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Approximate computing is an innovative circuit design approach which can
be applied in error-tolerant applications. This strategy introduces errors in
computation to reduce an area and delay. The major power-consuming
elements of full adder are XOR, AND, and OR operations. The sum
computation in a conventional full adder is modified to produce an
approximate sum which is calculated based on carry term. The major
advantage of a proposed adder is the approximation error does not
propagate to the next stages due to the error only in the sum term. The
proposed adder was coded in verilog HDL and verified for different bit
sizes. Results show that the proposed adder reduces hardware complexity
with delay requirements.
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1. INTRODUCTION

Approximate computing is a recent emerging technology that has a promising methodology for an
energy-efficient model in digital systems [1]. Approximate computing is the collaboration of multiple systems
and applications that tolerate some error occurring in the output or the quality of the system in the obtained
result. These methods have omitted the requirement of a fully precise or completely exact process of circuits.
These approximate computing techniques are support significantly for energy efficiency improvement
respectively.

The approximation technique is applied at the level of architecture or the circuital blocks [2]-[3].
These techniques are categorized according to the hardware components that are affected. Some of the main
blocks of architecture are functional units, memory, circuit design, relaxed fault tolerance, microarchitecture
and stochastic computing.

The approximate computing is applied in the many electronic digital circuits which are carried from
the basic element of logic gates of adders and multipliers. This is classified into several categories namely
approximate full adders, multiple-bit approximate adders, approximate multipliers and approximate logic
synthesis respectively.

Adders are frequently used elements in arithmetic systems [4]. There are two ways to design low-
power adders: adders with gate-level modifications and adders with circuit-level modifications. The adders
with circuit level alternation include different circuit styles for their construction. The popular low power
adder circuit style methods are adiabatic, transmission gate and pass transistor logics. In gate-level
modifications, the number of gates required for the adder construction is simplified using K-Maps.
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There are many quality metrics defined for measuring the accuracy of Approximate computation
[5], [6]. Many of the widely employed measures are: minimum acceptable accuracy (MAA), amplitude
accuracy (ACC amp), information accuracy (ACC inf), normalized error distance (NED), mean error distance
(MED), error significance (ES), error rate (ER), and overall error magnitude. Traditionally, all such
parameters are predictions which have been done based on the Monte-Carlo simulations. In addition, most of
them have long-term averages or significant values. The precision of approximation computation can be
better defined by the probability mass function (PMF) of the error value (absolute or signed, since required),
as it displays all reasonable error values and their respective orders of magnitude. Each of the aforementioned
parameters can be measured from the PMF. Existing approximate computing methods often overlook the
optimization of error propagation in full adders for large-scale applications. There is a need for further
investigation into optimizing error propagation in approximate full adders, particularly in large-scale
applications.

In this paper, a new type of approximate adder is proposed and analysed for different bit sizes.
For fair analysis, the proposed adder is applied in image processing applications of discrete cosine transform
(DCT). This work is structured as follows. In section 2 explains the existing works. The design of the
proposed adder and its transform implementations are given in section 3. In section 4 illustrates the
experimental results. Finally, the conclusion is described in section 5.

2. RELATED WORK

Amirafshar et al. [7] constructed a new ripple carry adder with the logic of carry disregarding. The
new logic level modification is proposed to reduce an overall propagation delay. The proposed adder reduces
area power and delay by about 8.56%, 19.5%, and 12.4% when compared to other adders.

In their study, Fan et al. [8] present an approximate adder based on transistor-level modifications.
The transistor acts as a switch to control the carry propagation. Experimental results on synopsis compiler
results show that the proposed adder achieves 6.3% area reduction as an average of varying bit sizes.

The multi-bit adder using a parallel prefix adder is proposed by Stefanidis et al. [9]. The concept of
carry killing is applied to mitigate a critical path delay. The proposed adder is implemented in a finite
impulse response filter and verified for signal processing applications. Results show the proposed adder
shows higher efficiency with acceptable noise limits in filter application.

Kavand et al. [10], a new compressor structure is proposed by the author for implementing an
approximate multiplier. The proposed compressor is applied in vector merging adder stages in the multiplier
for final addition calculation. The number of slice and logic counts is very low in comparison with other
compressor structures.

The hybrid adder for low power application is introduced by Seo and Kim [11]. The hybrid adder
includes both accurate and inaccurate adders to compute final addition results. The accurate adder produces
exact results without any truncations. In the inaccurate adder part, the adders with a minimum number of
gates are used for sum calculation.

Jha et al. [12] proposed an accuracy configurable approximate adder for error-tolerant applications.
The accuracy level of the adder circuit can be configured based on the terms that are used for sum
calculation. In addition, the correction logic is introduced to reduce an approximation error.

Zhang et al. [13] proposed a threefold approximate multiplier for lossy applications. It involves
compressors, correction units and fixed approximations. The correction unit varies the correction bits based
on the compressor error levels. Results on image processing purposes show that the proposed multiplier
achieves minimum area delay product with higher signal-to-noise ratio (SNR) values.

Chen et al. [14] proposed a modified booth encoder for approximate computing. The encoding bits
in the booth table are approximated to perform selective truncation. The proposed multiplier is applied in the
machine learning algorithm for efficiency evaluation.

