3IOJI3BAME JTAHHH OT HSIKOJIKO KOMITAaHUHN
3a OIIEHKa Ha €(PEKTHBHOCTTA Ha (PM3MUYECKUTE CHPBBHPHU. JJOMUHUpAIIN B HHAYCTPHUATA Ca MOJICIIUTE
Ha TPC-A, TPC-C, Netperf, Laddis, Kenbus, Sdet. Ako cpaBHUM OTIETHHTE MOKa3aTelyd Ha TE3U
TECTOBE, HUE BIKJaMe, 4Ye OOLIUTe HAaTOBapBaHWs HMAT MPUIMKH, KOraTo MAallMHUTE HE Ce
U3I0J3BaT 3a obua ynorpeda. OTaenHNUTe NOKa3aTeNr, KaTo IPOLEHT OT 0OLIOTO HaTOBapBaHe MPHU
HecTeUu(pUUHY 3a]1a4i MEKAY pa3IMYHUTE CTaHAApPTH 3a Pa3KIOHEHHs, ca:

TPC-A 16.9%
TPC-C 18.9%
Netperf 18.6%
Laddis 18.9%
Kenbus 16.3%
Sdet 17.8%

3a 00moTo HaTOBapBaHEe Ha HOBOCH3/Aa/IeHATAa apXUTEKTYpa IIe ce CIpeM Ha MHpopMamusTa
ot ctanaapta TPC (Transaction Processing Performance Council). TPC e nuaep Ha uHIyCcTpUaIHUTE
CTaHAAPTH, KOWTO Ce M3MOJI3Ba MPEIUMHO 32 OLCHKA Ha e(PEKTHBHOCTTA Ha (PU3NUECKUTE CHPBBPH
npear OCBOOOXKIABAaHETO MM B omepanud. llpuumHuTEe M2 Cce cIpeM TOYHO Ha TO3M MOJET
HAaTOBApPBaHUS Ca JBE: MO-TOJSIMA 4acT OT HOBONPOM3BEJEHUTE CHPBBPH CE€ TECTBAT C TO3M MOJEIN
HATOBAapBaHe; HAJIMYHU Ca JAHHU OT PEajIHO TECTBAHHM MHOTOIPOLECOPHH MAIIMHU, KOUTO MOXE /1a
MoJi3BaMe 3a MpoBepKa Ha pe3yarature oT cumyinatuBHus mozen. TPC Benchmark, On-Line
Transaction Processing (OLTP) natoBapBa CbpBbpPUTE ChC CIECIHUTE HHCTPYKIUH:

STORES 12%
LOADS 25.2%
INTEGER OPERATIONS 42.1%
FLOATING-POINT 1.8%
BRANCHES 18.9%

Hamwure cumynanmonnu monenu ca 6asupanu Ha: cuctema c¢ Intel Xeon E7-2870 ¢ nBe
rHe3/1a U JBa mporecopa, cucreMa ¢ Intel Xeon E7-4870 ¢ yetnpu rHe3qa W 4eTUpU TpoIecopa,
cucteMa E7-8870 ¢ ocem rHe3ma U oceMm Ipoiecopa. Te3n KOMIIOTBPHU CHUCTEMH ca
MHOTOIPOLIECOPHH M MHOTosiApeHH. OTAENIHUTE siipa MEXKAY PAa3IUUYHUTE CUCTEMM IO CHIIHOCT U
XapaKTepUCTUKU Ca MIEHTUYHM U UMAT CBHIIUTE MHIUBHIYaTHHU XapaKTEPUCTHKH 3a €(PEeKTHBHOCT.
ITpu peannu TecToBe BHPXY (PU3NUYECKH CHIIECTBYBAIIU ChPBBPHU, HaTOBapeHH upe3 mozaena Ha TPC
OLTP, ce Buxza, ue yIBOSIBAHETO Ha MPOLIECOPHUTE SiIpa HE yABOSBA Pe3yiTara MPH U3UMCICHUATA.

