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Abstract

A multiplication of an arithmetic processor has a key impact on the power dissipation and speed.
Many algorithms, such as like recognition and classification in data processing, do not always require
precise results. In addition, many errors make little noticeable variations in practice, for instance image
processing owing to human perceptual restrictions. Error-tolerant algorithms and their utilization
inspired the progress of inexact multipliers which trade-off between power efficiency, area and speed. A
lot of researchers are enhancing, the overall performance of multiplication process. The mechanisms for
achieving the multiplier objectives have been discussed in this study article and the latest developments in
the circuit of inexact multiplier of existing models quickly and presents a relative assessment of their
error and circuit traits.

Keywords—Accuracy, inexact computing, Multiplier.

I. INTRODUCTION

Today computing system leads to high performance, less area and low power consumption. To achieve
these objectives an incipient computing prototype by negotiating arithmetic accuracy known as
approximate computing is used. Many systems utilize domains, like big data analysis and multimedia
accepts an inherent tolerance to a certain level of inaccuracies. There are humerous applications that give
tolerable output regardless of exhibiting approximate /inexact/incorrect computations.

Inexact computing is a computation that provides a possible incorrect result rather than an exact result,
for a situation where an approximate result is sufficient for a purpose. These applications are known as
error resilient applications. For example, the limited sensitivity of human allows carrying out inexact
calculations over the accurate in the applications of an image processing. One example is a search engine
where no exact answer may exist for a particular query and hence, several numbers of answers are
suitable. In the same way, occasional dipping of some frames in a video application can go unnoticed due
to human limitations of recognition.

Inexact computing allows restricted approximation and provides unpredictable gain in energy and
performance, but still achieves sufficient accurate results. The inexact computations for obtaining the
energy-efficient designs can be at distinct levels of design concept such as algorithm/software,
architecture, and circuit to.

ISSN: 2233-7857 IJFGCN
Copyright (©2020 SERSC
2021



International Journal of Future Generation Communication and Networking
Vol. 13, No. 3, (2020), pp. 2021-2036

Approximate computing

v v v

Software Architecture Circuit
« Jumping « Application ¢ \/oltage over
computation specific scaling
« Recognition and accelerations e Functional
mining « Approximate relaxation
applications processors o Probabilistic
« Approximate pruning
memories o In exact logic
minimization

Fig. 1. Taxonomy of approximate computing

Functional approximation deals with the design of approximation of arithmetic units such as adders
and multipliers, most of the approximate multipliers designed at the higher abstraction levels i.e. RTL,
application and gate. In general multipliers are classified as serial and parallel. Parallel multipliers are
faster than serial, and the architecture of parallel multipliers are of two different types, they are 1. Array
Multipliers and 2. Tree Multipliers. Array multipliers are faster, but they are complex in design, they give
large footprint. Tree multipliers are faster than array, they lead to small footprint. It consists of shift and
add logics. Approximation of multipliers is obtained by three techniques. i. Approximation of operands.
ii. Approximation of partial product generation. iii. Approximation of partial product tree.

I1. MULTIPLIER CIRCUIT ARCHITECTONICS

The architectonics of a multiplier circuit is divided into three stages.

A. Approximation of Operands:

Multipliers based on Logarithmic Number Systems (LNS) have significant improvement over
multipliers based on floating point (FLP) numbers and fixed point (FXP) numbers[1]. They proposed a
logarithmic Multiplier, transforms operation of multiplication and division into operation of addition and
subtraction respectively [2][3]. The logarithmic multiplication classification is shown in Fig. 2. LNS
multipliers may be splitting in two groups, (1) lookup tables and interpolations based, and (2) algorithm
based on Mitchell's.

i. Mitchel’s Algorithim:
Mitchell suggested an algorithm called the Mitchel algorithm (MA), say the logarithm-based
multiplication computation contains three steps:
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Fig. 2. Classification of Logarithmic multiplication

(1) logarithmic transformation of binary digit for logarithmic representations, (2) mathematic operations
are implemented in the logarithmic domain, and (3) antilogarithmic transformation [3]. Block diagram for
a computation of LNS multiplication is show figure3.
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Fig. 3. Block diagram of Mitchel’s Algorithm

Table 1: Logarithmic Arithmetic Operations

Binary Logarithmic Operation
Operation

P=X1xX2 | Log(P)=Log(X1) + Log(X2)
P=X1+X2 | Log(P)=Log(X1) — Log(X2)

