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A Novel Separable Convolution Architecture
for Image Processing Applications
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Abstract—Two-dimensional (2D) Convolution is frequently
used in many image processing applications like image smoothen-
ing, image sharpening, feature extraction, image enhancement,
object recognition, etc. Although the operation of 2D Convolution
is simple, its hardware implementation is quite challenging due to
enormous computational and memory costs. Various 2D convolu-
tion implementations have been proposed in the literature. Among
them Separable architectures stand out in terms of the reduction
in the computational complexity. However, these have not been ex-
tensively explored in the literature, and more research needs to be
done, especially for applications that are constrained in resources.
This paper presents a novel separable Convolution architecture
based on the folding transformation. The application of the folding
transformation technique yields a resource-efficient architecture
by time multiplexing the different functional units within the sep-
arable Convolution operation. The hardware implementation is
done using Xilinx Artix-7 xc7a35tcpg236-1 FPGA device. The pro-
posed architecture offers benefits over the existing architectures
regarding on-chip resource utilization, power consumption, criti-
cal path delay, and external memory bandwidth (EMB).

Index Terms—2D convolution, Folding transformation, FPGA,
Partial buffering scheme, Separable filters.
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1. INTRODUCTION

N many image-processing applications, 2D Convolution is

one of the basic operations that is frequently used. Discrete
wavelet transform, object recognition, restoration, template
matching, feature extraction, denoising, edge detection, en-
hancement, high-pass filtering (sharpening), low-pass filter-
ing (blurring), and other image processing applications all use
convolution operation [1-5]. The implementation of 2D convo-
lution is complex, even with its straightforward form, since it
incurs high computational costs and is also memory-expensive.
Calculating a single output pixel using an n X n kernel neces-
sitates n’? image pixels per clock cycle, n” multiplications, and
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n’-1 additions. It is evident that as the kernel size increases, so
do these challenges.

Numerous architectural approaches have been suggested
in the literature to overcome the aforementioned issues. These
architectures primarily focus on optimizing the convolution
kernel module and designing an efficient buffering scheme. Re-
ducing on-chip resources based on a suitable EMB is achieved
by using an effective buffering scheme. Full Buffering (FB) and
Single Window Partial Buffering (SWPB) schemes are pro-
posed in [6]. FB scheme stores entire #-/ raster rows of an input
image for a kernel of size n X n in row buffers, thereby achiev-
ing an EMB of one pixel/cycle but requiring a large amount of
on-chip resources. SWPB scheme reduces resource utilization
by storing only a small portion of the image at the cost of in-
creased bandwidth. Multi-Window Partial Buffering (MWPB)
scheme addresses these issues by reusing shared data between
windows, minimizing external memory bandwidth, and reduc-
ing hardware utilization [7]. Nevertheless, this buffering strate-
gy might not be feasible for larger kernel sizes if bandwidth is
limited [8].

To optimize the Convolution unit, several approaches have
been suggested in the literature. These include time-sharing
[9-10], multiplier-less [5, 11-12], decomposition of the kernel
into smaller parts [12-18], using structural properties of the
kernel [19], pipelining [20], reconfigurable architectures [1,
21-23], and polyphase decomposition [14, 24]. Among these
approaches, spatial separable convolution is one effective meth-
od for minimizing hardware utilization [12-13, 17-18, 21, 25-
27], which transforms 2D convolution into the product of two
one-dimensional (1D) convolutions. Separable convolution
yields significant computational resource savings as the kernel
size increases. Further, most 2D kernels are strictly separable;
thus, convolution kernel separability is a considerable topic.
However, limited study has been done on the architectural opti-
mization of spatial separable convolutions.

Distributed arithmetic (DA) based separable Convolution
FPGA architectures viz. Multi-Window Separable Convolution
(MWSC) architecture and Single Window Separable Convolu-
tion (SWSC) architecture are presented in [12]. Compared to
MWSC architecture, SWSC architecture offers better process-
ing time and resource usage at the cost of throughput. In [5],
two architectures viz. Separable Filter Architecture (SFA) and
Generalized Filter Architecture (GFA) based on DA are pro-
posed and compared. Non-pipelined separable Convolution ar-
chitecture based on the MWPB scheme (NPSCA) is proposed
in [25]. The architecture reuses the same multipliers and ad-
ders for horizontal and vertical convolution. In [27], resched-
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uled separable convolution architecture (RSCA) is proposed in
which only one multiplier is used sequentially in the vertical
convolution, reducing the overall multiplier complexity.

