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HIGH-PERFORMANCE COMPONENTS OF HARDWARE MULTI-BIT SPECIFIC
PROCESSORS FOR THE ADDITION AND MULTIPLICATION OF BINARY
NUMBERS

The relevance of solving the priority improvement problem for functional and computational components of microelectronics
for arithmetic and logic unit (ALU) of modern supercomputers is emphasized. It is shown that in the structures of ALU operations
such as: comparison, multiplexing and adding affect the marginal productivity of ALU. It is substantiated that mathematical operations
of addition, accumulation of sums, multiplication and division are crucial for ensuring extremely high speed of vector and scalar
computers. The purpose of the work is the development of new calculation algorithms and microelectronic structures of multi-bit ALU
coprocessors, which are characterized by extremely minimal parameters of speed, hardware and structural complexity. Such high-
performance coprocessors are widely used as components of ALU when performing algorithmically complex calculations of statistical,
correlation, spectral, cluster and entropy analysis. High-speed co-processors for multiplication and accumulation of digital data with
the properties of crypto-protection of telecommunication channels are effectively used in the conditions of military operations and the
modern information front, for example, in unmanned aerial vehicles, ground launchers and processors of air defense systems. The
main areas for improving system characteristics of microelectronic components of the ALU processors of vector and scalar
supercomputers are outlined. Structures of combinational and synchronized single-bit binary adders are systematized due to the
characteristics of minimum hardware complexity and maximum speed. The theoretical foundations of double binary arithmetic are
outlined. A new structure of a high-performance matrix multiplier based on synchronized adder-accumulators and Booth's algorithm
Is proposed, which is characterized by increased speed compared to known structures. Grounded perspective directions for further
development improvement of the basic characteristics of the investigated class of computing equipment components.
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BUCOKONPOAYKTUBHI KOMIIOHEHTHU AITAPATHUX BAI'ATOPO3PAIHUX
CIIEHITPOLECOPIB CYMYBAHHSA TA IEPEMHOKEHHSA IBIMKOBUX YUCEJI

AKLEHTOBaHa aKTyaslbHICTb BUPILLIEHHST 1PO6/IEMYU  [IPIOPUTETHOIMO  YAOCKOHA/IEHHS QDYHKLIIOHA/IbHO-06YNCIIIOBASIbHUX
KOMITOHEHTIB MIKDOEIEKTPOHIKU apUPMETUKO-/I0MYHMX rpncTpoiB (AJIIT) cyyacHux cynepkomntotepis. [1oka3aHo, o y CTPYKTypax
AJIIT oriepavii Tiriy: MOPIBHSIHHS, MyJIbTUIIEKCYBAHHS Ta A0AAaBAHHS BI/IMBAE HA IPDaHNYHY PoayKTuBHICTL AJT. ObrpyHTOBaHO, 1O
mMaremaTuyHi ornepalii A0AaBaHHs,, HaKOMMYEHHS CyM, MEPEMHOXEHHS Ta AIIEHHS € BU3HAYaIbHUMU /151 330E3MEHEHHS PaHNYHO
BUCOKOI LUIBUAKOAIT BEKTOPHUX Ta CKa/IPHUX KOMIIOTEDIB. MeToro pobotu € po3pobka HOBUX — a/IFOPUTMIB OOYNCIIEHL Ta
MIKDOENIEKTPOHHUX CTPYKTYp CriiBripoyecopis 6aratopo3psgHnx AJIl1, ki XapakTepu3yroTbCs [DaHNYHO MiHIMaKCHUMY rTapameTpamm
LUBUAKOLN, anapaTtHoi 1@ CTPYKTYpPHOI CK/IagHOCTI. TaKi BUCOKOIMPOAYKTUBHI CITBIIPOLIECOPHU LLIMPOKO 3aCTOCOBYIOTHCA Y SIKOCTI
KOMIOHeHTIB AJTIT ripu peanizaLlii arnropuTMIYHO-CKIIBAHNX OBYUC/IEHb CTATUCTUYHOO, KOPEALIVIHOIO, CrIEKTPAa/IbHOIo, KIacTEPHOIroO
7@ EHTPOMIVIHOIO aHasmzy. MakcMarbHO-LBUAKOAMOYI CIIBIPOLECOPU TTEPEMHOXEHHS Ta HAKOITMYEHHS LMGPOBUX AaHUX 3
B/IACTUBOCTIMU  KPUITTO3aXUCTY TETIEKOMYHIKALIVIHNX KaHasB, €@PEeKTUBHO 3aCTOCOBYIOTbCS B yMOBAax BIVICbKOBUX oriepauii 1a
CYYaCHOro iHE@OPMALIIHOro @POoHTY. Hanpukias, y 6e3mifioTHUX JIITa/IbH1X arapatie, HA3EMHUX [1yYCKOBUX YCTaHOBKaxX Ta MpoLecopax
CUCTEM POTUIIOBITPSIHOI 060POHN. BuK/iageHi rpiopuTeTHi HarpsMku MOKPALLEHHS CUCTEMHUX XaPaKTEPUCTUK MIKDOESIEKTPOHHUX
KOMIIOHEHTIB ripoyecopiB AJI[T BEKTODHUX Ta CKa/ISPHUX CYrnepKoMtoTepiB. CUCTEMATU30BAHI CTPYKTYpU KOMOIHaLiiHux Ta
CUHXPOHI30BaHNX O4HODO3PSAHNX ABIVIKOBUX CYMATOPIB 3 XaPaKTEPUCTUKAMU MIHIMA/IbHOI arapaTHOi CKAGAHOCTI Ta MakcuMasibHOI
wBMAKo4N, BuknageHi TeopetuyHi ocHoBY GiHapHOI ABIVIKOBOI apugpMETKM, 3arporoHOBaHa HOBA CTPYKTYPa BUCOKOMPOLYKTUBHOMO
MaTPUYHOIo MEPEMHOXYBAYA 3riHO anrOpuTMy byTa, SKui XapaKTEPU3YETLCS ITIABULLEHO LUIBUAKOZIEID Y MOPIBHSHHI 3 BiJOMUMM
CcTpykTypamu. OOrpyHTOBaHI MEPCIEKTUBHI  HArpSMKU  MO43/IbLIONO  PO3BUTKY Ta [IOKPALYEHHS] 6330BuX XaPaKTeEpUCTUK
AOCTIDKYBAHOMO K/1aCy KOMITOHEHTIB 06YNCITI0Ba/IbHOI TEXHIKY.