P=X1+X2 | Log(P)=Log (X1) +Logz(1+2(-*¢
(X2) - Log (X1)))

P=X1-X2 | Log(P)=Log (X1) + Logy(1-2(-°9
(X2) ~ Log (X1)))

For example A is multiplicand and B is multiplier let us assume A as (18)10 and B as (60)icthen the
product 1080, by MA is obtained as follows

A= 18,0= 00010010, B= 6010 = 00111100
log 18 = 100.0010, log 60 = 101.1110
log 18 + log 60 = 10000000000 = 1024 then the error percentage is calculated as
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Error% — actualvalue — obainedvalue %100 1)
actualvalue

Error %= (1080-1024/1080)*100 = 5.18
%accuracy = 100-Error = 94.82

The MA gives large error and less accuracy, but it provides less area, low power and with minimum
delay, so to improve the accuracy and minimization of error rate, introduce Mitchel iterative algorithm and
further Operand decomposition technige.

ii. lterative Mitchel’s Algorithm:

The Mitchel’s iterative algorithm is also known as correction term. In this the error is corrected with the
iterations, [4].

Pae= 2"+ (A-29+(A-292"
Puue = Piorot (A= 22 (A, -2
After first approximation the absolute error is
Er” =P~ Papo= (A~ 2)(A. -2
If Er®> 0, the two operands of the multiplier can obtained simply by removing the leading one, Al and

A2 is obtained, again by considering the new values of A1 & A2 until either of the operand is 0, the above
algorithm is repeated.

Er”=Cr®+Er”
Where Cr® is the imprecise value of Er@Er® | the absolute error when Er© is approximated.
Ptrue = P(a(:))prox+ Cr(l) + Cr(Z)

Now sum up the imprecise value of Er® to the inexact Product Pagprox as the correction term, therefore
error of an approximation decreases. Here the correction terms executes similarly by pipelining the fault
correction circuits and achieves smaller relative error.

iii. Operand Decomposition:

OD is a process to drop the error obtained by logarithmic multiplication. It decompose the input
operands which reduce the switching off conventional multiplication[5]. Mitchell algorithm (MA)
Operand Decomposition results by performing logical operations of the input. The decomposition breaks
the input operands P and Q, as A=P OR Q, B=P AND Q, C=NOT(P) AND Q, D=P AND NOT(Q);
PxQ= (AxB) + (CxD).
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complex circuit[6][7]. By introducing some errors LNS will
overcome this circuit complexity, due to these errors, it exhibits less accuracy.

B. Approximation of Partial Product Generation:

The under-designed multiplier (UDM) in [8] uses an approximate 2 x 2 bit multiplier block that is
acquired by modifying only one entree in the K-Map to its function. In this imprecise model, the accurate
result for the multiplication of “11” and “11” is“1001” and is interpreted to “111” to recover one output bit.
Assuming each input bit value is evenly likely, the error rate is of 1/(2)*= 1/16 for 2x2 multiplier. It is
possible to build larger multipliers with 2x2 multiplier[8]. The adder tree is accurate even it introduces a
fault while creating a partial products.

Larger multipliers are built with inexact 2x2 block to generate partial products by shifting and then add
all the pps. Fig. 8, is an illustration of a 4x4 multiplier compose out from four 2x2 sections, where AL, XL
and AH,XH are the lower bits and upper bits of two inputs A, X appropriately.

X1,X0

Y1,Y0
Fig. 5. K-Map for accurate multiplier

X1.X0

Y1,Y0

Fig. 6. K-Map for inaccurate multiplier
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But sometimes it acts as contrary in optimization of an adder tree. Since there are no adder or XOR
gates to the inaccurate 2x2 building block[8].Hence immense multiplier blocks can be generated with 2x2
building sections, and enhances in terms of area and power that correlates with exact configuration.
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Fig. 7. The (a) inaccurate and (b) accurate 2x2multipliers, with the critical paths

(a)

AL x Xu

An x Xu

Fig. 8. Construction of large multipliers with smaller blocks

In an example the entire four bits taken as 2x2 multiplier, even if error occurs while creating the partial
product, the product remains accurate.