Mpouecop # Bpow sgpa TPC pesyntat | Pesyntart 3a agpo
E7-2870 20 1560.70 78.04
E7-4870 40 2862.61 71.57
E7-8870 80 4614.22 57.68

®@ur. 4.1 TPC pe3ynTat npu yBenuyaBaHe Ha sparta
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PCSyJ’ITaTI/ITC Ca NIOTBBPACHHU OT TCCTOBC HAJ q)HSPI‘{CCKI/ITe CbPBBPU U HAIIUA CUMYJIALIMOHCH
MOACII. YCKOPGHI/IGTO MCKAY PA3JIMYHUTE CUCTEMU CC U3YUCIIABA YPEC3:

Tsys2
g = y

~ Tsysl

S — LianocTHo yckopeHune Ha cucTeMaTa cnpsiMo npeaxogHaTa
Tsys1 — PesyntaTt npegu nogobpeHneTo — cucrtema 1
Tsys2 — Pesyntat cnea nogobpeHneTo — cuctema 2

JIeHiCTBUTETHOTO U3MEpPEHO YCKOpPEHHWE clie]] YABOsiBaHe Ha siapata Mexay E7-2870 u E7-
4870 e 1.8. Cnen ynBosiBaneTo Ha siapata ot E7-4870 xvm E7-8870, yckopenueto e easa 1.6. Topa e
OYaKBaH pe3yJTaT, BBPXY KOHTO BIMSAT MHOXKECTBO (akropu. B ocHoBata € 3acuieHaTa
KOHKYPEHLIUSI 3a CIIOJEJICHUTE PEecypcu WM IO-rope CIoMeHaTHAT mnpobieM ,,Von Neumann
bottleneck®. B nonbiHeHne KbM TOBA, HE BCHYKH CETMEHTH MOTAT J1a C€ U3IMBJIHIBAT NapasieaHo.

4.2 OnuTHA NOCTAHOBKA HA TECTBAHUTE MO/I€JIU

3a 1a ce cuMyJIMpa MPaBWJIHO MPEAIoKeHaTa LJI0CTHA CTPYKTYpHA CHCTEMA M Ja MOIy4YnuM
peaHOTO YCKOpeHHE Ha HeiHaTa paboTOCIOCOOHOCT, HIE CPaBHUM IOJMYYCHHUTE pE3yJITaTHTE
CHIPSIMO CBHIIECTBYBAIIUTE KPUTEPHH HAa (DU3NYECKH CHPBBPU M apxXUTEKTypu. CuMynanusara ce
0asupa Ha MOJENMpPAHE Ha TMOCJIEIOBATEHM 3afABKH KBbM IMPOLIECOPHUTE SApa M H3MO0I3Ba
BEpPOSITHOCTHO paszmnpenencHue Ha 3amaunte oT m3bpanus TPC Ttect. YcnoBusita 3a cuMmyramus Ha
BCUYKM apXUTEKTYpU Ca TAKKWBa, KAKBUTO Ca OMMCAHHU MO-TOpE, IJIIOC BKIIOYBAHE HA BPEMETO Ha
MPECTON Ha KOHBEHLMOHAIHUTE MPOLIECOPH, MPUUYMHEHH OT KEUI MPOIYCKa U TPEIIHO NPEABUACHU
paskioHenus. [Ipu cpaBHsABaHE Ha JBE €IHAKBU apXUTEKTypH HUE HE TpsOBa Ja B3UMaMme MOJ
BHHMaHHUE MPOMYCKUTE OT 3asBKM KbM Kellla, 3al[0TO Ce IpeAmnojiara, 4e Te e ca WACHTHYHU.
Jlo6aBsiHEe Ha M3YMCIIUTEIIHU €JIEMEHTH B MaMeTTa 1€ HU AaJe JUPEKTEH AOCTBII 10 BCUYKH JaHHU
OT OCHOBHATa IIaMET U HUE Ha NPaKTUKa HAMA Ja UMaMe Ke nponycku rnpe3 PIM onepanuute. [Ipn
ollcHKa Ha paboTara Ha u30paHaTa apxXWTEKTypa c JBe rHe3zda, cuctema c Intel Xeon E7-2870
nporecopu, uinoin3paiiku Perfstat, tMame ciaeqHUTE CTATUCTUYECKU JaHHU:

500.2776842 Bpeme Ha TecTa B MUMKPOCEKYHON

1077328 umMKbna

3576240 obpaboTeHn nHCTpyKunn
755940 pa3KnoHeHUs

52865 06pbLLEHMSA KbM Kella
9745 Nporyckx oT Kewa

770 rpeLuKn

Benpekn de OposAT Ha Kem mpomyckute uiriexna HesnaumteneH — 0.181% ot Bcuukn
uHCTpYKUuU (mn 18.434% OT BCHYKM Kelll 3asiBKM), CAHKUMHUTE NPU KEIl MPOIYCKU ca OFPOMHH.
Karo msamo 3asBkuTe 3a 4eTeHEe OT Kella ca KPUTHYHM 3a paboTara Ha CHCTeMara, Thi KaTo Te ca
HEeOoOXOUMH 3a Hampeabka Ha MpHIIoKeHHueTo. PhroBojcTBOTO 3a Intel Xeon mporecopu ,,The
Performance Analysis Guide for Intel Xeon Processors® [9] mpemocraBs rpy0 mNpuOIU3HUTEIICH
aHaJN3 Ha U3Xa0CHNUTE IUKJIH 33 JOCTHII JI0 CIEIBAIIOTO HUBO, HEOOXOIUMH CJIE]] KEIll IPOITYCK:

L1 kew goctbn ~4 unKbna

L2 kew goctbn ~10 yukbna

L3 kew goctbn ~75 yukbna

RAM pgoctbn ~100-300 uyukbna (Bpeme 3a 4OCTbN KbM OCHOBHATa namer)
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06]_110 n3xabeHuTe HUKJIM Ha HU3YAaKBAHC Ha BCAKO H3YHUCIWUTCIHO SAAPO, NPUYUHCHU OT
NponycCK MIpu 4€TCHC Ha KCIlla, MOTraT Ja 6’bIlaT H3YUCJICHU, KaTO CC B3CMaAT MpPCABUI HGO6XO,I[I/IMI/IT6
OHUKJIHW 3a JOCTHII A0 CJICABAIIOTO HUBO:

CPU Time = (CPU exec clock cycles + memory stall cycles) * clock cycle time
Memory stalls = read stalls + write stalls
Read stall cycles = reads per program * read miss rate * read miss penalty

Karo usno mpomyck ot kema mie H1 koctBa 0koj0 100 muKbiia Ha OCHOBHOTO M3YHCIUTEITHO
sipo. Bbhopexku roaumHUTE Ha MPOYYBAaHE W MOZENUTE, KOUTO C€ MpWiIaraT 3a MpPEABAPUTEIHO
3apeX/aHe Ha CTPaHWLM B Kella, ChbBPEMEHHHUTE KOMIIIOTPU HE ca B ChCTOSIHHE Ja IOJIy4aT CTO
MPOLIEHTA OT 3asBKUTE KbM Kela. [Ipu nmpunaraneTo Ha M3YMCINUTENHHU IApa B OCHOBHATA NTAMET HUE
HsAMa J1a ObJeM u3npaBeHu npexa To3u npodiaem. PIM sapara me umat 1upekTeH AOCTHIT IO BCHIKH
CTpaHHULY, 3apE/ICHH B OCHOBHATA TaMeT.