Da Rosa et al. [15] proposed a parallel adder using the concept of carry propagation and carry
generation. The proposed adder is used to design approximate convolutional neural network architecture for
pattern recognition. By using the proposed adder, the number of adder cost requirements is reduced
considerably. In their study, Chu et al. [16] presented an approximate adder using quantum-dot cellular
automata technology. The majority of logic minimization is utilized to design an approximate circuit. The
proposed adder was analysed in terms of the number of dots, power and delay requirements.

Santiago et al. [17] proposed a carry-aware approximate adder for multi-bit addition. The
elimination of the least significant bit is carried out based on the number of ones present in the input
operands. In image compression applications, the proposed adder shows a higher accuracy level than other
adders. Zhang et al. [18], the author proposed a new approach for partial product generation in booth
multiplier. It applies machine learning algorithms to produce a partial product. The proposed multiplier is
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tested in feed-forward neural network implementations. The dual error correction mechanism is proposed by
Aizaz and Khare [19] for-booth multiplier design. The error correction mechanism uses k-map simplification
to reduce the number of gate requirements. Implementation results on image processing application show the
proposed multiplier achieves 94.36% accuracy with an error rate of 0.02%.

The concept of machine learning is applied in approximate computing by Liu et al. [20]. The
approximating gates or blocks in a circuit are identified with learning models to get a minimum
approximation error when removed. The additional effort or computational resources are utilized for learning
models. In their study, Roy et al. [21] proposed a hybrid adder which includes the approximate least
significant bit part and the accurate most significant bit part. In the approximate part, the truncation with a
correction mechanism is introduced to reduce the overall area delay product. The carry chain division
mechanism is used by Ebrahimi-Azandaryani et al. [22] for low-power adder design. Based on operand bits,
the carry chain is divided into different lengths to reduce overall critical delay. Likewise, the new strategy is
proposed by Frustaci et al. [23] for approximate adder and multiplier design. Similar way, the Wu et al. [24]
derived new metrics for assessing the performance of approximate circuits.

Wu et al. [24], the authors introduce a reverse carry concept for multi-bit adder design. The carry is
generated from the most significant bit to the least significant bit to reduce an approximation error. The
proposed adder is implemented in DCT architecture for domain conversion applications.

Alan and Henkel [25] proposed an approximate carry look adder by modifying the carry prediction
term. By integrating a multiplexer, the adder can be configured to either approximate or accurate modes.
Schlachter et al. [26] introduce a pruning technique for approximate circuit design. In the pruning process,
the logical gates are selectively removed based on the error level. The final gate-level netlist is created after
the pruning process.

Tsai et al. [27] proposed a memory-based approximation technique for adder and multiplier design.
The addition and multiplication terms are stored in the look-up table to reduce computation costs. Compared
to truncation schemes, the memory-based approach shows minimum approximation errors. Likewise,
different adders are proposed for different image-processing applications [28].

3. PROPOSED SYSTEM

In this work, a new approximate adder is proposed based on gate-level modifications. The major
power-hungry source of adder elements is XOR gate operations. This work modifies sum term calculation
based on carry term by eliminating the XOR operation. The Boolean function for the conventional full adder
is stated as follows:

Sum =a XOR b XOR ¢; @)

Carry = (a AND b) OR (b AND c) OR (c AND a); 2
The expression for the proposed adder is as follows:

Carry = (a AND b) OR (b AND ¢) OR (c AND a); 3

Sum = NOT (Carry AND b); 4)

The sum term is derived from the carry. By negating the logical AND of the carry-out and input bit
A, the sum is calculated in a straightforward manner without the need for XOR gates. This method introduces
a controlled approximation into the sum calculation. The structure of conventional and proposed full adder is

shown in Figure 1, Figures 1(a) and 1(b). The functionality of the original and proposed full adder is given in
Table 1.

Table 1. Truth table of proposed adder
A B Cin Sum Carry Carryay
0 1

PFRPRPPOOOO
PR OORROO
PORFRPORFRPORFRO
POORORE
PFRPPORFPOOO
CoOORRREE
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A key advantage of this design is that the error is confined only to the sum term, and it does not
propagate through the carry chain. Specifically, out of the 8 possible input combinations for a 3-bit adder,
only 3 combinations result in an erroneous sum. This controlled error rate is acceptable in many approximate
computing applications where slight inaccuracies are tolerable.

)" Sum

! c Carry
|_ Carry

(@) (b)

Figure 1. Structure of conventional and proposed full (2) conventional adder and (b) proposed adder

Approximate adder-based discrete cosine transforms, in image processing, the DCT is widely used
for image compression applications such as JPEG. The DCT transforms spatial domain data into frequency
domain data to detect a significant coefficient that can be compressed effectively. The approximate adders
are used in DCT to reduce power consumption, area, and delay. The DCT formula for an 8x8 block is:

DCT(w,v) =2 c(u)e(v) o B0 1 (x, y)cos [ZE2M cos [T 5)

Where c(u) and c(v) are the normalization factors. Initially, the images are converted into gray-scale
images. Then, the entire image is divided into 8x8 blocks. The proposed approximate adder is applied in
additional stages of DCT computation. The results were verified in terms of SNR rates.