C. Approximation in partial product tree:

There are so many techniques to reduce the partial products i)Broken Array multiplier(BAM). ii)
Truncated multiplier (TRUM) iii) Error tolerant Multiplier(ETM). iv) Approximate wallace tree multiplier
(AWTM), vi) Approximate counters or compressors(AC/ACM).

i. Broken Array Multiplier:

The basic construction of a 6x6 broken-array multiplier (BAM) in [9] is identical to the array multiplier
structures. It comprises of identical cells called carry-save adder (CSA) array represented by squares,
followed by a vector of bits integrated with adder (that are represented by rounded squares) to converts into
normal binary formats from carry save redundant form. In Fig. 9. (a). The cell contains a 2-input AND gate
to create a pp’s, and a FA-(CSA) performs the addition of pp’s to the successive sum. The CSA cells in
the first row in Fig. 9. (a). can be replaced by one AND or NAND gate only. A BAM separates the CSA
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array and ignore certain cells which lead to a faster and smaller circuit, while providing inexact results. As
illustrated in Fig. 9(a), quantity and location of ignored cells depend on two parameters introduced as:
Horizontal Break Level (HBL) and Vertical Break Level (VBL). This implies that the CSA cells are not
missing horizontally. Growing the HBL, slides down the horizontal oblique line and eliminate all cells that
lies above the continuous line.

Likewise, no CSA cells are removed and as the VBL rises, the steep oblique edge shifts left, and all the
cells on right-side of this VBL are ignored. A similar technique for creating new imprecise multipliers may
be extended to other multiplier structures.

Equations (7) and (8) measure the maximum and minimum differences between the output of a BAM
and an effective multiplier for the constant WL. It means that a BAM also sets restricted results in relation
to an exact multiplier of the same WL. Equation (9) indicates the mean error in terms of VBL, HBL and
WL. The BAM MRE (in percentage) for and variable values of HBL / VBL parameters[9]. Fig..9. Shows
the BAM provides a mean error of zero. When the VBL and HBL rise, the BAM 's relative ME improves
with varying proportions.

HBL —1 .
MAX pam = @WEL -1 =< (= 2h)+2HBL

i=0
VBL—_HBL-1 (2VBL—HBL 2|))
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Fig. 9. (a)Structure of the BAM, (b) CSA cell, and (c)adder cell merging.
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ii. Truncated Multiplier:

Truncated multiplication is a good choice for sinking the delay, foot print on silicon and dissipation of
power. In the multiplier matrix the less important partial product bits is omitted to achieve truncated
multiplication, and additional gates are inserted to offset the errors arising from eliminating a partial
multiplier matrix. Tree multipliers are more rapid than array multipliers, but local interconnects and
structure has everlasting beneficial effects [10]. A truncated multiplier is a b x b multiplier with b output
bits. In Fig.11. Partial products are portioned into two subsets. The less significant columns of the PPM, is
known as least important part (LSP) the left over columns is known as most significant part (MSP). The
over all output of the multiplier, P is given by

P = SMSP + SLSP (10)

Where SMSP and SLSP represent the weighted sum of MSP and LSP elements respectively. For a
required b output bits, the accurate option is to use the full rounded multiplier: it calculates all PPM, adds a
constant on 2b bits to the result and only takes the first b bits of the result, and the next option is to discard
the LSP’s because they exhibit negligible contribution towards b output bits than MSP’s. In terms of
hardware efficiency this approach is very beneficial. The array of truncated multipliers is implemented
using b = 8. “There are no cells in the LSP matrix, only half the number of cells in the final circuit as
applied to the whole width (Fig.10). However, a straight forward analysis shows that the direct removal of
the partial products from the LSP origins a very large error bounded by (n/2—1) Isb, where Isb is the weight
of the least significant bit of the result”. Numerous strategies that support this concept have been
proposed[10],[11][12].
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Fig. 10. PPM of the multiplier b=8. (b+ h + 1)th column is the IC vector(input correction) MSP and LSP
of the PPMatrix is established by the b columnson both the sides.

Constant Correction: An imprecise rounding process was developed [13]. It consists of an applying a
constant at LSP’s whose value is the average of the unformed bits. By adding a 1 as for true rounding, the
final estimated product is rounded. For the 6x6 multiplier of Fig. 11. the correction term 1 is appended at
the least significant sixth column, and again 1 is added for rounding [14].

Variable Correction: It can be expanded by shaping and inserting bit at the Products are not usually
formed on right margin of an array[14].
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Fig. 12. Truncated multiplier with constant error correction and rounding

The sophistication of the method of variable correction is significantly greater than that of the fixed
form of correction.

