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Abstract The role of approximate arithmetic are involved when the pro-
cessors are used for multimedia signal processing application. The impact of
multiplier is very important in many processes done by these processors. The
compressors are the core architecture for reduction stage if the multiplier width
is increased. Later approximations are done in the compressor to limited error
without a�ecting the signal standard. The design of scalable-split compressor
is designed in this work and a counter matching method has been developed
for approximation. The design of 32x32 and 16x16 multiplier with these new
compressors are synthesised in 45nm Synopsis Design Compiler and shows an
improvement of 25 % of Chip area and 27% power. The split-scalable archi-
tecture attempts to reduce the delay with trade-o� in area and power. Mean
Error Distance (MED) and Normalized Error Distance (NED) are the pa-
rameters that ensure the quality of any approximate arithmetic based design.
16-bit medical images are processed with both existing and proposed multi-
pliers then the Peak Signal to Noise Ratio (PSNR) is compared. Finally with
several input nature and targeted PSNR the best system is identi�edusing
classical meachine learning model.

Keywords Image processing� NED � MED � Multiplier � Approximate
Compressor

1 Introduction

The digital processing system (DPS) plays a signi�cant role in today's real-
time application [1]. The design components of DPS are adder, subtractor,
multiplier, shifter, and comparator to perform the necessary operations. The
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design of the multiplier is the most complex task in the constructionof DPS.
The multipliers consume a higher amount of energy and more delay among
all design components [2]. The basic operations like arithmetic computation,
comparison, multiplication of signals are performed by DPS's [3]. Thesesys-
tems are embedded with the arithmetic blocks, which provide high accuracy
and reliability [4]. When these arithmetic blocks are used in an imagepro-
cessing the approximate arithmetic is carried out in order to reduce the design
complexity with minimal error without degradation in the application's perfor-
mance, [5]. The method of approximate computing is carried out by connecting
some output function as the direct input without involving the circ uit design.
Approximate subtractors are developed in [6] with Boolean solvation using
Karnaugh map (K-map), and the approximate divider is designed using the
same subtractor for subtract two image to achieve background subtraction.To
reduce power, area and increase the speed several approximate comparators
in [7]-[9] are designed. The salt and pepper noise are removed with these com-
parator with no degradation in image quality. The design of compressors play
the best alternative for full-adder in Wallace and Dadda multiplier f or dot
product reduction [10]. Compressors are usually developed with full-adders,
an alternative in [11] compressor 4:2, 5:3 are designed using XOR-MUX.

Various multiplier architectures for image processing applicationshave
been done with imprecise compressors proposed in [12] { [14] but the over-
all errors are limited. The multipliers are constructed with thre e steps process
as follows: (i) dot product generation (ii) reduction of dot product using suit-
able tree (iii) addition of dot product using adders [15]. Among the process,
the second stage is more complicated because it consumes more energy, and
produces the delay. The Wallace and Dadda tree architecture is not ane�cient
method for dot product reduction if the full-adder is used [16]. In the reduction
stage, the replacement of full adders is done with a compressor to reduce the
design complexity [17]. The 4:2 compressors are the perfect �t for all kind of
multipliers with lower width.In the �eld of medical imaging the r equirement
of 16-bit pixel images are used to improve the accuracy it is di�erent from the
nature of 8-bit pixels[18]. When designing 16x16 or any other higher width
multipliers using 4:2 compressor the reduction stage gets increased. Hence, in
[19], 16x16 multiplier is constructed with 15:4 compressor.

In multiplier, the approximate compressor acts as a key role for the reduc-
tion of area power and delay [20]. For a lower order compressor, the approxi-
mation is achieved through truth table and K-map. In truth table matchin g of
input to output is identi�ed, then the highly correlated values are connected
straightly. In K-map the device hardware was reduced by removing the essen-
tial prime implicant [21]. The image quality and device hardware are equally
concentrated in all the approximate computing methods. The image quality is
measured through peak signal to noise ratio (PSNR). The variation between
two digital images is identi�ed using PSNR [22]. The PSNR value of 30dB
is enough for most of the image processing applications [23]-[28]. The overall
multiplier quality is measured through error distance (ED), which represent
di�erence between the accurate product and the approximate product [29].
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The design of several 9:4, 8:4, 8:2, 7:2 compressors are proposed in [30]-[33].
They have been designed with sub-component of three or more small compres-
sor. In [18] the ED of 15:4 compressor is calculated through 5:3 compressor,
which is the internal module of 15:4 compressor.