Hpyr daxTtop, KOHTO TpsbBa na oT4yeTreM, € 3a0aBSHETO, NMPUYMHEHO OT HENPaBUIHO
NpeIBIKAAHEe Ha pasKiIoHeHusATa. VMa peauna NPUHOCHUTENM Ha 3a0aBSHETO ClleA TPELIHO
npeaBuieH npexoa. OCHOBHUST NPUHOCUTEIN € IbJDKMHATa Ha npouecopHus oydep. Hue e tpsaosa
OTHOBO Jia mpe3apeauM Oydepa ciien pa3KiIOHEHHE, a TOBa JONBIHUTEIHO MOXE Jla MpEeAU3BHKa
NOTEHIMANEeH Kell Mponyck. Pa3nuuHM mpoydBaHMs IOKa3BaT, Y€ CAHKIMHUTE OT HENPaBUIIHO
npeaBueHu mpexoau Bapupat oT 10 no 35 npoluecopHH LUKBIA, B 3aBUCUMOCT OT ABDKMHATA Ha
Oydepa. Peannure TectoBe Haxa Intel Pentium Pro mponiecop Hu naBat cpeaHo 20 IUKBJIA CAHKIUS
CJIe/l TPEIIHO MPEBUIEH MPEXOI.

4.3 Pe3yaratu

Pasrnexxmanure CHMYJIaTUBHU MOJENM B3UMAT MPEIBUI TEKYIINUTe (PU3NIECKHA OTPaHUICHUS
U TEXHOJIOTUUTE, JOCTBIHM 3a pa3paborka. Makcumannara ckopocT Ha PIM sapata mma peanHo
OTrpaHWYeHHE OT CKOPOCTTa Ha MaMerTa B KosTo me pabotar. Ilopamm ckopocTra Ha MmamerTa,
KOHBEHIIMOHAIHUTE MPOIECOPH H3ION3BAT KOS(DUIMEHTCH JAeIHUTeN Npu padorata ¢ mamerTa 3a
CHHXPOHM3WpAaHE Ha TakToBaTa decrora. Yecro koedpuumeHT OoT 1/3 mmm 1/6 ce m3nomsBa 3a
CHHXPOHHM3ALIUs Ha MACcUTO ¢ siApoTo. CpaBHEHO ¢ KOHBEHUMOHAIHUTE Ipouecopu, PIM siapata ca
3HauYMTEeNHO TO-0aBHU. HoBopaspaboTenara apxutekrypa moisBa 1/3 menmren 3a CKOPOCTTa Ha
OCHOBHaTa NaMeT KbM OCHOBHUTE KOHBEHIIMOHAJIHU sapa. ToBa e 3a0aBsiHe oT 66% na PIM sanpara.
CrneaBatr MOZIETUTE U TIXHOTO OMHCAHUE:

v31c2: E7-2870 cumynatmBeH MoOAen Ha KOHBeHUMOHanHa cuctema Intel Xeon E7-2870 ¢ gse
rHesga un aea npouecopa. Apxutektypa ¢ 20 npouecopHu sapa.

v31c2P2: E7-2870 cumynatuBeH moAen Ha kKoHBeHuUuoHanHa cuctema Intel Xeon E7-2870 c ase
rHesga v asa npouecopa, nntoc 20 gonbnHuTtendu PIM agpa.

v31c2P4: E7-2870 cumynatMBeH MoAen Ha kKoHBeHumoHanHa cuctema Intel Xeon E7-2870 c gse
rHesga un asa npouecopa, nitoc 40 gonbnHuTtendu PIM sgpa.

v31c4: E7-4870 cumynaTtnBeH mMogen Ha KoHBeHUuoHanHa cuctema Intel Xeon E7-4870 c yetupum
rHesga un YyetTupm npouecopa. ApxuTtektypa ¢ 40 npouecopHu sgpa.

v31c4P2: E7-4870 cumynatmBeH Mogen Ha KoHBeHUMOHanHa cucrema Intel Xeon E7-4870 c yetupum
rHesga un YyeTupm npouecopa, nntoc 20 gonbnHutenHn PIM sapa.