A. iii. Error Tolerant Multiplier:

A new algorithm for multiplication can be shown by an illustration in Fig. 13. First, the operands of the
input are divided into a multiplication component comprising several higher significant bits and a non-
multiplication part containing the lower significant bits. No need to be equal in length of each element
[15]. The process of multiplication occurs at the point where the bits are separated and move concurrently
in the two opposite directions.

In the case of Fig. 13. the two 12-bit input operands, the "101110011011" (2971) multiplicand and the
"010011 00 1001" (1225) multiplier, are splitted into two equal sections each consists of 6 bits. The lower
order bits (non multiplication part), here a special procedure is intended for not producing partial product
and removes the carry propagation path. Every bit location of the non-multiplication component from left
to right is checked and if one or both of the two operand bits are "1," the testing method is terminated and
from that bit location all the bits are placed as "1."

As normal, the operation is performed from (LSB to MSB) right to left as the higher significant bits of
an operands at the input which begins the multiplication portion. Hence, the circuit is designed in a
conventional manner. Here, we maintained the conventional topology because the MSB’s are weighted
more than the LSB’s [15]. These two operations perform simultaneously, multiplying the MSBs, the power
consumption and overall delay is reduced. Fig.14. represents the architecture of 12 bits ETM.
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Fig. 13. Error Tolerant Multiplier
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Fig. 14. Block diagram of 12-bits ETM.

iv. Approximate Wallace Tree Multiplier:

Approximate Wallace tree multiplier (AWTM) is depend on an inexact multiplication of bit-width and
a “carry-in prediction process” In [16] proposed Four b/2-bit sub-multipliers enforce an n-bit AWTM, as
shown in Figure 15, where four b/4-bit sub-multipliers further implemented the most important sub-
multiplier AHBH. The AWTM is sub divided into four specific modes by the number of estimated n/4-bit
sub-multipliers, while the other three multipliers (AHBL, ALBH and ALBL) are imprecise. A Wallace tree
accumulates then the inexact partial products.

y Ax By

P [Awd B L AB |

: Al B |

e
LA B |
o]
SzhE

Final Product(2n hits) |

Fig. 15. Pipelined Inexact Multiplier

In order to ensure a high precision, the MSBs of the total 4b bit product (A x X) supposed to be precise
to high level. As a result, they produced a multiplier AHXH as bxb precise multiplier and AHXL, ALXH,
ALXL as bxb approximate multipliers. The bxb imprecise multipliers produce upper b bits as precise to
higher level, that further causes the upper 2b bits among 4b bit product accomplish high precision [16].
Fig.16. lllustrates the carry-in prediction technique of these imprecise bxb multipliers[14].

The Carry-in Prediction — consider An example of two unsigned 16- bit multiplication (i.e. b =8):
“A:(aedb)16 = (44763)10
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X=(e6e7)1s = (46823)10 .”

Approximate product out of ALXL, ALXH and AHXL. We need ALXL i.e. (db)s, (7)1 to be
estimated. As illustrated in Fig.16(a), We separate the entire multiplication into three sections: initial, b/2
(LSBs) are of exact value, whereas the second b/2 bits are placed to 1's, and thirdly is of correct
calculation of the residual components in the PPM(partial product matrix) with a carry 'C' in addition
resulting from the at least relevant position of the inexact part. So, the impression is to pre-calculate 'C'
with some technique and start multiplication from the third and first parts concurrently. Similarly, by
locating the bits in the second part, the no of additional operations involved are reduced, thereby reduces
the expenditure of the hardware. Fig.16. (a) Additionally shows a column incorporates extreme amount of
elements in multiplication. This theory employs a carry of at least 1 is indeed to reproduce to the
subsequent line when there are two or more 1's in the vital column. The b/2 bits is set as 1's in the inexact
part because carrying propagated from the vital column is probable to be more than 1, this minimize the
error. Determining AHXL and ALXH in an identical approach, and summing all as shown in Fig. 16(b). as
(7TCEBATFB)16 imparts imprecise results. The exact value is (7CED799D)s¢. In this case the relative error
is pure 0.00.

bbits b bits
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s BB 10410711
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110000 111111111391 : :
accurate o |1ﬂ e | . 1 1
cerain extent (b :u:::uat_\ (b2 11o0p00 11111101
D) b} completely accurate (Zbbits)
(@) )
Fig. 16. An example of Carry-in Prediction (i.e. 16x16 multiplication) for b=8 bits: (a) inexact ALXL (b)
Accurate ALXL.

v. Approximate Counters or Compressors:

Compressors are the most dominant building blocks for a rapid multiplier. It provides an improvement
of partial product addition at the outlay of smallest power dissipation. Instead of fully summoning partial
products with the support of the CSA / Ripple adder tree, a compressor structure can accomplish the same
function in much less period and at the same moment remove the problems of upturn of area high power
consumption [17].