The novel counter based comparison method between inputs and outputs
has been addressed in this paper. The proposed compressors are e�cient in
terms of area, power, and delay, NED and MED. The data-set is created for
various standard medical images from di�erent database with the values of
input parameter like nature of image, size, contrast ratio, and output PSNR.
Arti�cial Neural Network(ANN) and Logistic Regression(LR) that improved
in [34] is used to predict the best approximate multiplier dependon the met-
rics matched with the newly applied image. The upcoming sections of the
paper narrates. Section II explains split-scalable compressor design. The de-
sign of impreciseness using a counter based comparison method is discussed in
section III. Higher width multiplier architecture discussed in IV. The system
performance analysis is delivered in section V. Multiplications of medical im-
ages and standard test images are done with the proposed multiplier is given
in section VI. Machine learning prediction is discussed in sectionVII. At the
last conclusion is presented in section VIII.

2 DESIGN OF SCALABLE-SPLIT COMPRESSOR

The design of several 15:4, 9:4 and 8:4, 8:2, 7:2 compressors are proposed by
several researchers. These designs are done with sub-component of three or
more small compressors. These small compressors are developed with XOR-
MUX instead of full-adder proposed by many authors as shown in Fig.1. The
approximation is the tedious process when higher compressor are used.

Fig. 1 (a) Full Adder (b) Xor mux

The proposed scalable compressors are designed with a stream line ap-
proach of parallel inputs to outputs through XOR-MUX architecture as shown
in Fig.2. The term scalable means that the proposed compressor can be ex-
tended to any higher-order level. In Fig.2 the di�erent levels of the compressor
are di�erentiated with a dotted square box, with the same approach N:2 com-
pressor can be constructed with (N-3)Cin 0s and Cout 0s where N number of
inputs and the two system outputs are sum and carry.
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Designing of the higher-order compressor (8:2) using four 4:2 compressors
was developed in [35]. For any compressor, XOR of all inputs computes the
sum, and everyCout is calculated from the MUX output. The select line for
MUX is computed from XOR of the �rst two input values; weather MUX
inputs are �rst and third inputs. The sum for the 5:2 stage is given in equation
(1), and carry based on XOR is given equation (2).

sum = x0 � x1 � x2 � x3 � x4 � ci0 � ci1 (1)

carry = (( a � b)c) + ( (a � b)a) (2)

Fig. 2 Salable Split compressor

The proposed compressors do not consist of any lower-order compressor. As
shown in Fig.2, each dotted box the �nal XOR output ( X ) that is passing to
the next stage is the sum output, and the output collected from MUX (X � 1)
is the carry for that stage obeying (N-3) Cout 0s, Cin 0s . This work has to target
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Fig. 3 Critical path in compressor (a) longest path (b) Splited pat h

for 32x32 multiplication, so up to 32:2 compressor was designed. The concept
of split compressor is introduced on scalable compressor as shown in Fig.3.
The upper and lower split increases the design complexity of the tree stage in
multiplier but reduce the critical path delay. The entire parti al products are
arrived after one gate delay associated with AND gate. As shown in Fig.3 the
generation of sum takes the longest path and a�ects multiplier performance.
So generation of two sum terms using split compressor will minimizethe delay.
Though upper and lower half operate in parallel to produces two sum term
and half adder is used to reach the �nal sum term, so this structure reduces
delay from T to T/2 +1.

