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Design and Analysis of A Low-Power High-Speed
Accuracy-Controllable Approximate Multiplier∗

Tongxin YANG†a), Student Member, Tomoaki UKEZONO††, and Toshinori SATO††, Members

SUMMARY Multiplication is a key fundamental function for many
error-tolerant applications. Approximate multiplication is considered to
be an efficient technique for trading off energy against performance and
accuracy. This paper proposes an accuracy-controllable multiplier whose
final product is generated by a carry-maskable adder. The proposed scheme
can dynamically select the length of the carry propagation to satisfy the
accuracy requirements flexibly. The partial product tree of the multiplier is
approximated by the proposed tree compressor. An 8 × 8 multiplier design
is implemented by employing the carry-maskable adder and the compres-
sor. Compared with a conventional Wallace tree multiplier, the proposed
multiplier reduced power consumption by between 47.3% and 56.2% and
critical path delay by between 29.9% and 60.5%, depending on the required
accuracy. Its silicon area was also 44.6% smaller. In addition, results
from two image processing applications demonstrate that the quality of the
processed images can be controlled by the proposed multiplier design.
key words: approximate computing, accuracy-controllable multiplier, low-
power multiplier, high-speed multiplier

1. Introduction

Many increasingly popular applications, such as image pro-
cessing and recognition, are inherently tolerant of small inac-
curacies. These applications are computationally demanding
and multiplication is their fundamental arithmetic function,
which creates an opportunity to trade off computational ac-
curacy for reduced power consumption. Approximate com-
puting is an efficient approach for error-tolerant applications
because it can trade off accuracy for power, and it currently
plays an important role in such application domains [1].

Different error-tolerant applications have different ac-
curacy requirements, as do different program phases in an
application. If multiplication accuracy is fixed, power will
be wasted when high accuracy is not required. This means
that approximate multipliers should be dynamically recon-
figurable to match the different accuracy requirements of
different program phases and applications.

In this paper, we focused on an 8-bit low-power ap-
proximate multiplier design that can control accuracy dy-
namically [2]. We proposed an approximate tree compres-
sor (ATC) for partial product reduction (PPR) and a carry
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maskable adder (CMA) for accuracy configurability [2]. The
CMAcan be dynamically configured to function as a conven-
tional carry propagation adder (CPA), a set of bit-parallel OR
gates, or a combination of the two. This configurability was
realized by masking carry propagation: the CPA in the last
stage of the multiplier was replaced by the proposed CMA.
TheATCwas utilized to reduce the accumulation layer depth
of the partial product tree. Our approach introduced a term
representing the power and accuracy requirements which
simplifies the PPR component as needed. An approximate
multiplier was designed using the proposed adder and com-
pressor. This multiplier, together with a conventional multi-
plier and the previously studied approximatemultipliers, was
implemented in Verilog HDL using a 45 nm library to eval-
uate the power consumption, critical path delay, and design
area. Compared with the conventional Wallace tree mul-
tiplier, the proposed approximate multiplier reduced power
consumption by between 47.3% and 56.2% and the criti-
cal path delay by between 29.9% and 60.5%, depending on
the required computational accuracy. In addition, its design
area was 44.6% smaller. Comparisons with the established
approximate multipliers, none of which have any dynamic
reconfigurability, demonstrate that the proposed multiplier
provided the best trade-off of power and delay against accu-
racy. All the multiplier designs were then evaluated in a real
image processing application [2]. In this paper, we add one
more image processing application to evaluate the accuracy
of the proposed accuracy-controllable multiplier.

The remainder of this paper is organized as follows. Section 2
reviews previous work. Section 3 introduces the accuracy-
controllable approximate multiplier after explaining the tree
compressor and the CMA. Section 4 explains the experimen-
tal setup. Section 5 evaluates the multipliers experimentally.
Section 6 presents our conclusions.

2. Previous Work

The adder is a basic element of most multipliers. Mahdiani
et al. [3] proposed the lower-part-OR adder, which utilizes
OR gates for addition of the lower bits and precise adders for
addition of the upper bits. It is similar to our proposed CMA
in that it uses OR gates to generate the sum approximately,
but our CMA is also dynamically reconfigurable.

