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Abstract

Objectives. The growing demand for higher computational performance and energy efficiency has motivated
the increasing adoption of specialized heterogeneous computing systems incorporating hardware accelerators
with massive parallelism. This paper aims to develop a methodology for the analysis and evaluation of hardware
accelerator implementation strategies for large-scale parallel stream data processing which systematically captures
all major directions of performance improvement.

Methods. The study employs established techniques of digital system design and modeling.

Results. A comparative evaluation method is introduced to assess the efficiency of heterogeneous computing
architectures based on massively parallel hardware accelerators composed of independently programmable nodes.
A computational acceleration ratio is defined which consolidates three key dimensions of accelerator improvement:
algorithmic support and microarchitecture; design automation tools; and fabrication technologies (lithography).
Furthermore, the study proposes an optimization-based methodology for the systematic analysis and evaluation
of the alternatives for hardware accelerator implementation.

Conclusions. The expressions derived herein for calculating the computational acceleration ratio and the aggregate
throughput of hardware accelerators account for both multichannel and block-based massively parallel data stream
processing. In contrast to conventional architectural exploration approaches, the evaluation method proposed
herein enables hardware accelerator design alternatives to be assessed at the earliest stages of the design cycle.
This incorporates variations in algorithmic versions and implementation strategies which influence hardware
architecture optimization. The proposed methodology for analyzing and evaluating implementation options for
hardware accelerators can be used to develop technical specifications for their manufacture, design them according
to specified requirements, and justify configuration decisions. It can also support research and development
assignments to achieve target characteristics for certain domain-specific tasks of massively parallel stream data
processing and CAD capabilities.
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Pesiome

Llenu. Heob6Xx0AMMOCTb YCKOPEHUSI BbIMUCIIEHNIA N OOCTUXKEHUS BbICOKMX MokasaTtenen aHeproaddekTMBHOCTH
NPUBOANT K PacLUMpPeHunio cdep MCNob30BaHMS CNELMANN3NPOBAHHBIX FTETEPOreHHbIX BbIYUCINTENbHBIX CUCTEM,
MMEIOLLMX B CBOEM COCTaBE annapaTHble YCKOPUTENN C MAacCOBbLIM NMapannenn3mMomM BblHUcneHnin. Llensio HacTos -
e paboTbl ABNSIETCA CO3aHMe METOAMKM aHaNn3a 1 OLLEHKM BapMaHTOB peannsaLmm annapaTHbIX yCKopUTenem
ANs 3a4a4 MacCcoBO-NapassienbHOM NOTOKOBOM 06paboTKM AaHHbIX, OTpaXatoLLleld BCe HanpasBneHns COBEpLUEH-
CTBOBaHUS XapakKTEPUCTUK NMPUMEHSEMbIX annapaTHbIX YCKOPUTENEN.

MeTopabl. Vicnonb3oBaHbl METObLI MPOEKTUPOBAHUSA U MOAENNPOBAHNS UMOPOBLIX CUCTEM.

PesynbTatbl. [peanoxeH MeTOL CPaBHUTENLHOM OLLEHKN 3D DEKTUBHOCTU apXUTEKTYPbI FETEPOreHHOM BbIMUCIN-
TENbHOW CUCTEMbI HA OCHOBE anmnapaTHbIX YCKOPUTENEN C MaCCOBbIM Napaniein3MoM BblYMCIEHUIA, BbIMOTHAEMbIX
He3aBMCUMO NporpaMMmnpyemMbiMu y3namn. BeeaeH Koap@urLMEHT YCKOPEHNS BbIYUCNEHNIA, 0ObEeAMHSAOLLMIA TPU
HanpaBfiEHNS1 COBEPLUEHCTBOBAHMUS XapaKTEPUCTUK MPUMEHSIEMBIX annapaTHbIX YCKOPUTENE — MaTteMaTmyeckoe
obecneyeHre U MUKPOAPXUTEKTYPA, MHCTPYMEHTapUIA MPOEKTUPOBAHUS, TEXHONOMMN N3rOTOBNEHUS (TUTOrpadus).
MpepnoxeHa OCHOBaHHas Ha PELLIEHM ONTUMN3AaLNOHHO 334241 METOMKA aHan13a 1 OLEHKM BapuaHTOB peanu-
3aumn NPUMEHSIEMbIX annapaTHbIX YCKOPUTENEN.