3 DESIGN OF COUNTER-MATCHING FOR
APPROXIMATION

The approximate computing is the state of art method for reducing theenergy,
chip area and to increase the speed. The comparator and counter-based novel
approximation techniques are presented in this paper. The circuit will check for
2N samples, where N is the number of inputs. For example 5:2 compressor con-
sists of 7 inputsa0-a4, Cin 0-Cin 1 and having 27 = 128 input combinations. The
circuit consists of 4 outputs Cout 0 { Cout 1, sum, carry. This work overcomes
the approximation done in [19] by matching each inputs to every outputsfor
all possible input samples that can be applied to approximate any part of the
circuit. The approximation �nder blocks is described in Fig.4, which tells how
many combination of the input's and output's are same. The Pseudo-code for
approximation is shown algorithm-1, which demonstrates every input's corre-
lation to every output. The proposed approximation �nder circuit cons ists of
J = N*M counter and comparator. All 1-bit comparator inputs are connected
with compressor inputs and outputs. The 1st comparator is connected witha0

and Cout 0, 2nd comparator is connected witha0 and Cout 1 , likewise J th com-
parator connected with N and M. All J-counter outputs predict the count of
matched input and output combination. With the counter output the vari ous
level of approximation will be performed to maintain the image quality.
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Fig. 4 Approximation �nder

Algorithm 1: Approximation
1 initialize
2 input of Compressor i=1 to N;
3 output of Compressor x=1 to M;
4 Counter Jyz ;
5 where y= 1 to N*M and z = 1 to 2 N ;
6 Number of Cycles K = 1 to 2 N ;
7 L1:for K=0 to � 2N & K++;
8 do ! Set y=0; i=0;x=0;
9 L2:for i=0 to � N & i++;

10 L3:for x=0 to � M & x++;
11 do !
12 if i = x then

13 set� y++;z++; set � y++;z=z;
14 end:L3
15 end:L2
16 end:L1
17 Collect all counter value Jy that gives mathed value Jz

4 MULTIPLIER DESIGN

Most of the recent multiplier are constructed with compressor. In [12] discrete
cosine transform (DCT) operation are done with approximate compressor.
In this work many new designs of the approximate multiplier are developed.
Design-1 32x32 multiplier with scalable compressor. Design-2 32x32 multiplier
with split-scalable compressor, Design-3 32x32 multiplier with approximate
scalable compressor approximating LSB. Design-4 32x32 multiplier withap-
proximate scalable-split compressor in upper-split of LSB area, Design-5 32x32
multiplier with approximate scalable-split compressor in lower-split of LSB
area, Design-6 32x32 multiplier with approximate entire scalable-split com-
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pressor in LSB area, Design-7 32X32 multiplier using 15:4 compressor [19],
Design-8 16x16 multiplier with exact scalable compressor, Design-9 16x16mul-
tiplier with exact split-scalable compressor, Design-10 16x16 multiplier with
the approximate scalable compressor inthe LSB area, Design-11 16x16 mul-
tiplier with approximate split-scalable compressor in upper region of LSB,
Design-12 16x16 multiplier with approximate split-scalable compressorin lower
region of LSB, Design-13 16x16 multiplier with approximate on both upper
and lowercompressor in LSB, Design-14 16x16 multiplier with 15:4 compres-
sors [19], Design-15 16x16 multiplier with 4:2 compressor [14].

4.1 Design-1 32x32 multiplier with scalable compressors

In [14] 8x8 multiplier is designed with a 4:2 compressor. The new multiplier
is 32x32 width so the usage of any old type compressor increases the design
complexity, power and area, so it is easy to design with scalable compressor
as shown in Fig.5.

Fig. 5 32x32 multiplier with exact scalable compressor
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4.2 Design-2 32x32 multiplier with the split-scalable compressor

To reduce delay of the proposed multiplier the concept of split compressor has
been introduced. Here the maximum scaling length of one 17:2 compressorand
one 16:2 compressor is used in the center part of the multiplier and either side
is scaled down to �t with the bit length.

4.3 Design-3 32x32 multiplier with approximate scalable compressor in LSB
area.

The exact compressor is replaced with an approximate compressor on the right
most part of the multiplier from 3rd column to 32nd column.