Key words: crpykTypa, AJIIT, MiKDOE/IEKTPOHIKE, MaTDUYHMA TEPEMHOXYBY, a/lrOPUTM ByTa, CyrepKomnoTep
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Introduction

One of the main and relevant directions for improving the ALU coprocessors of supercomputers is achieving
the maximum possible speed of calculations of high capacity mono-binary codes (MBCs). Reduction in algorithmic
and structural complexity, as well as the heat reduction released by the crystals of the ALU coprocessor chips is the
main characteristic of improving the ALU coprocessors.

Such high-performance coprocessors are widely used as components of ALU when performing
algorithmically complex calculations of statistical, correlation, spectral, cluster and entropy analysis. High-speed co-
processors for multiplication and accumulation of digital data with the properties of crypto-protection of
telecommunication channels are effectively used in the conditions of military operations and the modern information
front, for example, in unmanned aerial vehicles, ground launchers and processors of air defense systems [1,2].

This is very effective when solving complex mathematical and algorithmic problems in the field of
cryptography, holography and pattern recognition by processing RGB images in digital video cameras.

This type of calculation optimization devices can be improved when applying mathematical foundations of
binary arithmetic and synchronized adder-accumulators.

Related works

Modern significant progress in the development of multi-core vector and scalar supercomputers is based on
the application of achievements in microelectronics and nanotechnology [1-3]. The world's leading companies (Intel,
IBM, DEC, Motorola, ARM, SPARC, MIPS, PowerPC) are replicating multi-bit processors for universal and
specialized computers. The implementation of logical and computational operations in known supercomputers is
usually realized in binary arithmetic of Rademacher's theoretical-numerical basis (TNB). Supercomputers of 64-bit
architecture, including EM64T, Turion 64, Xeon, Core2, Corei3, Corei5, Intel (IA-64 (Itanium)), Ultra SPARC (Sun
Microsystems) MIPS64 (MIPS) have a significant prospect of application in all branches of industry and military
special equipment [4].

Ultra-high-performance supercomputers are used to perform complex engineering and scientific
computations and other resource-intensive tasks of military equipment.

The type of such processors includes the ALU of vector and scalar supercomputers developed by Cray,
Fujitsu, Hitachi, Nec, DLXV, IBM, HP [1-5].

Large bit-width hardware multipliers for binary codes, which contain n? of single-bit binary adders, are
widely used in 32-, 64- and 128-bit coprocessors of universal computers (IBM, HP, Cray, Fujitsu, Hitachi) [6-8].