v31c4P4: E7-4870 cumynatmBeH Mogen Ha KoHBeHUMOHanHa cucrema Intel Xeon E7-4870 c yetupu
rHesga un YyeTupm npouecopa, nntoc 40 gonbnHutenHn PIM sapa.
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v31c2 v31p2c2 v31p4 v31c4c2 v31p2c4 v31p4cs
Branch 10 353 353 353 346 346 346
Branch 20 342 342 342 308 308 308
Branch 30 NA NA NA 316 316 316
Branch 40 NA NA NA 289 289 289
Integer 10 791 791 791 757 757 757
Integer 20 823 823 823 770 770 770
Integer 30 NA NA NA 809 809 809
Integer 40 NA NA NA 737 737 737
FP 10 29 29 29 30 30 30
FP 20 34 34 34 36 36 36
FP 30 NA NA NA 36 36 36
FP 40 NA NA NA 38 38 38
LS 10 724 724 724 651 651 651
LS 20 754 754 754 704 704 704
LS 30 NA NA NA 659 659 659
LS 40 NA NA NA 648 648 648
Pim p20 p40 p20 p40
Branch 50 NA 150 143 NA 149 142
Branch 60 NA 160 149 NA 157 132
Branch 70 NA NA 125 NA NA 134
Branch 80 NA NA 150 NA NA 143
Integer 50 NA 321 308 NA 319 303
Integer 60 NA 305 307 NA 302 301
Integer 70 NA NA 370 NA NA 357
Integer 80 NA NA 286 NA NA 265
FP 50 NA 10 11 NA 10 11
FP 60 NA 10 10 NA 10 11
FP 70 NA NA 24 NA NA 23
FP 80 NA NA 17 NA NA 17
LS 50 NA 297 287 NA 295 277
LS 60 NA 268 260 NA 261 262
LS 70 NA NA 248 NA NA 237
LS 80 NA NA 304 NA NA 285
E7-2870 E7-2&20 E7-2&40 E7-4870 E7-4&20 E7-4&40
LS 1478 2043 2577 2662 3218 3723
Integer 1614 2240 2885 3073 3694 4299
FP 63 83 125 140 160 202
Branches 695 1005 1262 1259 1565 1810
Total 3850 5371 6849 7134 8637 10034
1.3950649 | 1.7789610 | 1.8529870 | 2.2433766 | 2.6062337

SpeedUp:
E7-2870 E7-2&20 E7-2840 E7-4870 E7-4820 E7-4840
LS 1.00 1.38 1.74 1.80 2.18 2.52
Integer 1.00 1.39 1.79 1.90 2.29 2.66
FP 1.00 1.32 1.98 2.22 2.54 3.21
Branches 1.00 1.45 1.82 1.81 2.25 2.60
Overall Speedup 1.00 1.40 1.78 1.85 2.24 2.61

Branch 10 — O6wo pasknoHeHus kbM npouecopHu sgpa 1 oo 9
Integer 20 — OBLWO 3as8BKkKN 3a M34MCEHUS Ha Lenn ymcna kbm sgpa 10 go 19
FP 30 — Floating Point — O6L0 3asBkM 3a n34ncneHnsi ¢ nnaeawla 3anetas kbm gapa 20 go 29
LS 40 — Load Store — O6w0 3asBkM 3a YeTeHe u 3anuc kbm sapa 30 go 39
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CumynatuBaute Mozaenu v31c2 m v3lc4d ca pa3paboTeHd C 1iel BTOpPUYHA OIIGHKA Ha
cuMmynanuure. Pesyiarature oT cuMynalMara ca CpaBHEHHE CIPSAMO pe3yiTaTuTe NMpH TECT Ha
¢usnuecku cepBbpu E7-2870 u E7-4870 npu TPC OLTP natoBapBane.