4.4 Design-4 32x32 multiplier with approximate scalable-split compressor in
upper-split of LSB area

The exact compressor is replaced with an approximate compressor on the right
most part of the multiplier only in the upper half of the split compres sors.

4.5 Design-5 32x32 multiplier with approximate scalable-split compressor in
lower-split of LSB area

The exact compressor is replaced with an approximate compressor on the right
most part of the multiplier only in the lower half of the split compres sors.

4.6 Design-6 32x32 multiplier with approximate entire scalable-split
compressor in LSB area

The exact compressor is replaced with an approximate compressor on the
right most part of the multiplier on both upper and lower half of the spli t
compressors.

4.7 Design-7 32X32 multiplier 15:4 compressor [19]

To verify the proposed approximate multiplier with previous work [ 19] and to
compare the performance metrics the 32x32 multiplier is designed using an
accurate 15:4 compressor developed in [19]. And the best approximate design
from [19] is developed to compare the image quality of existing design with
proposed designs done in this work.
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4.8 Design-8 16x16 multiplier with scalable compressor

The scalable compressor are used to design the 16x16 multiplier is the same
way as design-1 as shown in the Fig.5. The compressor with empty dot noti�es
the zero input just to compensate the two stage reduction architecture.

4.9 Design-9 16x16 multiplier with exact split-scalable compressor

To reduce delay of the scalable architecture the normal multiplierreduction
stage are split with upper and lower compressor. The split has been imple-
mented only the middle column of the multiplier as shown with dotted line in
Fig.6.

Fig. 6 16X16 multiplier with split scalable compressor

4.10 Design-10 16x16 multiplier with the approximate scalable compressorin
the LSB area

The exact compressor is replaced with an approximate compressor on the right
most part of the multiplier from 3rd column to 16th column.

4.11 Design-11 16x16 multiplier with approximate split-scalable compressor
in upper region of LSB

The exact compressor is replaced with an approximate compressor on the right
most part of the multiplier only in the upper half of the split compres sors.
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4.12 Design-12 16x16 multiplier with approximate split-scalable compressor
in lower region of LSB

The exact compressor is replaced with an approximate compressor on the right
most part of the multiplier only in the lower half of the split compres sors.

4.13 Design-13 16x16 multiplier with approximate on both upper and lower
compressor in LSB

The exact compressor is replaced with an approximate compressor on the
right most part of the multiplier on both upper and lower half of the spli t
compressors.

4.14 Design-14 16x16 multiplier with 15:4 compressor with 5:3 as
sub-component [19]

The 15:4 compressor is developed with 5:3 compressor and parallel adder as
sub-components. In [19] the multipliers are constructed with 15:4 compressor,
5:3 compressor, full-adder, half- adder. The approximation method isonly
applied on 5:3 compressor. To compare existing model with straight forward
approach of proposed multiplier and the performance are analyzed.

4.15 Design-15 16x16 multiplier with 4:2 compressor in [14]

In so many literature 4:2 compressor are used to develop the 8x8 multiplier.
The 4:2 compressor as shown in Fig.1 are used to develop the 16x16 multiplier
to compare the results with proposed multiplier.

5 RESULTS AND DISCUSSION

5.1 DELAY COMPARSION OF SCALABLE-SPLIT COMPRESSOR

The critical path delay has reduced to T/2+1 when the scalable-split com-
pressors are used. The longest path in 16x16 multiplier is the 16th column
where the Split compressors are used as shown in Fig.7. To compare delay in
sum term the Xor path is traced between split and non split architecture and
synthesised with 90 nm libary in Cadance virtuso to compare the area, power
and delay.Table-1 shows that delay of the split scalable compressor is reduced
and more over the glitches also reduced.
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Fig. 7 16:2 split compressor

Table 1 Comparision Split-scalable with Scalable compressor

Design
Area
(gate count)

Power
(uw)

Delay
(ns)

Scalable
Compressor

28 .428 34.4

Split-Scalable
Compressor

28 .428 19.1

5.2 Approximation

The Verilog simulation result of 12:2 compressor approximations is shown in
Fig .8. It is clearly shown that the counter values of Cin 6Cout 8, Cin 7carry ,
and Cin 8carry are the maximum correlated for the total cycles. From the
functional veri�cation 75% of cycles many inputs are matched with outputs.
TABLE-2 shows the highly correlated combination for the di�erent highe r-
order compressor. From TABLE-2, so many approximations can be performed.
But approximation over a least signi�cant bit (LSB) reduces the error distance
(ED) and normalized error distance (NED), so in all compressors, �nal Cin's
are approximated as Carry to reduce the hardware.