In [9-11], typical structures of ALUs in supercomputers were given, were corresponding ALU structures,
which are served by the data bus without access to the accumulator registers of individual cores.

The availability of memory registers in structures of this type of ALUs provides wide possibilities of deeply
synchronized and parallel algorithms for multiplication [12], division, exponentiation, etc.

The extremely widespread use of classical binary arithmetic with ripple carry-overs between bits in modern
computer systems and superprocessors is a very negative factor for increasing the speed of large bit-width computing
devices. For example, when adding and multiplying two n-bit MBCs, signals are delayed in the computing device by
n and 2n+(n-1) clock cycles, respectively. That is, when the memory registers of the ALU cores in supercomputers
are in the range of 128-2048 bits, the signal delay is, respectively, 256-4096 clock cycles when performing an addition
operation in classical multi-bit binary adders (MBAs) [13] with direct data inputs and outputs. Similarly, the speed of
matrix multipliers based on such components is 2048+(2048-1)=4095 clock cycles, respectively. It is obvious that
such speed is insufficient and practically unacceptable to solve many modern problems, even on the basis of
microelectronics of quantum computers.

Systematization of characteristics of single-bit combinational and synchronized binary adders with
minimax characteristics

Today, in the field of development of microelectronic structures of single-bit half, full, combinational and
synchronized binary adders, the structures proposed by us are characterized by minimal hardware complexity,
maximum speed of executing ripple carry-overs and generating logical sum values [ 14-20].

Fig. 1 shows single-bit components of MBAs based on direct data inputs, direct inputs of ripple carry-overs
and direct outputs of sums.

Such a full adder (right) has the following system characteristics:

1. A —hardware complexity: A =7V (V - gates).

2. Input/output speed parameters: 7, (a;y; —> S;)= 2v, 7, (a;y; —> C,,,)=2v, 13 (C,, > C,,, )= 20
> U - microcycles.

Such a full adder (left) has the following system characteristics:
1. A —hardware complexity: A =6V.

2. Input/output speed parameters: 7, (a;b, = S;) = 2v, 7, (C,, = C,,,) =1, 73 (ab, > C,,, )=
2v.
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Fig.1. Microelectronic structures of single-bit full adders

Fig. 2a microelectronic shows structure of 6-gate single-bit binary full adder (FA) with paraphase data inputs
and direct output of the sum, inverse inputs and outputs of ripple carry-overs and extended functionality of generating

the inverse output of the sum (S, ) of the first half adder (HA1).
Fig. 2b shows the minimax structure of §-gate full adder with paraphase data inputs (qubits), inverse sum

output (S, ) and inverse inputs / outputs of ripple carry-overs (C,, ,C,,, ) .
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Fig.2. Microelectronic structures of single-bit adders: a) 6-gate structure of single-bit FA; b) 8-gate structure of single-bit FA

Such a FA (fig.2a) has the following system characteristics:

1. A —hardware complexity: A =6V.

2. Input/output speed parameters: 7,(a;b; = S;) = 2v, (C —-C,, )= 1o, 73 (ab; — C,. )=
lv.

This structure of a single-bit adder (Fig.2b), in comparison with the well-known high-speed adder with
paraphase inputs and outputs [21-23], which is a component of streaming multi-bit matrix multipliers and contains 20
logic gates, has 2.5 times less hardware complexity and, respectively, characteristics of reduced power consumption
and crystal heat release.

Such a FA (fig.2b) has the following system characteristics:

1. A — hardware complexity: A = 8V.

2. Input/output speed parameters: 7,(a;b, — S,)= v, 7, (C,, = C,,, )=1v, 7; (ab, — C,,, )= 1v

The developed single-bit combinational adders with minimax characteristics compared to the well-known
classical structure [13], which contains 13 logic gates, has a signal delay of 6 clock cycles when generating the sum
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and a ripple carry delay of 2 clock cycles, provide speed increase by 6 times when generating the sum signals and by
2 times when generating the ripple carry signals, as well as the reduction in hardware complexity by 1.6-2.2 times,
respectively.