OOmmTe KOMOMHUpPAHU PE3yATaTH 3a BCHYKH WM3YUCICHH WHCTPYKLIUH TIPE3 BPEMETO Ha

MPOBEKIAHE HA CCPUATA TCCTOBE Ca CICAHUTE:
12000

10000 —

8000 —

6000 —

4000 —

~adudtd |

E7-2870 E7-2&20 PimE7-2&40 Pim E7-4870 E7-4&20 PimE7-4&40 Pim

B 3ammc U YeTeHe B [[enu ynciia

B [IaBamia 3ameras B PaskioHeHus
v31c2: 3850 0610 06paboTeHn MHCTPYKLMM
v31c2P2: 5371 O6wwo 06paboTeHn MHCTPYKLMM
v31c2P4: 6849 O6wwo 0bpaboTeHn NHCTPYKL UK
v31ic4: 7134 O6wo obpaboTeHn UHCTPYKL UK
v31c4P2: 8637 O6Lwo 06paboTeHn MHCTPYKLMM
v31c4P4: 10034 0610 06paboTeHn MHCTPYKLUMM

®@ur. 4.2 CuMyaupaHd MOJEIHN U PE3yNTaTH

BwxknaMme, dYe HOBOCB3AAJEHATA AapXUTEKTypa C MJBAJECET sApa H JONBIHUTEIHH
yetupuaecer PIM dnpa B maMerra HM JaBa IOYTH HMACHTHYEH pPE3YNTAT C KOHBEHLIMOHAJIHA
apXHUTEKTypa C YETHPH THE3/la M YeTHUpHUAeceT mporecopa. Paznmmkara me Obae KOHCyManusTa Ha
eHeprusi, Thil KaTo mpeioxeHara HoBa PIM apxurekrypa me ObAe 3HAYUTETHO MO-CHEPTHIHO
epexTuBHA. PesynraThTe OT YCKOPEHHETO MOKa3BaT, Y€ CHCTEMH C IMO-MaJIKO KOHBEHIIMOHAJIHH
MPOIIECOPHH SApa Il UMaT 3HAYUTEITHO TTOA00pPEHNE OT IIOMOIIHUTE PECYPCH.

3.50
3.00
2.50
2.00
1.50
1.00 =
0.50
0.00 T T T T T 1
E7-2870 E7-2&20 PimE7-2&40 Pim E7-4870 E7-4&20 PimE7-4&40 Pim
—&—3anuc u yeTeHe —8—]lenu uncna —#—]1naBania 3aneras
—>—Pa3kioHeHus = 0010 yckopeHue
v31c2: CpaBHuTenHa 6asa Ha KOHBeHUMoHanHa cuctema c 20 sapa
v31c2P2: 1.39 yckopenwue ¢ 20 gonbnHutentu PIM sgpa
v31c2P4: 1.77 yckopenwue ¢ 40 gonwnHutenHu PIM agpa
v31c4: 1.85 cpaBHuTENHa 6a3a Ha KOHBeHLUMOHanHa cuctema c 40 sgpa
v31c4P2: 2.24 yckopenue ¢ 40 koHBeHUMoHanHu 1 20 gonbnHuTtenHu PIM aagpa
v31c4P4: 2.60 yckopeHnue ¢ 40 koHBeHUMoHanHu 1 40 gonbnHutenHu PIM aagpa

@ur. 4.3 Pezynrat Ha KOMOMHUPAHOTO YCKOPEHUE
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CpaBHsBallkl YCKOPEHHETO MEXIy CUMYJIaTHUBHUTE MOJEJIM Ha [IBET€ KOHBEHLIMOHAJIHU
cucremu v31c2 u v3lc4, pecnektuBHo Intel Xeon E7-2870 u E7-4870, momydaBame pe3yirar OT
1,852. TCP OLTP TtectbT Han (uznueckute CbpBBbPU ChC chllaTa KoHpurypamus e 1.834, koeto
MIPaBH PE3yJITATUTE MOYTH UACHTUYHU U I0Ka3Ba HAIIUs TecT KaTo BanuzaeH [10].