The error value of new compressors are studied with the exact compressor.
Equation (3-4) describe the NED and MED. .

MED =
1

22N

22N
X

i =1

jEDi j (3)

NED =
MED

D
=

1
22N

22N
X

i =1

jEDi j
D

(4)

Where N is the input length of the multiplier, the ED i is the di�erence between
the exact and approximated multiplier of the i th output vector. Where D is
the maximum possible error is given by (2N � 1)2.TABLE-3 shows the NED
and MED of the proposed and existing design

From the Fig.9, design-11 and design-12 shows the good performance and
produces less error.
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Fig. 8 Simulation Output for highly matched values

Table 2 Maximum correlated

input/output

& design

correlated/

total cycle

input/output

& design

correlated/

total cycle

input/output

& design

correlated/

total cycle

a0Cout 0

& 8:2

6144/

8192

a0Cout 0

& 11:2

393216/

524288

a0Cout 0

& 14:2

25165824/

33554432

Cin 4carry

& 8:2

6144/

8192

Cin 7carry

& 11:2

393216/

524288

Cin 10 carry

& 14:2

25165824/

33554432

a0Cout 0

& 9:2

24576/

32768

a0Cout 0

& 12:2

1572864/

2097152

a0Cout 0

& 15:2

100663296/

134217728

Cin 5carry

& 9:2

24576/

32768

Cin 8carry

& 12:2

1572864/

2097152

Cin 11 carry

& 15:2

100663296/

134217728

a0Cout 0

& 10:2

98304/

131072

a0Cout 0

& 13:2

6291456/

8388608

a0Cout 0

& 16:2

402653184/

536870912

Cin 6carry

& 10:2

98304/

131072

Cin 9carry

& 13:2

6291456/

8388608

Cin 12 carry

& 16:2

402653184/

536870912

Table 3 Accurateness of 16x16 Multiplier

Design NED MED

Design-10 3.36x10� 5 6189x1011

Design-11 2.11x10� 5 3908x1011

Design-12 2.05x10� 5 3789x1011

Design-13 3.53x10� 5 6553x1011

Design-14[19] 5.43x10� 5 9989x1011

Design-15[14] 4.17x10� 5 7488x1011

5.3 Results of 16x16 bit multiplier and 32x32 multiplier

All the design of multipliers are functionally veri�ed with Verilog HDL. The
power, area, and delay are calculated in the Synopsys design compiler with
a 45nm technology library. TABLE 4 and 5 shows the area, power, and de-
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D-10 D-11 D-12 D-13 D-14[19]D-15[14]

2:5

3

3:5

4

4:5

5

5:5

6
�10� 5

3:36 � 10� 5

2:11 � 10� 5
2:05 � 10� 5

3:53 � 10� 5

5:43 � 10� 5

4:17 � 10� 5

NED & D-Design

Fig. 9 Histogram for NED of 16X16 multiplier

lay values of 16x16 and 32x32 multipliers. From TABLE-4, design-3, design-6
shows good VLSI aspects compared to multipliers with existing compressors.
Likewise, from TABLE-5 design-10, design-13, show improvement with exiting
multiplier.