Fig. 3 show the proposed structure of single-bit synchronized full adder-accumulator (SFAA) with memory
on D-triggers [16, 18].
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Fig. 3. Microelectronic structures of synchronized full adder-accumulator

Such a SFAA has the following system characteristics:

1. A —hardware complexity: A =10V.

2. Input/output speed parameters: z,(S; - NS;) = 4v, 7, (C,, > C,,)=3v, 73 (ab; > C,,)=
4u.

The developed single-bit synchronized combinational adders and synchronized adder-accumulators with
minimax characteristics are the basic components of multi-bit synchronized adder-accumulators that perform
computational operations of double binary arithmetic [24].

Theoretical foundations of double binary arithmetic
The basis of the binary arithmetic of the ALU in multi-bit supercomputers is the registration of the double

binary code (DBC) for each bit, the sum bits (S_,- ) and the ripple carry bits (C i) [24].

An example of generating DBC, as a result of adding two mono-binary codes (MBC) (x and y), is shown as
the following graph:

x=(a, , ,a,, ,a,, a, )
+y=(b, ,, b, . b, b, ),
d=(C, <S8, ,,... ,C_ <S§, .. C, <S8, C <S,))

n—-1 . n—1 .. n—1 .on—1 i
where x=Xax2y=3bx2;d=%5x2'+¥C, x2"
i=0 i=0 i=0 i=0

Thus, each position of a double binary number is presented by two bits (C_ j S ; )» which correspond to

quadrilateral arithmetic according to Table 1.

Table 1
Notation of a DBC position
(] [ ] L]
Ci+1 Sl di
0 0 0
0 1 S
1 0 28
1 1 38
28 MDKHAPOJIHUIT HAVKOBUIA )XYPHAJT

«KOMIT’'FOTEPHI CUCTEMHU TA THOOPMAIINHI TEXHOJIOT Ti», 2023, Ne 2



INTERNATIONAL SCIENTIFIC JOURNAL ISSN 2710-0766
«COMPUTER SYSTEMS AND INFORMATION TECHNOLOGIES»

Generation of a double binary code is shown on the example of adding two 8-bit Fermat and Mersenne
numbers, which correspond to the following numbers in the decimal and mono-binary number systems: 2550) =
11111111 2); 12910y = 10000001 ).

Let us write these numbers in the form of a DBC and perform the operation of addition on them:

x=(0<1, ,0<1, ... ,0<1, 0<1)
+y=(0<1, ,0<0, .. ,0<0, 0<1)
d=(~01<1, .. ,1<0, .. L1<O0, 1<0)

Such operation of generating a DBC by adding two mono-binary codes (X, y) and generating their sum (d)
is performed using the structure of the n-bit combinational adder, which is shown in Fig. 4.

b

1 G b. «q b, a
'y ' '
HS |je—— - HS le—— - HS

' ' '

Cn Sn-1 Cj S_;‘ CO SO

Fig. 4. Structure of n-bit sumator of DBC

An important feature of addition of two multi-bit binary mono-codes, which is implemented according to the
structure shown in Fig. 4, is its maximum achievable speed, i.e., 1 clock cycle regardless of the capacity of the input
codes.

The theory of double binary arithmetic developed by Professor Ya. Nykolaychuk [24] refers to a new,
previously unknown, number system (YaN), the use of which allows us to increase the speed of digital data processing,
presented by multi-bit binary codes, by several orders.

The use of DBCs in the ALU structures of supercomputers allows us to increase the speed of calculations
and the performance of digital data processing by 1-3 orders.

Synchronized multi-bit adder-accumulators

This type of adders is widely used in processors for statistical, correlation and spectral analysis, as well as in
the structures of high-performance synchronized matrix multipliers based on Booth's algorithm [25].

In Fig. 5, the structure of a synchronized multi-bit adder-accumulator (SMAA) [15], which is a component
of the device for determining the selective mathematical expectation, is proposed.
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Fig. 5. Structure of the device for determining mathematical expectation
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The device consists of the following components: 1 — input n-bit data bus; 2 — output m-bit data bus; 3 —
channel for resetting triggers to zero state; 4 — synchronization channel; 5 — single-bit FSA; 6 — synchronized multi-
bit adder accumulator; 7 — synchronized binary counter on JK triggers.

The mathematical expectation is calculated according to the expression [12]:

1
Mx = Z Xi (1)
ny
where, n — sample size; k, m — bits of input and output codes.

The main advantage of the synchronized adder- accumulator as part of the device for determining selective
mathematical expectation is the implementation of the addition operation in 4 clock cycles regardless of the capacity
of the input binary codes, which provides an increase in the speed of such processors by 1-2 orders compared to the
accumulation of the binary numbers sum in combinational adders with ripple carry-overs [13].