BbiBoAbl. [TonyyeHHble aBTOpaMn GopMybl pacyeTa KOaDULMEHTA YCKOPEHMNS BbIMUCIEHNI 1 NPOMYCKHOM CMNo-
COBHOCTM COBOKYMHOCTW anmnapaTtHbIX YCKOPUTENEN YYNTbIBAIOT MHOMOKaHanbHylo 1 No604HYI0 MaccoBO-napari-
nenbHylo 06paboTKy MOTOKOB AaHHbIX. B 0TnvymMe OT M3BECTHbLIX MOAXOAOB K MOWCKY apXUTEKTYPHbIX PELLUEHWN,
npeparaemas oLeHka BapuaHTOB peannaaummn annapaTtHbiX YCKOPUTENEN MOXET OblTb MpoBeAeHa Ha CaMblx paH-
HUX 3Tanax NPOeKTUPOBAHWNS C yHETOM BEPCUIA aNropuTMa 1 anbTepHaTMB UX peannsaLm, BANSIOLMX Ha ONTUMM3a-
LMI0 annapaTHoir apxmTekTypsbl. MNpeanoxeHHas METOAMKA aHanmM3a 1 OLLEHKW BapUaHTOB peanusaumm annapaTHbIX
yCKOPUTENEN MOXET NPUMEHATLCS NPU pa3paboTKe TEXHNYECKMX 3a4aHNI HA UX N3rOTOBNIEHWE, NMPU UX MPOEKTU-
pOBaHNM B COOTBETCTBUM C 3afaHHbIMU TpeboBaHMAMU, A 060CHOBAHWS PELLEHUIA OTHOCUTESNTbHO NX KOHDUrypa-
LMK, a Takke Npu coCTaBneHNN 3aaHnii Ha Hay4YHO-UCCNeA0BaTeNIbCKME 1 OMNbITHO-KOHCTPYKTOPCKME paboThl C Lie-
JIbIO JOCTUXEHUS LIeNEBbIX 3HAYEHUI XapakTEPUCTUK A1 KOHKPETHBIX 3a4a4 MacCOBO-MapaniesibHon NoTOKOBOM
006paboTKN JaHHbIX 1 YHKLUMOHASbHBIX BO3MOXHOCTEN CUCTEM aBTOMATU3NPOBAHHOIO NPOEKTUPOBAHKS.

KnioueBblie cnoea: NpoLeccop, annapartHbIii YCKOPUTESb, COMPOLIECCOP, CMELNPOLIECCOP, apXUTEKTYPa, KOMIMUIIATOP
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Mpo3payHocTb hUHAHCOBOM AeATENbHOCTU: ABTOPbI HE UMEIOT PUHAHCOBOM 3aMHTEPECOBAHHOCTN B MPEACTaB/IEH-

HbIX MaTepuanax nam MetToaax.

ABTOpPbI 3a9BASIOT 06 OTCYTCTBUM KOHGMIMKTA MHTEPECOB.

INTRODUCTION

The design of HPC systems is currently based on
two key areas: parallel architectures and specializations
of individual computing nodes. One common example
is the combination of general-purpose processors and
graphics accelerators. Graphics accelerators are chips
comprising a large number of specialized computing
nodes which perform the transformations characteristic
of 3D imaging. Similar architectural solutions combining
universal and specialized computing subsystems can
also be applied to tasks in artificial intelligence, network
security, and big data analysis.

A set of interconnected problems must be
resolved when developing computing systems with
a heterogeneous architecture. These include:

e developing a program model and prototypes of
specialized compilers for the selected domain-
specific task;

o developing the architecture and basic components of
computing devices at the register transfer level;

e integrating hardware components within the
chosen technological framework. This includes
both programmable logic devices (PLDs) and
the more recently developed very-large-scale
integration (VLSI) circuits.

A key objective is complex optimization based
on established criteria. This determines the quality
indicators of the computing system. Depending on the
purpose of the system, optimization can be carried out
in absolute terms (e.g., power consumption, cost, and
performance) or in terms of derived indicators (e.g.,
specific power consumption or cost per performance
unit). Due to the wide range of characteristics
determined by the technological processes in the
microelectronics industry, both the program model and
the architectural solutions need to be optimized. Circuit
engineering approaches also need to be aligned with
the technological capabilities. Therefore, the hardware
and software co-design approach can be extended to
encompass joint optimization at the device component
design technology level.