Table 4 Result Analysis of 32x32 multiplier

Design Area( �m 2 ) Power(mw) Delay(ns)

D-1 2014 3.5 2.6
D-2 2351 4.3 1.8
D-3 1759 2.8 2.1
D-4 2112 3.4 1.47
D-5 2099 3.3 1.41
D-6 1849 2.1 1.12

D-7[19] 2049 3.41 2.9

Table 5 Result Analysis of 16x16 multiplier

Design Area( �m 2 ) Power(mw) Delay(ns)

D-8 1036 1.71 1.4
D-9 1189 2.1 0.89
D-10 876 1.42 1.1
D-11 1040 1.8 0.72
D-12 1036 1.79 0.75
D-13 989 1.61 0.63

D-14 [19] 1081 1.79 1.5
D-15 [14] 1439 2.34 2
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From TABLE 4 and 5 it is clearly shown that the area of proposed multi-
plier is improved by 30% while the power and delay are improved by 25%.

6 APPLICATION

The proposed designs are used for image multiplication. The resultant di�er-
ence between the images multiplied by the exact multiplier to the approximate
multiplier is given as mean square error (MSE). Based on the MSE, the best
approximate multiplier quality is identi�ed by the PSNR value of th e multi-
plied images [36]. The calculation for MSE and PSNR is given in equation (5)
and (6).

MSE =
1

mn

mX

i =1

nX

j =1

[X (i; j ) � Y (i; j )]2 (5)

PSNR = 10 log10

�
MAX 2

i

MSE

�
(6)

MAX i gives the maximum possible values of each pixel, and image dimen-
sion is equal tom and n, whereX (i; j ) and Y(i; j ) are the values of each pixel
in i and j points of the accurate and non-accurate picture respectively. The
PSNR of each noisy image is depicted in Fig. 10,11. The medical image are col-
lected from 16-bit Digital Imaging and Communications in Medicine(DICOM)
aycan OsiriXPRO (http://www.aycan.de/lp/sa mple-dicom-images.htm l). In

Fig. 10 MR image of LOC(right)
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Fig.10 the 16-bit depth LOC(right) MR images are taken and the Contrast
Ratio(CR) is varied through the proposed and existing multiplier to compare
the various PSNR levels.

Fig. 11 CT image of Arterielle

In Fig.11 the CT image of Arterielle are multiplied with proposed and
existing multiplier then the PSNR levels are compared.

7 MODEL PREDICTION

With the advancement in modern digital technology, machine learning and
deep learning deals with big data to more precisely predict the weather fore-
cast, Trade investment, hospital patient management ,etc. From (https://www.
aliza-dicom-viewer.com/download/datasets) the big data-set is constructed
with several subject. The model is developed with 62% of the initialdata
(training set) was used for training while 38% (testing set) was set aside ran-
domly for post-training evaluation of our models. After multiplication w ith
proposed and existing system the input features like nature of image,height,
width, CR, PSNR are mapped on the excel-sheet to predict the best system
as shown in Fig.12.

In the excel-sheet system 0-5 are mapped with design-10 to design-15,
nature 0 stands for CT image of Arterielle. Like wise 15 subjects were taken.
Each subjects consists of 20 images and all are multiplied with system 0-
5, so the data-set is created with 1800 samples. The improved multi-class
classi�cation algorithm of LR and SVM in [34] are used to predict the best
system.The training graph and confusion matrix shown in Fig.13. When the
new medical image is taken for the contrast scaling depend on input parameter
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Fig. 12 Input features created on Excel-sheet

Fig. 13 (a) Confusion matrix LR (b) Confusion matrix SVM (c) Trainin g plot for LR
(d)Training plot for SVM

the algorithm will identify the best approximate method with accur acy for
SVM=96.52% and LR=95.65%.

8 CONCLUSION

The new architecture of scalable-split approximate compressor design has been
done in this work. The multiplier constructed with new approximat e compres-
sors shows an average improvement of 25% of the area, 27% of power, and
20% time delay. The proposed multiplier produces the PSNR value of 5dB
to 12dB higher than the previous design for the di�erent application images.
In 32x32, multiplier Design-3 produces attractive results, but in 16x16 mul-
tiplier, Design-9 is good in circuit aspects, and Design-7 is good in image
quality. So depending on the target, the machine learning model identi�es the
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best multiplier. In future work the standard alone image processingprocessor
are constructed with adaptive approximate computing to reduce the energy
consumption.
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