Liu et al. [4] utilized an approximate adder to reduce
carry propagation delay in partial product accumulation.
They also proposed a recovery vector to improve accuracy.

Copyright © 2018 The Institute of Electronics, Information and Communication Engineers
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The bit width of the error recovery vector can be selected by
the designer to satisfy accuracy requirements. Hashemi et
al. [5] proposed a technique that reduces the size of the mul-
tiplier by detecting the leading one bit of the input operands
and selecting the following k bits as abridged operands for
both inputs, where k is a designer-defined value that specifies
the bandwidth used in the core accurate multiplier. Both [4]
and [5] allow a static trade-off between power consumption
and accuracy. The bit lengths of the recovery vector [4]
and the input operands [5] are determined during the design
process and the accuracy is not dynamically controllable, un-
like with our proposed multiplier. Moons et al. [6] proposed
a system-level technique that disables part of the combi-
national logic and reconfigures the pipelined registers and
combinational logic. It can trade off accuracy for power dy-
namically by changing the numbers of pipeline stages and
voltage-accuracy scaling modes. Our proposed multiplier
also disables part of the combinational logic in the CPA to
achieve lower power consumption, but ours does not require
a pipeline system or control circuits for voltage scaling.

3. Accuracy-Controllable Multiplier

A typicalmultiplier consists of three parts: (i) partial product
generation using an AND gate; (ii) PPR using an adder tree;
and (iii) addition to produce the final result using a CPA.
Power consumption and circuit complexity are dominated
by the PPR [7], and the multiplier's critical path is related to
the propagated carry chain in the CPA normally [8].

This section is organized as follows. Section 3.1 ex-
plains how the partial product layer is simplified by the
approximate tree compressor. Section 3.2 introduces the
CMA. Finally, Section 3.3 presents the overall structure
of the accuracy-controllable approximate multiplier, which
uses the proposed adder and tree compressor.

3.1 Approximate Tree Compressor

Figure 1(a) shows an accurate half adder, for which the fol-
lowing equation can be obtained:

a + b = 2c + s = (c + s) + c,

where c and s denote single binary digits carry and sum,
respectively, and the value of the sum in amulti-digit addition
is 2c + s. The value c is generated by a AND b and s is
generated by a XOR b, so (c + s) can be generated by a OR
b. Based on the above, consider the basic logic cell shown in
Fig. 1(b), for which the following equations can be obtained:

p = c + s,
q = c,
a + b = p + q.

This is called an incomplete adder cell (iCAC). Table 1 shows
the truth tables for an accurate half adder and an iCAC. Note
that the bit position of c and that of s, p, and q are different.
As can be seen, q is equal to c. While p is not equal to s,

Fig. 1 (a) Accurate half adder, and (b) incomplete adder cell.

Table 1 Truth tables for accuracy half adder and incomplete adder cell.
Inputs Outputs

Accurate half adder iCAC
a b c s q p
0 0 0 0 0 0
0 1 0 1 0 1
1 0 0 1 0 1
1 1 1 0 1 1

Fig. 2 A row of incomplete adder cells with two 8-bit inputs.

the precise sum can be obtained by adding p and q, so the
iCAC is not an approximate adder but an element of a precise
adder.

By extending the above equation tom bits, the following
equation can be obtained:

S = A + B = P + Q

where A, B, P, and Q are m-bit values, the bits of which
correspond to a, b, p, and q, respectively. A row of eight
iCACs, used for 8-bit inputs, is shown in Fig. 2.

Consider the example of an 8-bit adder with the two
inputs A = 01011111 and B = 00110110. The accurate
sum S is 10010101, while the row of iCACs produces P =
01111111 and Q = 00010110. Again, it is evident that the
following holds:

S = P +Q (1)

While S is obtained from P and Q, P can be used as an
approximation for S, and Q can be used as an error recovery
vector for the approximate sum P.