Currently, there are a number of general
provisions which describe the situation and trends in
microelectronics. Moore’s law indicates the techno-
economic side of the process of increasing computing

performance. However, the law of scaling transistor
sizes formulated by Dennard [1] in the early stages of
microelectronics development explained this growth
as an extensive process of increasing the density
of components on a chip and reducing the signal
propagation delay. Between 1980 and 2000, the factors
led to a significant increase in processor clock speeds.
During this period the transition from 4 MHz in the
early 1980s to 4 GHz in the Intel Pentium 4 was observed
for mainstream desktop processors.

At the same time, as new generations of
technological processes were introduced in production,
the effect of saturation was observed for many
technical characteristics of digital chips. Table 1 shows
a comparative analysis of some technological process
generation parameters.

Table 1. Comparative characteristics of some
technological process parameters

Year 2013 | 2015 | 2017 | 2019 | 2021
Notation 16/14 | 10 7 5 3
Half pitch, nm 40 32 25 20 16

FinFET! transistor

width, nm 7.6 7.2 6.8 6.4 6.1

Number of 41 logic
valves per square mm, 4 6.4 | 10.1 | 16.1 | 255
million

Transistor gate length,
nm

20 17 14 12 10

As can be seen from the above, transistor size
reduction has stopped. Instead, an increase in the density
of components per unit area of the semiconductor chip
is the main factor in improving the characteristics of the
chips produced. Consequently, transistor enhancement
may progress beyond the constraints of Dennard’s
scaling law. This may be driven by the adoption of
novel materials or modifications to the gate design,

I A FinFET (fin field-effect transistor) is a type of MOSFET
(metal-oxide—semiconductor  field-effect  transistor)  with
a three-dimensional structure.
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such as FinFET [2], GAAFET? [3], and MBCFET? [4].
In this respect, the development of computing devices
has undergone a number of changes which reflect the
characteristics of new generations of technologies for
producing integrated circuits.

The study by Patterson and Hennessy [5] provides
an overview of the main historical trends in processor
design. Notably, the transition to highly integrated chips
occurred during the period between 1980 and 1990.
Pipeline depth increased from simple processor
cores to pipelined architectures such as RISC* and
up to technological standards of 90—65 nm. The end
of Dennard scaling, coupled with an increase in the
number of components on a single chip, enabled the
shift towards multi-core processor devices. This allowed
for an increase in overall processor performance, not
through an increase in clock frequency, but through the
parallel operation of multiple cores.

At the same time, Amdahl’s law [6] limits the
increase in computing performance in parallel
architecture by taking into account the dependence on
data in the executed algorithm. At the present time, the
constraints imposed by Amdahl’s law on numerous
applications (especially desktops and servers) are not of
great importance. This is because the tasks performed
independently are not dependent on data, meaning they
can make the most of the available processor cores.

The need to speed up calculations within a single
task requires the use of appropriate architectural
solutions, not only to increase the number of parallel
computing nodes. A key element in enhancing the
performance of computing nodes is the specialization
of these nodes. This can be broken down into two main
aspects: the specialization of their data path and memory
subsystem; and the use of a system with a heterogeneous
architecture. This system comprises a combination of
general-purpose processors and specialized nodes which
accelerate the calculation of specific algorithms or
subclasses of algorithms for common, frequently solved
domain-specific tasks.

The technique outlined in the paper enables the
design of specialized computing devices for use as
part of software and hardware complexes for a range
of purposes. A key feature of this technique is its
comprehensive consideration of design levels: from
the system model to the topological implementation,
using feedback from lower-level designs. This allows
the characteristics of the computing device to be

2 A GAAFET (gate-all-around field-effect transistor) is
a type of transistor where the channels are surrounded by gates
on all four sides.

3 MBCFET is a multi-bridge channel field-effect transistor.

4 RISC (reduced instruction set computer) is a computer
architecture that has a reduced instruction set.

optimized according to established criteria. This paper
also introduces mathematical criteria for accelerator
efficiency based on a newly defined calculation
acceleration ratio compared to a general-purpose
processor. The problem of optimizing the architecture of
a hardware accelerator is formulated as a research task
within the set of architectural options.

The formulae for calculating the acceleration factor
and throughput introduced in this paper differ from the
analytical models commonly used, such as Roofline [7]
and LogCA [8]. This is because they take into account
the massively parallel processing of multichannel and
block-by-block data streams.