4. RESULT AND DISCUSSION

The proposed adder is coded in verilog HDL and executed using the Xilinx software environment.
The proposed adder with varying bit sizes is implemented in the Spartan3E FPGA family with the device
XC3S100E. The corresponding RTL schematic and gate-level netlist are shown in Figure 2. The visualization
of functional verification is given in Figure 3. For a fair comparison, the proposed adder is compared with
previously proposed adders.

AA

AA a2 or3 and? A
N D T Do

A(127:0 |  Sum(127:0)
B(127:0

Cin . Cout :13_
AA I -

AA

Figure 2. RTL and gate level netlist of adder
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Figure 3. Simulated waveform

The obtained slice and LUT values for varying bit sizes are given in Table 2. The slice and LUT
values increase linearly with increasing bit sizes. The proposed adder shows a balanced and optimized
performance in terms of all parameters when compared to other adders. The mirror approximate adder
proposed by Gupta et al. [29] shows the highest delay and area consumption. The approximate adder based
on the majority logic proposed by W. Liu shows moderate performance in terms of area and delay.

The RTL view and gate-level netlist of the proposed DCT implementation is shown in Figure 4.
The visualization of functional verification is given in Figure 5. The values obtained for implementation are
given in Table 3.

Table 2. Performance analysis
Bitsize SLICE LUT DELAY

Gupta et al. [29] 16 24 46 31.9
32 58 96 70.56
64 124 218 103.6
128 248 420  212.48
Venkatachalam and Ko [30] 16 24 46 34.56
32 53 90 58.478
64 118 200 90.67
128 244 390 154.89
Strollo et al. [31] 16 19 42 35.89
32 49 80 423
64 112 192 85.6
128 240 383 132678
Liuetal. [32] 16 19 38 22.13
32 46 82 35.43
64 102 171 68.12
128 211 342 118.8
Proposed adder 16 19 34 15.457
32 45 80 27.836
64 96 167  52.162

128 193 336 98.8

Table 3. FIR implementation results
Parameter  DCT with majority-based approximate adder  DCT with proposed adder

slice 687 453
LUT 1012 856
Delay 55.6 42.89

The DCT with the majority adder uses 687 slices. In contrast, the DCT with the proposed adder
shows improved efficiency by using only 453 slices. The proposed adder achieves a 12% reduction in slice
usage. The DCT filter with the majority adder requires 1012 LUTs. On the other hand, the DCT with the
proposed adder consumes 856 LUTs. The proposed adder achieves a 15% reduction in LUT usage.
The majority of adder-based DCT shows a delay of 55.6 units. However, the proposed adder-based DCT
notably outperforms this with a delay of only 42.89 units.
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Figure 4. RTL and gate level netlist of DCT
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Figure 5. Simulated waveform

A peak signal-to-noise ratio (PSNR) is used as a metric for the performance assessment to compare
the original image against the approximate one. The PSNR of the image is represented in dB can be
computed as,

PSNR=10l0g1o((MN*2552)/( 3¢ SN=4[P(i, /) — P'(i, )1) )

The existing and the proposed adders are implemented in image processing applications such as
smoothening and sharpening of the images. The implementation results are given in Table 4.

Table 4. PSNR comparison of image

Application DCT
Benchmark ~ Majority-based approximate adder  Proposed

Lena 12.2 13.3
Tiffany 6.5 8.0
House 125 135
Cameraman 13 144
Moon surface 10.6 10.8
Peppers 13 15
Tulips 115 14.1
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The performance of the proposed adder is compared against a majority-based approximate adder.
For the Lena image, the majority-based approximate adder achieves a PSNR of 12.2. The proposed adder
scores higher than the majority-based adder about 13.3. Similarly, for the Tiffany image, the proposed adder
improves the PSNR from 6.5 to 8.0. For the Peppers image, the PSNR increases significantly from 13 to 15,
and for the Tulips image, the PSNR improves from 11.5 to 14.1. These results indicate that the proposed
adder consistently provides better performance across various images compared to the majority-based
approximate adder. The improvements suggest that the proposed design enhances error resilience while
maintaining or even improving the quality of the processed images, demonstrating its effectiveness in error-
tolerant applications. The input and corresponding output images are shown in Figure 6.
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Figure 6. Input and corresponding DCT output images

5. CONCLUSION

Approximate computing has gained more attention in the field of multimedia and real-time
applications. In this paper, we presented a novel approximate adder design that significantly reduces
hardware complexity and power consumption. It eliminates the need for XOR operations in conventional
approximate adders. This approach confines errors to the sum term only which assures no error propagation
through the carry chain. The simplified architecture and controlled error rate make this approximate adder a
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promising solution for energy-efficient and high-performance approximate computing applications. Future
research will focus on optimizing the proposed approximate carry-based sum calculating full adders to
further reduce energy consumption and hardware complexity. Additionally, incorporating advanced error
correction techniques and exploring the use of machine learning for adaptive error tolerance in different
applications could improve the overall performance and accuracy.
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