By extending the row of iCACs from two to n inputs,
n/2 Ps and n/2 Qs are obtained. If the sum of the n/2 Qs
is used instead of the n/2 Qs themselves, the number of



2246
IEICE TRANS. FUNDAMENTALS, VOL.E101–A, NO.12 DECEMBER 2018

Fig. 3 Structure of an approximate tree compressor with eight inputs.

Qs is reduced to one. Remember that P is always greater
than or equal to S, and Q is equal to C. By exploiting these
facts, OR gates can be used to generate the approximate
sum of the n/2 Qs without significant loss of accuracy. This
approximate sum is called the accuracy compensation vector
and is denoted by V. This method is named approximate tree
compressor (ATC). An ATC with n inputs is called an ATC-
n, and the structure of an ATC with eight inputs (ATC-8) is
shown in Fig. 3. The rectangles represent rows of iCACs and
the number of iCACs in each row (rectangle) is dependent
on the bit width of the inputs. For example, if there are
eight m-bit inputs (D1, D2, · · · , D8), four rows of m iCACs
are required to build an m-bit ATC-8. This reconstruction
generates four approximate sums, P1, P2, P3, and P4, and
four error recovery vectors, Q1, Q2, Q3, and Q4. OR gates
generate the accuracy compensation vector V. As a result,
the eight inputs have been reduced to five.

3.2 Carry-Maskable Adder

A CMA is proposed to control the accuracy flexibly and dy-
namically. A k-bit CMAcomprises (k-1) carry-maskable full
adders and one carry-maskable half adder, and its structure
is similar to that of a k-bit CPA.

The structures of the proposed carry-maskable half and
full adders are shown in Fig. 4. In the proposed half adder,
when mask_x is 0, S is equal to x OR y and Cout is equal to
0. Otherwise, when mask_x is 1, S is equal to x XOR y and
Cout is equal to x AND y. In other words, the operation of
the proposed half adder can be controlled by the active-low
signal mask_x. When mask_x is disabled (=1), it functions
as an accurate half adder, and when mask_x is enabled (=0),
Cout is masked to 0 and it functions as an OR gate with output
S. The operation of the proposed full adder is similar to the
half adder: when mask_x is disabled (=1), it functions as an
accurate full adder, and when mask_x is enabled (=0) and
Cin is equal to 0, Cout is equal to 0 and S is the output of an
OR gate.

Fig. 4 (a) Carry-maskable half adder, and (b) Carry-maskable full adder.

Fig. 5 Structure of an 8-bit multiplier with 8 × 8 partial products.

3.3 Overall Structure

An n-bit multiplier consists of n rows, each of which has n
partial products (PP), so there are n × n PPs in total. Using
the ATC-n introduced in the previous section, the n rows can
be replaced by n/2 + 1 rows. Figure 5 shows an example of
an 8-bit multiplier with 8 × 8PPs. The PPR is performed in
three stages (Stage 1, Stage 2, and Stage 3) and the CPA is
performed in Stage 4. The PP generation step is not shown.
Each dot represents a PP. The least significant bit (right side)
is bit 0, and the most significant bit (left side) is bit 14. The
solid rectangles in Stage 1 represent ATCs and the dashed
rectangles represent rows of seven iCACs. Every row of
iCACs includes PPs that are not processed: for example, the
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PP at position 0 in the first row and the one at position 8
in the second row of the first iCAC block in ATC-8 are not
processed.

In Stage 1, eight rows of PPs are reduced to four rows
(P1, P2, P3, and P4) and one accuracy compensation vector
(V1) by an ATC-8. The four rows are further reduced to two
rows (P5 and P6) and another accuracy compensation vector
(V2) by an ATC-4. A final row of iCACs then processes P5
and P6 and generates P7 and Q7. In summary, Stage 1 uses
an ATC-8, an ATC-4, and a row of seven iCACs to compress
the 8 × 8 PPs to four rows (P7, V1, V2, and Q7).