Unlike existing methods of searching for architectural
solutions [9], the proposed evaluation of options for
implementing hardware accelerators can be performed
at the initial design stage. This approach considers
both the specifics of massively parallel data stream
processing and the ability to select various options for
the accelerated algorithm and its implementations, with
the optimized hardware architecture.

Heterogeneous computing systems based on
specialized hardware accelerators with massively
parallel computing capabilities

Figure 1 shows the authors’ interpretation of the
study by Patterson and Hennessy [5] in terms of trends
in processor system architecture.

This illustration offers an architectural solution for
the domain-specific architecture direction proposed
by Patterson and Hennessy. The specialization of
a computing system can formally be achieved in a variety
of ways. This paper proposes and considers a solution
which preserves a general-purpose processor (including
a multi-core version) and adds specialized accelerators
working either independently or in parallel with the
system.

The diagram in Fig. 2 illustrates the roles of general-
purpose processors and accelerators. The axes represent
the complexity of one iteration of calculations in a cyclic
algorithm and the number of iterations required to solve
the problem.

As shown in Fig. 2, there are four primary zones,
each involving a blend of basic and advanced iterations.
These iterations are characterized by data dependencies
which complicate the parallelization of calculations.
The figure also provides a visual representation of the
numbers involved, highlighting their small and large
values. It is not difficult to implement a simple case in
the form of a simple algorithm with a small number of
iterations (a special case is a linear algorithm with a single
iteration) on a general-purpose processor. Therefore,
creating a specialized accelerator for such a case is
impractical. As the algorithm becomes more complex,
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Fig. 2. Diagram showing the ratio of the complexity
of iterations and their number, with the preferred
computing device architectures

the device implementing it must have a well-developed
set of functional nodes and enough memory to handle
a long sequence of instructions. The implementation
of a key computing subsystem such as an accelerator
in this case can be a difficult task. Complex algorithms
often require correction during system operation (e.g.,
updating the device’s operating protocols). Conversely,
a small number of iterations of such an algorithm do
not create a significant computing load on the general-
purpose processor.

An important issue is how to integrate the
accelerator into the computing system. The increased
integration of digital chips has led to the emergence of
the interface wall effect [10], whereby there is an initial
increase in computing performance compared to that
of external interfaces (input/output (I/O) subsystems).
In practice, placing in the accelerator numerous simple
computing nodes which require intensive data exchange
with a general-purpose processor will overload the
interfaces used for data exchange. They will also reduce
the accelerator’s final computing performance due to

an inability to provide the necessary input data stream.
One example is the evolution of PLD characteristics
with common architectures, such as FPGA3, APSoC?,
and ACAP’. These are currently representative of highly
integrated digital systems which combine subsystems
for various purposes. Table 2 shows the comparative
performance characteristics of the computing and
interface subsystems of some PLD families manufactured
by AMD/Xilinx (USA).

Table 2. Comparative performance characteristics
of the computing and interface subsystems
of certain AMD PLD families

PLD series Series 7 | UltraScale+ | Versal
Process standard, nm 28 16 7

Logical cells, thou. 2000 8900 7350
Digital signal processing 3600 12288 14352

blocks

Total computation
performance, trln ops/s 15 383 100
with int8 data

Total data transfer

performance, Tb/s 2 4.1 17.6

Ratio of computation to data

transfer performance 60 ™ 45

5 A field-programmable gate array is a user-programmable
gate array.

6 All programmable system-on-chip is a type of programmable
integrated circuit.

7 Adaptive compute acceleration platform.
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As shown in Table 2, the ratio of computation
to data transfer performance generally remains
between 50 and 70. This means that, for an effective
computing load, at least 50—70 processing operations
are performed on the data transmitted. This range of
values is conditional and does not take into account
the practical aspects of implementing operations.
However, it should be noted that an excessively
simple accelerator will reduce system efficiency, since
each operation will require intensive data exchange
with other system components. Figure 3 illustrates
a negative use case for a compute accelerator with
limited interface throughput.

Input data

Processor

Thus, in terms of architecture, it is important to
ensure an appropriate level of computing performance.
This guarantees the efficient use of accelerator resources
at a given throughput level for its interfaces. The options
for such scenarios are shown in Fig. 4.