Pesynrature, mocTurHath upe3 cuUMyJalUs W EMyJalys Ha MPOLECOPHH EJIEMEHTH B
W3YHCIUTEHATA TTAMET, IEMOHCTPHUPAT YOCIUTEIHO e(eKTHUBHOCTTA HA MIPEIOKEHATa apXUTEKTypa
c PIM karo Bb3MOXHOCT 32 ThPCEHE HAa AJITEPHATUBHU APXUTEKTYPHH PELICHUS 3a MOBHILABAHE
NPOM3BOJUTEIHOCTTa Ha KOMITIOTPHTE 4Ype3 peliaBaHe Ha TMpoOiemMa ¢ oOJliekyaBaHe Ha
UHPOPMAIMOHHUS Tpa(HK MEXITy OCHOBHHTE IPOLECOPH U ONEpaTHBHATA TTAMET, YICCHIBAHE TPH
pa3paboTKka Ha [ONMBJIHUTEIHH sIpa 4Ype3 HamalliBaHE Ha TEXHHUTE PECypcH, MoNoOpsBaHE Ha
KOHCYMHpaHaTa eHeprusi OT CUCTEMaTa.

Hacoxu 3a 0baema usciaenoBaresicka padora

1. Pa3paboTka Ha MoJieN ChC CHOAENICHO SIPO 3a U3YUCICHHS Ha HHCTPYKIIMH C IJIaBalia
3anetas mexnay PIM saparta.

2. W3cnensane Ha KOHCyMHUpaHaTa €HEPrysl U TOIUIOOTAEISIHETO Ha HOBOPa3pabOTEeHUTE
CUCTEMH.
3. Pazpabotka Ha wMomen 3a wusnomsBaHeTo Ha mPIM sapo 3a momoOpsiBane Ha

npomnyckKarejaHaTa CITOCOOHOCT Ha INMHATA Ha IMaMeTTa — Ype3 KOMIIpCCHUPAHC HA JAaHHUTC U
HU3MPANIaHETO UM KAaTO OTACJIHU IMMaAKCTH.

ABTOpCKa crpaBKa

HayyHu 1 HAYYHO-NIPUII0KHHM IPUHOCH
B pesynarar Ha wuscneaBaHMATa, NPEACTABEHW B HACTOAINMS [JUCEPTAllMOHEH TPy, ca
HNOCTUTHATH CIIEJHUTE HAYYHH U HAYYHO-IPUI0KHU PE3yJITaTH:

1. IIpemnoxkenn ca MHOTOSAPEHHM MW MHOTOINPOLECOPHU KOMIIIOTBPHH apXUTEKTYpHU C
TOMBIIHUTETHY MPOLIECOPHU €JIEMEHTH, BKIIOUEHM B OCHOBHATa MaMeT.

2. [Mpeioskenn ca dYeTHpH 00JacTH 3a pasmpesefisHe Ha HW3YMCIUTENHUTE (YHKIUU B
KOMITIOTbPa MEXJY OCHOBHHUTE KOHBEHIMOHAJHH IIPOLIECOPHM H TIPOLIECOPHUTE EIEMEHTH B
ocHOBHara mameT. IIpenmokeHa € NIpoOMsAHA B OCHOBHAaTa JMarpaMa Ha W3MBJIHEHWE Ha
WHCTPYKLUUTE.

3. Ch3mazeH € aHaJTUTHYCH MOJICIT Ha MpCJI0KCHATA ApXUTCKTYypa.

4. [IpemyiosxkeHuTe apXUTEKTYpU ca U3CIEABAHM Ype3 CUMYIALMOHHM MpOLEIypu U ca
MOJTY4YEHHU pelulia YUCIOBH MOKa3aTeIH, KOUTO J10Ka3BaT e(peKTUBHOCTTA OT u3non3BaHe Ha PIM 3a
MOBHUIIIaBaHE MPOMU3BOAUTEIHOCTTA Ha KOMITIOThpa. [loka3zaHa e aJjlekBaTHOCTTa Ha CUMYJIAllUOHHUTE
MO/JIEJIN Ype3 CPABHUTEIIHU PE3YITATH OT pealHi CUCTEMHU.