In Stage 2, there are four PPs for each of bits 4 to 10.
In order to achieve a lower path delay, OR gates are used to
sum V1 and V2 approximately. The empty circles for V1
and V2 represent the bits which are summed using OR gates.
Seven OR gates are required in total and the four rows are
compressed to three.

In Stage 3, full adders and half adders are used to com-
press the three rows to two. Two half adders are required for
bits 1 and 13, and eleven full adders are required for bits 2
to 12.

Addition using a CPA is required after PPR to produce
the final result. For an 8-bit Wallace tree multiplier, the
length of the CPA is 11 [8]. In our proposed multiplier, the
length of the CPA is 13. In Stage 4, the CPA is divided
into three parts in order to reduce the length of the carry
propagation. Since the lower bits are not significant for
accuracy, bits 0 to 4 are defined as the truncated part and
three OR gates are used to generate the values for bits 2, 3,
and 4 of the final result. Because there is no carry out from
the truncated part, the length of the CPA is reduced to 10.
Since the upper bits are the most significant for accuracy, bits
12 to 14 are defined as the accurate part, and three accurate
adders are used to generate the values for these bits of the
final result.

The accuracy-controllable part lies between the trun-
cated and accurate parts. This part is important for both
critical path delay and accuracy. In Stage 4, bits 5 to 11 in
the CPA are replaced by a 7-bit CMA. Note that every 1-bit
CMA has a mask_x signal. Given a value for u, the u upper
bits in the accuracy-controllable part are configured as a u-bit
CPA and the lower bits are configured as (7-u) 2-input OR
gates by managing the seven mask_x signals appropriately.
When u = 7, it functions as a 7-bit CPA, and when u = 0,
it functions as seven 2-input OR gates. For each bit of S
that is generated by a 2-input OR gate, power consumption
is reduced because the switching activity is reduced in some
of the logic gates. Furthermore, the maximum delay of the
CMA is reduced.

4. Experimental Setup

In this section, the proposed multiplier is evaluated in terms
of power consumption, critical path delay, design area, and
computational accuracy. To clarify the ability of the approxi-
matemultiplier to save power, shorten critical path delay, and
control the accuracy, a conventional Wallace tree multiplier

and the previously-proposed approximate multipliers [4], [9]
were implemented for comparison. The approximate multi-
plier [4] can be configured at design time, and its accuracy is
controlled by the length of the recovery vector. Four differ-
ent approximate multipliers were implemented, using 10-bit,
8-bit, 6-bit, and 4-bit recovery vectors, and are referred to
as AMER_10b, AMER_8b, AMER_6b, and AMER_4b, re-
spectively. Note that the accuracy of AMER_XX is not
dynamically controllable, unlike that of our proposed mul-
tiplier. The ACCI2 approximate multiplier [9] is one of the
most accurate approximate multipliers and is referred to as
ACCI_M2. The multipliers with eight different accuracy
settings (values of u) are referred to as m_7b, m_6b, · · · ,
m_0b. Multiplier m_ub utilized an approximate adder for
the final results from the PPR consisting of a (3 + u)-bit
CPA and {(7 - u) + 3} 2-input OR gates. For example, the
approximate adder for m_6b consisted of a 9-bit CPA and
four 2-input OR gates.

All the approximate multipliers, as well as the con-
ventional Wallace tree multiplier, were eight bits and coded
using Verilog HDL. The Synopsys VCS was used to simu-
late the designs and generate value change dump (vcd) files
to evaluate the power consumption precisely. The Synop-
sys Design Compiler was used to synthesize the multipli-
ers with the NanGate 45 nm Open Cell Library [10]. The
power consumptionwas evaluated at a frequency of 0.5GHz.
The operating conditions for synthesis were typical (a 1.00
process factor, 1.1V power supply, and 25◦C operating tem-
perature). All designs were synthesized and optimized using
the default compiler options. The Synopsys Power Compiler
was used to estimate power consumption from switching ac-
tivity interchange format files generated from the vcd files.
The Synopsys VCS was used to evaluate the numerical out-
puts of all the multipliers. Because 8-bit multipliers were
evaluated, the total number of test patterns was 65,536.