An advantage of such a device for determining the selective mathematical expectation is that the accumulated
DBCs are not needed to be decoded, since in the most significant bits a synchronous binary counter is used based on
JK-triggers, which with a delay of 2 clock cycles in each microcycle generates the output code of the most significant
bits of the adder in the binary code of the Rademacher number system.

Matrix multiplier based on Booth’s algorithm

The analyses of the system characteristics of known structures of matrix multipliers based on Brown’s,
Dadda, Booth’s and other algorithms were given in [22, 25-28], where it was shown that the speed of these processors
with n-bit input MBCs is not less than 2n+(n-1) clock cycles.

The disadvantage of these known structures in the multiplication cycle is the simultaneous use of all
components of the adder matrix, which leads to significant power consumption and heat release of the crystals. The
use of multiplier structures based on Booth's algorithm [25] also does not lead to a significant increase in speed, since
in known structures, multi-bit binary combinational adders with ripple carry-overs are used in each pair of multiplied
bits.

For the first time, the proposed structure of the synchronized matrix multiplier, which contains synchronized
multi-bit adder-accumulators and implements Booth's algorithm, is presented in Fig. 6.
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Fig.6. Structural and functional scheme of a synchronized multi-bit matrix multiplier

Such a synchronized multiplier of binary codes consists of the following components: 1 — the first n-bit input
data bus of the binary code (Xp-1,...,Xi,...,X0); 2 — the second n-bit input data bus of the binary code (yn,...,yi+1,-..,¥1);
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3 — synchronizer; 4 — output 4n-bit data bus of the binary code; 5 — 4n-bit memory register; 6 — n-bit synchronized
adder- accumulators; 7 — synchronized multiplexers (M7.1, M7.2, ..., M7.logon).

The synchronizer has output channels: Ro— a channel for resetting all device triggers to the 0-th state; Sx—
data recording synchronization channel on D-inputs of synchronized adder triggers; C;S; — channels for generating
permits for performing the addition operation between adders (1-2, 2-4, 4-8).

The device operates according to the following algorithm:

1. The potential '0" is fed to the R-inputs of the D-triggers of all registers and adders to set them to the zero
state.

2. With a delay of 3 clock cycles, a synchronizer generates a rising edge on the D-inputs of the trigger
registers and synchronized adders, where Booth codes (0,X,2X,3X) are written depending on the logical values (x;)
and (yiy;) in each n-th digit of the multiplier.

3. The information received at the outputs of the 2 least significant bits of registers and odd adders in the

form of codes Cj, 8 ta Cju,S )4 is written into the triggers of the output data bus (4), after which the gates x and y

are closed and then they do not participate in the operation of the device.
4. Synchronization signals, fed to each multiplexer lasting 12 clock cycles, add code to the adders - 4 clock

cycles S; and 8 clock cycles C j-

5. The signals of the synchronizer (4, 8, 12, 16, ...) activate the multiplexers, which initiate the addition of
the corresponding DBCs in pairs of adders (1-2,2-4, 4-8).
Thus, the total signal delay in this multiplier structure is calculated according to the following expression due to the
bit width n=1024: 7 =3 +12x (log, n—2) =99 (clock cycles).

Compared to the known Brown’s multiplier, in which the signal delay is 2n+(2n-1) and when n=1024 it
equals 4095 clock cycles, the signal delay in the proposed 1024-bit multiplier based on binary arithmetic is 99 clock
cycles, respectively.

That is, the speed of the proposed multiplier is increased by 41 times in comparison with the known one.

The main advantage of the developed structure of the synchronized matrix multiplier, compared to the known
ones, is the possibility of significant reduction of power consumption and heat release of crystals by disconnecting the
input memory registers and odd adder-accumulators from the power supply that provides a corresponding reduction
in the power consumption of the crystal in the multiplication cycle by 42%.

Conclusions

Above mentioned areas of application and the main directions for improvement of high-performance multi-
bit matrix multipliers as components of ALU coprocessors in multi-core supercomputers, determine the perspective
of their effective applications in solving complex computing problems, which include exponentiation, multiplication,
division, square root extraction, etc. in statistical, correlation, spectral, cluster and entropy analysis.

The proposed structure of the synchronized matrix multiplier based on Booth's algorithm increases the speed
by 1-2 orders compared to the speed of known matrix multipliers. The obtained results of multiplication in the form
of a double binary code allow you to significantly speed up further calculations due to the absence of ripple carry-
overs in DBCs.
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