The options provided ensure that the accelerator
performs multiple operations on the transmitted data.
Option 1 is used when implementing a relatively complex
stand-alone algorithm which iterates calculations without
the need to transmit a constant stream of data. Option 2 is
used in parallel data processing where numerous
operations are implemented in series-connected stages
of the pipeline computer. The paper focuses on Option 2,

Compute accelerator

Inactive part

Output data

C

1/0 subsystem (interface)

A small part of the accelerator is used
v to process input data, due to the limited throughput |
of the external interface

Fig. 3. Negative use case for a compute accelerator with limited I/0O subsystem (interface) throughput

The compute accelerator implements

Option 1 a complex data processing algorithm
Input data > L
Processor
< Output data
The compute accelerator implements
Option 2 a massively parallel stream processing algorithm
Reg —>O—> Reg —>O—> Reg
Input data > Reg —>O—> Reg —>O—> Reg Qutput data >
Reg *O—' Reg —’O* Reg
A
Processor performs
Processor control and monitoring

Fig. 4. Use cases (options) for a compute accelerator
that uses limited interface throughput effectively (the compute pipeline is used)
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shown in Fig. 4, which is a heterogeneous computing
system with hardware acceleration of massively parallel
data streaming.

Tasks and algorithms for massively parallel
streaming data processing

Streaming tasks arise in a variety of fields,
including digital signal processing, data compression,
cryptography, real-time analytics, and network traffic
analysis.

A streaming process involves processing each
element of a potentially endless stream of data, denoted
as Xy, X, ..., X, ..., where x, represents the element
available at time ¢ for processing. The elements are all of
the same data type and may be individual bits, bytes, or
more complex structures.

Streaming algorithms are characterized by their
single-pass execution. They cannot revisit elements
which have already been viewed or processed.
Processing takes place within a limited local memory
environment with a space complexity of O(1), regardless
of the number of streaming elements.

Key features of streaming processing systems
include a data throughput of R = N/, where N represents
the number of elements and ¢ represents the total
processing time. Here, R < R, where R is the
maximum permissible throughput which may be limited
by the capabilities of the I/O subsystem. During real-
time operations, the delay per element should also be
limitedto L<L_ .

Hardware acceleration enables the use of parallelism
at different levels in data processing. Specifically,
instruction-level parallelism depends primarily on the
computational intensity of an element in a stream, i.e.,
the dominance of computational operations over memory
operations. Task parallelism, also known as channel
parallelism, involves the simultaneous processing of
multiple channels.

Often, the streaming algorithm must be adapted to
accommodate the specific hardware architecture. For
example, if the tables used by the algorithm exceed
the accelerator’s local memory capacity, additional
calculations may be required.

The literature describes hardware accelerators for
processing stream-based data in various fields and for
specific tasks within domains. Specifically, accelerators
have been developed which can efficiently determine
whether an item belongs to a set, such as Bloom
filters [11], as well as accelerators which can estimate
the number of distinct items in a multiset, such as
HyperLogLog [12]. Hardware accelerators have also
been developed to optimize the performance of various
string-processing algorithms, such as calculating the edit
distance [13], searching for regular expressions [14],

and JSON? parsing [15]. Topics of data compression
acceleration and decompression processes are discussed
in [16], while [17] describes a hardware accelerator that
combines data decompression and JSON parsing.

A variety of database algorithms represent
a significant area for the implementation of hardware
accelerators. The acceleration of relational database
operations through hardware is discussed in [18]. These
operations include sampling, mapping, joining, collating,
and various aggregate functions. The implementation
of hardware acceleration for graph database pattern
matching is proposed in [19]. As outlined in [20],
streaming analytics is a promising area for hardware
acceleration. The study describes the main algorithms
in this field which can be executed on hardware.
Furthermore, approaches to streaming processing have
been developed for various machine learning algorithms,
leading to the creation of hardware accelerators for
gradient boosting [21] and clustering tasks [22].

Comparative assessment of the efficiency
of data streaming processing computing systems
using a general-purpose processor
or hardware acceleration

The effectiveness of the accelerator can be
quantitatively assessed by comparing T, (task
execution time using only a general-purpose processor)

and 7, , (task execution time using the accelerator), i.e.,

K= TSOft

T hard

When estimating program execution time, the
following formula, detailed in [23], may be useful:

_instructions  cycles T period

time =

program  instruction cycle |

In this equation, the terms represented as fractions
correspond to the characteristics of the compiler,
microarchitecture, and workflow:

1. The number of instructions executed per iteration
of the program is dependent on the ability of the
compiler to generate machine code that is optimized
for improved performance.