We used an image sharpening algorithm [12] and im-
age multiplication [7] to evaluate the proposed multipliers.
Both applications are popular in the evaluation of approxi-
mate multipliers. Eight images collected from the Internet
were used for image sharpening and multiplication and these
were summarized in Table 2. All input images for the two
applications are 512 × 512 grayscale bitmap images with
8-bit pixels, and only the multiplications were approximate,
whereas other operations (addition, subtraction, and divi-
sion) used in the two applications were accurate.

The processed image quality was measured using the
peak signal-to-noise ratio (PSNR). This is usually used to
measure the quality of reconstructive processes that involves
information loss and is defined in terms of the mean squared
error (MSE) [7]. The MSE and PSNR were defined in [7] as

MSE =
1

mp

m−1∑
i=0

p−1∑
j=0

[L(i, j) − K (i, j)]2, (2)

PSNR = 10log10(
M AX2

L

MSE
), (3)



2248
IEICE TRANS. FUNDAMENTALS, VOL.E101–A, NO.12 DECEMBER 2018

Table 2 Input images.
Image No. Description
1.bmp Lena
2.bmp Baboon
3.bmp Peppers
4.bmp Elaine
5.bmp Hyenas
6.bmp A tank
7.bmp A jet fighter
8.bmp The moon

Fig. 6 Image multiplication, (a) input image 1, (b) input image 2, (c)
processed image by accurate multiplier.

where L(i, j) and K(i, j) are the correct and obtained values,
respectively, of each pixel,m and p are the image dimensions,
and MAXL represents the maximum value of each pixel (255
here, as the images are 8-bit).

In an image sharpening application [12], assume I is
the original image, S is the processed image, and x and y are
the coordinates. The sharpening algorithm is defined as:

S(x, y) = 2I (x, y)−
1

273

2∑
i=−2

2∑
j=−2

G(i + 3, j+3)I (x−i, y−i),

(4)

where G is a 5 × 5 kernel, given as:

G =



1 4 7 4 1
4 16 26 16 4
7 26 41 26 7
4 16 26 16 4
1 4 7 4 1


In an image multiplication application [7], two images are
multiplied on a pixel by pixel basis, with the obtained 16-
bit result divided by 255 to meet the range of an 8-bit pixel;
therefore, the result blends the two images into a single output
image (Fig. 6).

5. Experimental Results

5.1 Accuracy Results

The error distance (ED) andmean ED (MED)measures have
been proposed to evaluate the performance of approximate
arithmetic circuits [11]. For multipliers, the ED is defined
as the arithmetic difference between the accurate product (S)
and the approximate product (S'): ED = |S-S'|. The MED is
the average ED for a set of outputs. In [4], the mean relative

Table 3 Accuracy comparison.
Multipliers NMED (%) MRED (%) ER (%)

m_7b 0.25 0.85 36.16
m_6b 0.26 0.99 43.46
m_5b 0.29 1.31 52.07
m_4b 0.35 1.93 61.05
m_3b 0.49 3.05 69.61
m_2b 0.71 4.57 74.93
m_1b 1.05 6.50 78.10
m_0b 1.64 9.02 80.02

AMER_10b 0.20 0.62 31.59
AMER_8b 0.24 1.16 55.44
AMER_6b 0.46 3.23 71.12
AMER_4b 1.20 7.53 79.54
ACCI_M2 0.04 0.62 72.29

Table 4 Power consumption comparison.
Multipliers Power (uW) Delay (ns)

Dynamic Static Total
Proposed m_7b 88.45 5.85 94.30 1.10

m_6b 86.26 5.82 92.08 1.06
m_5b 80.72 5.79 86.51 1.01
m_4b 77.12 5.77 82.90 0.92
m_3b 75.16 5.74 80.90 0.90
m_2b 73.78 5.71 79.49 0.83
m_1b 72.97 5.68 78.65 0.70
m_0b 72.68 5.66 78.34 0.62