This addition of partial products can not compensate as much for the reduction of delay allied with the
critical path in conventional method comprises of half adders and full adders than counters or compressors.

The purpose for compressor's apparent preference over counters is the advantages it provides in terms
of total number of transistors used, power and delay allied with the critical path (mainly includes XORs).
Both MUXs and XORs can be incorporated in the compressor configuration.

The Compressors which reduce stages of the n product. A 4:2 compressor generates in a similar way ,
and a carry for the next stage. moreover, the carry in (Cin) of the new compressor produce (Cout). A 4:2
precise compressor consists two complete adder circuits in Fig.19,20. That describes a compressor
configuration that uses two 2:1 multiplexers and three XOR-XNOR gates. The compressor logic equation
outputs are as follows:

Sum=P@®Q@®RDSS ®C;, EE—
Cout:(P@Q)Cin+(P@Q)P I
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Carry=(P®QOR®S)C,+(POQORDS)S

4 bits 4 bits

il:Fu! iriFur
Cin,i+1 Cini
LN ] l+] i L
Cout,i+l

Sl

Sum,i+1  Carry,i Sum,i  Carry,i-1

Fig. 17. Adjacent compressors with in a chain in the partial product reduction stage.

In this multipliers the two inaccurate compressor designs were used. The two designs are depends on
modifications to the exact compressor's truth table to minimize hardware[18],[19],[20]. In designl, the
carry signal is connected straightly to the Cin signal, and in order to minimize the hardware and thus
reduces the delay, the sum and Cqy signal columns are altered.

A B C D

Full adder

Cout

Full adder S

Carry J] Sum

Fig. 18. An exact compressor by using two FA’s.

For designl the logic functions are as follows:
sum=((P®Q) +(S®R))Cin

Coar=((P+Q) +(S+Q))
Carry =C;j,

In Design2, Cou is removed completely from the circuit and gives better accurate output. The practical
logic is as follows:

Sum=(P®Q) +(S®R) (17)

Carry=((P+Q) + (S +R)) (18)
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Fig. 20. Design-2 approximate compressor circuits a) carry b) sum

I11. CONCLUSION

Inexact unsigned multipliers for both error and circuit parameters are assessed as comparative. Among
the inexact multipliers considered, truncation is an efficient way to reduce the complexity of the circuit.
This incurs, however, a strong ER, and NMED and MRED. UDM shows a low accuracy, Imprecise
multipliers in the partial product tree appear to have low precision and reasonable hardware utilization
when truncation is not used, whereas multipliers that use inexact counters or compressors are typically
quite precise with reasonable consumption of hardware and high power dissipation.
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Fig. 21. Use of compressors for partial production reduction

Author Method Optimized
Parameters
Approximation of Operands
Mitchell [1] Logarithmic Improves speed,
Number System | but large error
Maclaren [2] Iterative MA 71% Error is
minimized and
areas1%
V. Mahalingam | Operand Reduces
[5] Decomposition | switching activity
and error is
minimized
Durgesh [6] Improved Reduces area &
Operand Improves speed

decomposition

Approximation of partial product generation

Kulkarni [8] UDM Power [ 30%-
50%] mean error
by [1.3%]

Approximation of Partial product tree

Mahdiani [9] BAM Saves power,
area, improves
speed

Kyaw ETM Power by 93%

S.Kim [15]

Bhardwaj [16] | AWTM (carry | Saves power,

in prediction)

area, improves
accuracy
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Zervakis [17] Pp perforation | Power[50%)]
Area[45%)]
Critical path
delay[35%], RE
V.leon [20] Approximation | Energy & area
of high radix saved by [55%]
encoding
Cong Liu [18] | Approximate Energy[59%],
R4ABEM error
Weigiang (ARBC- Energy[45% -
Liu[19] 1,ABRC-2) 64%],
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