2. The number of cycles required to execute an
instruction is determined by the processor’s
microarchitecture.

3. The duration of one clock period, T period® is primarily
affected by the method used to manufacture the
processor.

8 JavaScript object notation is a text-based data exchange
format based on JavaScript syntax.
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Thus, the overall program execution time can
be improved through various methods which can be
combined to design specialized accelerator systems.

When designing an accelerator connected to
a processor using one of several interfaces, the
configuration time, 7, for sending input problem
parameters and receiving solution results must also be
considered.

Assuming that the same task requires b iterations,
the ratio of the execution time of a general-purpose
processor to that of an accelerator can be expressed as
follows:

stoft

T conf +bT hard

In this form, the equation does not account for
several computing nodes in the accelerator working in
parallel. The number of instances of the data processing
algorithm performed simultaneously in the accelerator
will be referred to as “stream processing nodes.” For
example, when processing a data stream to search
for regular expressions, the number of data stream
processing nodes corresponds to the number of regular
expressions for which analysis of each data block is
performed simultaneously and in parallel.

Let #,,.4 be the execution time of the algorithm
using a single hardware accelerator node. If p denotes
the number of parallel nodes involved in solving this
problem, then the formula takes the following form:

stoft

Tconf +b thard / P

Due to stream processing, the accelerator is
configured for long periods of operation during which
a large (potentially infinite) number of data blocks of
the same type are processed, so the T, . value can be
disregarded. The calculation acceleration tends towards:

_ stoft _ pnsoﬁfhard
nhardfsoft

K (M

thard

wherein ny, , and n g are the number of clock cycles
required by the accelerator and processor, respectively,
to solve the problem, and f ., and f, . are their
corresponding clock frequencies.

Equation (1) shows that the hardware acceleration
of the entire computing system is based on the following
two factors:

e an increase in the number of parallel nodes;

e improving the efficiency of a single node by
increasing its clock frequency and reducing the
number of cycles required to perform a task.

The methodology for developing specialized
processor cores has been previously discussed

in [24]. When developing specialized electronic
component bases (ECBs), a lack of access to advanced
technological processes and the need to rapidly adapt
newly developed designs to existing technology can
make achieving a high operating frequency for the
accelerator challenging. Therefore, it may be difficult
to achieve a high ratio between the operating frequency
of the hardware accelerator and that of commercially
available general-purpose processors (in practice, this
ratio may be less than 1). It is thus essential to focus
on reducing the number of clock cycles required for
the hardware accelerator to process a single data block.
This is equivalent to reducing the n,, , parameter while
maintaining the operating frequency f; . , rather high (in
general, without considering power consumption
factors). This can be accomplished using specialized
parallel algorithms and stages of the optimizing compiler
while taking into account the hardware specifications of
the accelerator.

The proposed calculation acceleration ratio (1)
combines three areas for improving the characteristics of
the hardware accelerators of heterogeneous, massively
parallel data processing systems: mathematical software
and accelerator microarchitecture (p and ny, ); design
tools, such as computer-aided design systems (CAD); and
ECB manufacturing technologies (lithography) (p and £, ).

Taking into account (1), for an accelerator with
p parallel stream processing nodes, the processing
time 7}, 4(n) of n data blocks can be defined as follows:

T
ft
Thara (”) =Toong +11 maX(Tbmcka%], 2)

wherein 7 . is the round-trip time of the next data
block and is determined by the capabilities of the
I/O subsystem, so cannot be reduced. Then p is the
number of algorithm instances processing the next data
block in parallel.

Integrating the parallel accelerators discussed above
into a single chip would enable C streams of data blocks
to be processed in parallel. This combination could be
considered the final version of the accelerator. In this
scenario, the throughput R, , of the combination of
C parallel accelerators (with the 7, ,(n) characteristic
of formula (2)) would be determined by the following
equation:

Cn

R = — =

hard

o Thard(n)

B c - C
T T ) T .\
£ fi fi

702“ +maX(Tblock’slo< j maX[Tblock’sl(){ J

The C value is limited by the number of physically
available interfaces in the implemented 1/O subsystem
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and the application task specification. Thus, when
designing a hardware accelerator, decisions should be
made not only about the technological processes of its
manufacture and technical characteristics but also about
the simultaneous development of tools. In particular this
requires a specialized compiler to be used to optimize
both the software and the hardware.