AMER 10b 130.49 7.52 138.01 1.50
8b 108.31 6.81 115.12 1.19
6b 84.65 5.98 90.63 1.18
4b 76.86 5.16 82.02 0.90

ACCI_M2 98.40 7.18 105.58 1.29
Wallace 169.14 9.84 178.98 1.57

ED (MRED) and normalized MED (NMED) are proposed
to evaluate approximate multipliers. The relative ED (RED)
is the ED divided by the accurate output: RED = |S-S'|/S,
and the MRED is the average RED, which can be obtained
similarly to the MED. The NMED is defined as NMED =
MED/Smax , where Smax is the maximum output magnitude
of an accurate multiplier. The error rate (ER) is the percent-
age of inaccurate outputs among all outputs generated from
all combinations of inputs. These three metrics (NMED,
MRED, and ER) were used to evaluate the proposed multi-
plier.

Table 3 compares the accuracy results. It can be seen
that the accuracy of the proposed multiplier changes widely
according to its setting. While the NMED andMRED values
of the most accurate configuration of the proposed multiplier
are larger than those of the most accurate AMER configura-
tion and ACCI_M2, its controllability is better than that of
AMER. Remember that the proposed multiplier is dynami-
cally controllable, unlike AMER.

5.2 Power, Critical Path Delay, and Design Area Results

Table 4 shows the comparisons of the power consump-
tion and critical path delay of the proposed accuracy-
controllablemultiplier with different dynamic configurations
(m_7b, m_6b, · · · , m_0b), the AMERs [4] with different
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Fig. 7 PDP results relative to the MRED.

static configurations (AMER_10b, AMER_8b, AMER_6b,
AMER_4b), ACCI_M2 [9], and the Wallace tree multiplier.
As can be seen, the proposed multiplier achieves good re-
sults, both in terms of power consumption and critical path
delay. The static power consumption of each multiplier is
much smaller than its dynamic power consumption. Com-
pared with AMERs with each similar accuracy, the power
and delay of the proposed multiplier are smaller than those
of AMERs. For example, the power and delay of m_7b are
31.7% and 26.7% less than those of AMER_10b. Remem-
ber that AMERs can not be configurable at run-time. Com-
pared with ACCI_M2, m_7b consumes 10.7% less power
with 14.7% shorter critical path. Furthermore, ACCI_M2 is
an accuracy-fixed approximate multiplier. Compared with
the conventional Wallace tree multiplier, the proposed mul-
tiplier reduces power consumption by between 47.3% and
56.2% and critical path delay by between 29.9% and 60.5%,
depending on the dynamic configuration settings.

To clarify the contributions to energy savings of the
proposed multiplier, we compare the power-delay product
(PDP) for the different multipliers relative to accuracy and
the results are shown in Fig. 7, where the x-axis indicates the
MRED. The circles, triangles, asterisk, and square represent
the proposed accuracy-controllable multiplier with differ-
ent dynamic configurations (m_7b, m_6b, · · · , m_0b), the
AMERs [4]with different static configurations (AMER_10b,
AMER_8b, AMER_6b, AMER_4b), ACCI_M2 [9], and the
Wallace tree multiplier, respectively.

As can be seen in Fig. 7, the proposed multiplier
achieves very good results. For all accuracies (MRED),
the proposed accuracy-controllable multiplier achieves the
smallest PDP results. For example, if MRED of around 1%
is required, the PDP of m_7b is 49.9% and 23.8% less than
that of AMER_10b and ACCI_M2, respectively. Further-
more, the PDP range of the proposed multiplier depending

Fig. 8 Design area results.

on the accuracy configurations is wide. For example, the
range of PDP between m_0b and m_7b is from 48.6 fJ to
103.7 fJ.

A comparison of the design area results is shown in
Fig. 8. Note that the accuracy setting does not have any
effect on the design area of the proposed multiplier because
it is dynamically configurable, and thus only one design area
result is shown. In contrast, AMERproduces different results
for different accuracy settings because it is not dynamically
configurable. While our proposed multiplier is larger than
AMER_4b, its accuracy can be configurable dynamically.
In addition, the proposed multiplier has a smaller design
area than AMER_6b, while having critical path delay and a
higher accuracy.