5. Emynupanu ca ocHoBHU eneMeHTH oT PIM Bb3ena upe3 u3mos3BaHe Ha Haill-CbBpEMEHHA

FPGA TexHONOIrHs, C KOETO CE IOTBbpXKJIaBa Bb3MOXKHOCTTAa 3a IPAKTHYECKa pealn3alus Ha
HpeJJIaraHuTe apXUTEKTYpH.
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baaroxapnaocTu

IIbpBO M mpeau BCUYKO, MCKaM Ja M3Kaka MouTe OJaroJapHOCTH KbM MOsI HayudeH
pbkoBoauTen npod. A-p Bragumup Jlazapos 3a nsnocTHaTa My MOJKpena B ABJITOTOAMIIHOTO MU
npodecuoHaaHo U oOpa3oBaTesHO pa3BuTHe. OLeHsBaM BUCOKO BCHUYKM IOJIyY€HH HACOKH, UJIEH,
MBIPOCT W HACHPUYCHHS 32 pEANM3UPAHETO Ha TMPWIOKEHHS TpyHd. IlpemoctaBeHUTEe MH
BB3MOXKHOCTH, OTJCJICHO BpeMe U MaTepuaiHa 6a3za 0sixa moBede OT TOBA, HA KOETO BCEKU CTYAEHT
MOXe€ J]a ce HaJsiBa Ipe3 BPEMETO Ha JBJITOTOJUIIHUTE M3CICBAHUS 3a MPUIOOUTHUTE PE3yNTaTH.
HeroaTta Bojema poisi € OCHOBEH MHCTPYMEHT 3a KOHIETIMATA Ha MPOEKTa, KOMTO IperoCTaBs
qyiecHa HHPPACTPYKTypa 3a U3CIEeIBaHUSA B 007IaCTTa HA MHOTOIIPOLIECOPHUTE apXUTEKTypH. [Ipod.
1-p Bramgumup Jla3apoB e oTiimdeH mpuMmep 3a HoApakaHue Ype3 CBOATA OTJAJCHOCT KbM HAYUHHUTE
U3CIIe/IBAaHNS ¥ BUCOKOTO Ka4eCTBOTO Ha paborTa.

ChIo Taka MCKaM J1a U3Ka)ka CHeIHaTHd OJaroJapHOCTH Ha Ienus ekun Ha MHcTuTyTa 1Mo
napanenHa obpaborka Ha mHpopmarmsaTa (cera wact or MUMKT) mpu Bearapckara akagemus Ha
HaykuTe. M3cnenBaHuWsTa M pPa3BUTHETO B 00JacTTa Ha KOMITIOTBPHUTE ApPXUTEKTYpH H3UCKBAT
peanu3upaHeTo, MHOTO YCWIIMS U MOCTOsHHA pabora B ekunl. Mmax mactuero aa paboTs ¢ roiasm
Opoii crienuanucTy, JUAepu B 00JIacTTa Ha pa3pabOTBAHETO HA KOMIIOTBPHHU S/ipa U apXUTEKTYpH.
BabXHOBEHHETO 32 MHOTO OT MJEUTE B Ta3U T€3a UABA TOYHO OT KOJETUTE B MHCTUTYTA, OT TAXHATa
TOTOBHOCT U €HTyCHa3Ma, C KOMTO OTKJIMKBaxa Ha BCUYKHU BBIIPOCH U MPOOJIEMH, KOUTO Bb3HUKBaxa
10 BpeMe Ha TECTOBETE.

Hckam pa Onarojaps M Ha MOETO CEMEWCTBO, KOETO IOCTOSHHO M€ MOJKpersme u
MOTHUBHpAIIIE IO BpeMe Ha AbJITUTE MU FTOJUHU paboTa.
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