Analysis and evaluation of the implementation
of hardware accelerators in heterogeneous
computing systems for massively parallel
stream processing

The previous section sets out a method for assessing the
effectiveness of a general-purpose processor for massively
parallel stream processing, compared to a specialized
accelerator with the following characteristics:

® Tilock 18 the time taken to receive and transmit a data
block, as determined by the I/O subsystem (i.e.,
the implementation options for interfacing the
accelerator with the computing system);

® fiarq 18 the clock frequency which depends on the
purchasing or manufacturing options available for an
accelerator. It is also determined by the capabilities
of its design tools (CAD) and manufacturing
technologies (PLD or custom chip);

® n..q 18 the number of cycles required by the
accelerator (stream processing node) to resolve
a problem, depending on the composition of
specialized parallel algorithms used and the
phases of optimizing the compiler. This number is
determined by the options available for providing
a mathematical solution to a problem using an
accelerator and its microarchitecture, considering
the hardware features of the accelerator;

e p is the number of parallel data processing nodes
within the accelerator involved in solving a problem.
The available options for f;, , values are determined

by the characteristics of the PLDs and VLSI chips
available for use when purchasing a ready-made ECB, as
well as by their production options i.e., those available
for the production of ECBs through technological
processes and standard cell libraries.

When designing an accelerator, it is advisable
to add the following parameters to the above-listed
characteristics:

e T, 1s the processing time of one data block by the
accelerator, determined by the technical assignment
requirements;

e C .. 1s the maximum number of available
I/O subsystem channels;

e C(C<C,,,) 1s the number of accelerator instances
placed on the chip;

e S(§=S8,,, is the area of the chip limited in its
particular embodiment.

Some of the specific values of the above parameters
depend on the implementation of the problem solution
on the accelerator and the variant of the corresponding
data processing algorithm used. Let q;, i =1,n be a set
of alternative algorithms, i.e., implementation options
for resolving the problem on an accelerator. Each
algorithm is characterized by the following set of
parameters:

° ”ﬁard is the number of clock cycles required by one
computing node of the accelerator to resolve the
problem;

e P, is the maximum possible number of parallel
instances of the algorithm running as part of the
accelerator;

e local, is the area of the chip occupied by the amount
of local memory m;, required by the accelerator to
execute the a; algorithm;

e alu, is the chip area occupied by one data streaming
node;

e glob, is the portion of the chip dedicated to storing
data utilized by all instances of the a; algorithm.
This allocation may remain the same for regular
expressions, for instance, or it may change
depending on the throughput of the I/O subsystem,
the workload requirements of the general-purpose
processor and other factors.

Then S, = (local; + alu,) is the chip area allocated
for one accelerator stream processing node, i.e., for
the functioning of one instance of the a, algorithm.
For an accelerator with p, stream processing nodes,
each implementing an instance of the a; algorithm, the
required chip area can be calculated using the following
equation:

U;=Sp,;= (local, + alu)p, p, < P,.

When placing accelerator instances on the
C, chip, each of which implements p, instances of the
a; algorithm, the required chip area S; can be determined
in the following way:

S, =glob, + U,C, = glob, + Sp,C, =
= glob, + (local, + alu,)p,C,, p,< P, S;<S.

Equation (2) allows not only the time 7}, ,(n)
required for processing n data blocks by an accelerator
with p nodes to be defined, but also its implementation
options to be analyzed and evaluated on the basis of
existing (available) technological capabilities. We
define a limit for the available values of the performance
characteristic of the accelerator, i.e., the time 7}, it takes
to process one data block, as follows:

Tﬁx = rnin(Tblock’ Ttask)‘

The T}, time, determined either by the capabilities
of the I/O subsystem or by the terms of reference for
the accelerator development, can be considered to be
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unambiguously deterministic. This imposes natural
limitations on the combinations of characteristics
that can be reasonably considered:

_zTﬁx' 3)

Implementations of the accelerator which meet
condition (3) using the ‘<’ operator would be impractical,
since their excessive efficiency would be limited by
the capabilities of the I/O subsystem. Implementations
which satisfy condition (3) with the “>’ operator would
not achieve maximum performance.

As a criterion for the optimal implementation of the
accelerator, considering the specific implementation of
the I/O subsystem and based on available technological
capabilities, we can express the following:

T
soft
- Tﬁx

K

— min.