5.3 Image Processing Results

Table 5 shows the PSNR results of the approximate multi-
pliers, in dB. Larger values represent better quality images.
Images No. 1, No. 2, No. 3, No. 4 and No. 5, No. 6, No. 7,
No. 8 are evaluated using image sharpening and multipli-
cation application, respectively. For image multiplication,
images No. 5 and No. 6 and images No. 7 and No. 8 are
considered as two sets. As can be seen, different PSNR
values are found for the different images on each column of
the table. This confirms that the dynamic reconfigurability
is necessary for the situations where different qualities are
required. In addition, the proposed accuracy-controllable
multiplier produced a wide range of PSNR values, with its
largest values being comparable to those of the other approx-
imate multipliers. The average PSNRs of the multipliers are
placed at the bottom of the table. The PSNRs of the pro-
posed multiplier with the four most accurate configurations
are over 40 dB, which is normally considered very good [13].

The processed images of the conventional Wallace tree
multiplier and the proposed multiplier (m_7b, m_4b, m_1b,
and m_0b) following image sharpening (images No. 1 and
No. 2) and image multiplication (images No. 5 and No. 6)
are shown in Fig. 9. From the results of image sharpening
application, except for the processed images of m_0b, the
processed images of m_7b, m_4b, and m_1b are acceptable.
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Table 5 PSNR results of approximate multipliers, in dB.
Application Image No. m_7b m_6b m_5b m_4b m_3b m_2b m_1b m_0b 10b 8b 6b 4b ACCI_M2
Sharpening 1 53.1 50.9 45.8 40.4 34.4 28.6 25.1 15.5 57.0 44.6 31.7 22.8 49.4

2 43.2 40.7 38.8 35.1 29.4 25.2 22.6 20.4 46.0 38.6 27.5 20.5 41.2
3 54.1 51.6 47.6 42.0 35.8 30.1 27.4 17.9 57.0 46.5 33.8 24.9 51.1
4 45.8 44.8 43.3 40.2 33.9 26.8 24.3 12.9 57.0 44.7 30.7 17.7 48.1

Multiplication 5 and 6 50.6 50.1 48.2 47.8 45.0 41.3 37.2 32.4 45.7 45.1 42.1 34.8 58.4
7 and 8 43.2 42.7 42.6 42.4 41.1 39.2 38.1 33.8 52.4 51.4 46.5 38.2 60.0

Average 48.3 46.8 44.4 41.3 36.6 31.9 29.1 22.1 52.5 45.1 35.4 26.5 51.4

Fig. 9 Processed images for Wallace, m_7b, m_4b, m_1b, and m_0b.

In addition, both m_7b and m_4b resulted in visually in-
distinguishable images from the accurately processed ones.
From the results of image multiplication application, even
m_0b resulted in visually indistinguishable image, while the
PSNR is 32.4 dB.

6. Accuracy Analysis

The worst ED (WED) and MED of the proposed multiplier
with different accuracy configurations are shown in Table 6.
As excepted, both the WED and MED of m_7b are smallest.
TheWED of the proposed multiplier with the worst accurate
configuration (m_0b) is 11780; if the accuracy requirement
is greater than 11780, all m_7b, m_6b, · · · , m_0b can be
safely used; if the accuracy requirement is less than 11780
but greater than 8000, m_7b, m_6b, m_5b, and m_4b can be
safely used. The MED of the proposed multiplier with each
accuracy configuration is much smaller than the correspond-
ing WED because the possibility of the worst case is very

Table 6 WED and MED results.
Multipliers WED MED

m_7b 7716 164.74
m_6b 7748 170.55
m_5b 7812 187.51
m_4b 7940 230.20
m_3b 8196 319.56
m_2b 8708 464.53
m_1b 9732 681.28
m_0b 11780 1069.28

Table 7 Range of input values for each interval.
Interval Range of A Interval Range of A

1 0 ∼ 31 5 128 ∼ 159
2 32 ∼ 63 6 160 ∼ 191
3 64 ∼ 95 7 192 ∼ 223
4 96 ∼ 127 8 224 ∼ 255

low. Note that the proposed multiplier can be safely used if
the proposedmultiplier with themost accuracy configuration
(m_7b) satisfies accuracy requirements.
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Fig. 10 WED distribution in each interval.

Fig. 11 MED distribution in each interval.

Fig. 12 WRED distribution in each interval.

Fig. 13 MRED distribution in each interval.



2252
IEICE TRANS. FUNDAMENTALS, VOL.E101–A, NO.12 DECEMBER 2018

To analyze the accuracy of the proposed multiplier in
detail, we divide one of the input values (0 ∼ 255) into eight
intervals as shown in Table 7. The WED, MED, worst RED
(WRED) andMRED distribution results for each interval are
shown in Figs. 10, 11, 12 and 13, respectively.

The WED results of m_7b, m_6b, · · · , m_0b which are
shown in Table 6 can also be found from interval 8 in Fig. 10.
Except for interval 8, the WEDs of different accuracy con-
figurations in each interval are smaller than those in Table 6.
For example, theWEDs of m_7b in intervals 1 and 2 are 772,
and 1764, respectively, while the WED in Table 6 (as well as
that in interval 8) is 7716. Regarding image processing ap-
plications mentioned above, one input of the multiplication
operation is usually from filters. Consider the case where
one input of multiplication is between 0 and 63. If the ac-
curacy requirement is greater than 1765, m_7b can be safely
used; if the accuracy requirement is greater than 2000, m_7b,
m_6b, m_5b, and m_4b can be safely used, and the designer
will choose m_4b because it delivers the lowest power con-
sumption and shortest path delay among them. The MED
results for each interval are shown in Fig. 11. Compared to
the WED in Fig. 10 in each interval, the MEDs are much
smaller than the corresponding WEDs. This means that the
possibility of the worst case in each interval is very low. For
example, the WED of m_7b in interval 1 in Fig. 10 is 772,
while the corresponding MED in Fig. 11 is only 19.72.

As shown in Fig. 12, the WREDs in each interval have
very different behavior from the WEDs in Fig. 10. For ex-
ample, the WRED of m_7b in interval 1 is 44.44%, while
that in interval 5 is 4.11%. As a whole, theWREDs with dif-
ferent accuracy configurations in interval 1 are large. This is
because the proposed multiplier applies OR gates to process
the lower bits from bit positions 2 to 4 (Fig. 5). Except for
interval 1, the largest WRED of the proposed multiplier with
the most accurate configuration (m_7b) is 20.54% which
occurs in interval 8. Assume one input of multiplication
is between 64 to 95 (interval 3). If the accuracy require-
ment is greater than 15%, m_7b (7.15%), m_6b (13.19%),
and m_5b (13.19%) can be used safely and m_5b consumes
lowest power and delivers smallest delay; if the accuracy
requirement is greater than 10%, only m_7b satisfies the re-
quirement. The MRED results for each interval are shown
in Fig. 13. The relation between WRED and MRED is sim-
ilar to that between WED and MED. The MREDs are much
smaller than the corresponding WREDs. Even in interval 1,
the MRED of m_7b is 0.98%.

7. Conclusions

An accuracy-controllable approximate multiplier has been
proposed in this paper that consumes less power and has a
shorter critical path delay than the conventional design. Its
dynamic controllability is realized by the proposed CMA.
The multiplier was evaluated at both the circuit and appli-
cation levels. The experimental results demonstrate that the
proposedmultiplier was able to deliver significant power sav-
ings and speedups while maintaining a significantly smaller

circuit area than that of the conventional Wallace tree mul-
tiplier. Furthermore, for the same accuracy, the proposed
multiplier delivered greater improvements in energy than
other previously studied approximate multipliers. Finally,
the ability of our proposed multiplier to control accuracy
was confirmed by two application-level evaluations.
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