Taking into account (1) and the potential for
implementing multiple alternative algorithms a;,i =1,n
on the accelerator, this expression can be written as
follows:

nflard
P if hard
Given that the f, ., parameter can take different
values (described by a vector of values), the following
optimization accelerator design problem can be
formulated: for each version of the problem-solving
algorithm a;,7=1,n, the combinations of p,, C,, and
Jhard Values should be determined so that:

~ T, | - min. )

S, = glob; + (local, + alu))p,C,,
p; < Pia
§,<8,

i
_ Mhard
fix i

- — —> min. 5)
p; /i hard

As a result, corresponding sets [A| = r; of
combinations of the values for the considered parameters
( pl.k s Cl.k , fﬁ;’ﬁd), k= E, which are alternative versions
of accelerator manufacture, can be determined for the
algorithms a,, i= 1,n. The accelerator design option(s)
can then be selected based on the simulation results
obtained using CAD tools, taking into account additional
criteria such as power consumption, cost, and probability
of failure.

It would also be advisable to automate the solution
to the above problem of determining the accelerator
characteristics in accordance with the implemented

algorithm would be advisable. The authors will conduct
further research in this area. However, a general approach
to solving the problem is presented below.

Universal sets of various P, C and F values can be
composed for the above parameters p,, C;, and f}fard of
each of the a;, i=1,n alternative algorithms. Together
with the set A (q; €A, =1,n), these form a four-
dimensional array W of the original data for the problem
under consideration. If a specific variant of the four
parameters or the value of the expression (5) is
incompatible, then the elements of the corresponding
array contain the “0” value. However, if their joint
implementation 1is acceptable, the value of the
expression (5) is used. The ”lilard’ local , alu,, and glob;,
parameters of the corresponding algorithm g;, i=1,n.
are used to calculate it.

The P, C, and F sets are generally deterministic
and there are usually only a few algorithmic variants
available for solving a specific problem. Therefore, in
the context of sets P, C, and F, array W is universal and,
as a rule, does not have a large dimension when applied
to a specific data processing task. Consequently, it does
do not require a high level of computational complexity
to calculate and enumerate the values of its elements,
or to analyze the implementation of heterogeneous
computing systems with hardware acceleration of
massively parallel data streaming.

The problem statement and procedure for
determining the initial data enable the development
of a methodology for analyzing and evaluating
the implementation of hardware accelerators in
heterogeneous computer systems for massively parallel
stream data processing. If further developed, the
proposed methodology has the potential to become
universal and could be used to develop technical
specifications for hardware accelerators, when designed
according to specified requirements. It can also be used
to justify the decisions made regarding the configuration
of a hardware accelerator. Furthermore, it can be
used to set research and development goals aimed at
achieving the target values of £, . 4, 7,4 Cpaxo @0d S
for domain-specific massively parallel data processing
tasks and CAD functionality.

In future works, the authors will describe the
development of the methodology, including its
application to working with the W array using online
analytical processing technologies.

Considering heterogeneous systems of massively
parallel data processing as a separate promising direction
could advance the development of computer technology.
The methodology proposed here is based on requirements
for resolving popular object-oriented problems. It can be
used as a tool for scientific and technical policy, enabling
the determination and justification of the need to achieve
target values. These include:
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e characteristics of system buses and interfaces of
accelerators with computing systems (7}, );

e circuit engineering solutions and lithography
technologies (f;,.4);

e integrated circuit packaging technologies (p);

e algorithms for solving problems and the
mathematical support of compilers (n;, ,);

e high-level design systems and software modeling.

CONCLUSIONS

In order to improve the efficiency with which
massively parallel accelerators resolve tasks and
expand their range, an architecture and methodology for
designing heterogeneous computing systems is proposed.
These systems use specialized hardware accelerators with
massive parallelism of calculations and independently
programmable specialized processor cores. This
solution complements general-purpose processor-
based computing systems. Due to its ability to program
individual nodes independently, its architecture differs
from that of graphics processing unit devices. Increasing
the number of parallel nodes and their specialization is
shown to increase productivity. This is established by
analysis of the computation graph formed by a specially
developed compiler focused on a subclass of domain-
specific tasks. The proposed calculation acceleration ratio

demonstrates the feasibility of complex optimization
during the accelerator development. This takes into
account three levels of project presentation: a program
model, a schematic description, and a topological
representation based on the selected technology. The
methodology proposed for analyzing and evaluating the
implementation options for hardware accelerators of
heterogeneous computing systems for massively parallel
stream processing allows the technical characteristics of
the required accelerator to be determined. The resulting
methodology for designing computing systems of this
class provides an adjustable process for optimizing
performance according to the required criteria.
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