The abovementioned methods presented in the literature
minimize resource utilization, which can be further reduced by
sacrificing the throughput by a small amount. Further, with the
increase in kernel size, the computational complexity and the
critical path of the existing designs increase. The aim is, thus,
to design a resource-efficient separable convolution architec-
ture wherein the computational complexity and critical path are
independent of kernel size. This is achieved by appropriately
time-multiplexing the functional units within the separable con-
volution algorithm using the folding transformation [28, 29].
The folding technique is a systematic approach to designing
control circuits in digital signal processing (DSP) architectures
that reduce the number of functional units. Further, as men-
tioned earlier, many buffering schemes have been proposed to
address the EMB issues. The PB scheme [6] is the most re-
source-efficient of the existing buffering schemes [7, 15, 25].
As designing the resource-efficient convolution architecture is
the primary goal of the study, separable convolution architec-
ture based on the PB scheme (SCA) [25] is used as a base archi-
tecture for folding transformation.

The rest of the paper is organized as follows. Section II
illustrates separable convolution architecture, and Section III
presents proposed area-efficient architecture. Section IV dis-
cusses hardware and timing complexities, and Section V dis-
cusses the performance analysis. Finally, the paper concludes
the work in Section VI.

II. SEPARABLE CONVOLUTION

The concept behind separable convolution is that a 2D sepa-
rable n x n kernel can be spatially divided into two 1D kernels:
an n x [ vertical kernel v and a / x n horizontal kernel 4. Thus,
just 2n-2 additions and 2n multiplications are needed per pixel.
The architecture of the separable convolution based on the PB
scheme [25] is presented in Figure 1. For an n x n kernel, n
input pixels are accessed simultaneously from the memory into

n buffers. Based on whether vertical convolution is performed
first or horizontal convolution, the n pixels belong to either n
x [ or I x n window. In this study, vertical convolution is per-
formed first, followed by horizontal convolution; however, hor-
izontal followed by vertical can be performed equivalently. The
n pixels in the n buffers belonging to the nx/ window are mul-
tiplied by the corresponding vertical coefficients. The results
are then added and stored in the registers. Once n intermediate
results are available, they are multiplied by the n corresponding
horizontal coefficients. The products are then added, and the
final result is obtained. In the same manner, all output pixels are
computed. The study aims to present the resource-efficient ar-
chitecture obtained by applying the folding transformation [28]
to the above-discussed architecture, which will be discussed in
the next section.

II1. PROPOSED FOLDED SEPARABLE CONVOLUTION
ARCHITECTURE

Figure 2 presents the detailed schematic of the proposed
Folded Separable Convolution Architecture (FSCA). The pro-
posed architecture is obtained by time-multiplexing 2n multi-
pliers and 2n-2 adders in the separable convolution architecture
by two pipelined multipliers (M, and M,) and two pipelined
adders (4, and 4,). In other words, separable convolution ar-
chitecture is folded by folding factor n for kernel of size nxn.
Multiplier M, and adder A4, perform vertical convolution, and
multiplier M, and adder A, perform horizontal convolution.
Two pipelined stages are used for multiplication and one pipe-
lined stage for addition. The decision is based on the latency
configurations of the Xilinx IP adders and multipliers in Artix-7
FPGAs that implement these functional units. Instead of z input
pixels, only one pixel located in the nx/ window is accessed
from the external memory at a time. This reduces the EMB to
one pixel per clock cycle.

At every clock cycle, the input pixel is accessed from mem-
ory, and the appropriate vertical coefficient is assigned to the
multiplier M. The product outputs are stored in the registers. A
total of n-2 registers are used between the multiplier M, and ad-
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Fig. 1. Separable Convolution architecture based on PB scheme [25].
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Fig. 2. Folded Separable Convolution architecture (FSCA).

der 4,. The product output is then added either to the previous
product output or to the previous adder output using the adder
A,. After every n clock cycles, the intermediate result, i.e., ver-
tical convolution output, is generated and stored in the registers.
n shift registers (one shift register of size n and n-1 shift regis-
ters of size n-1) are used to store intermediate results. Among
the n intermediate results from # shift registers and » horizontal
coefficients, appropriate values are assigned to the multiplier
M, and product results are stored in registers. Like vertical
convolution, n-2 registers are used between the multiplier M,
and adder 4,. Adder 4,, then adds product output either to the
previous product output or to the previous adder output, like the
adder 4. The final output is produced after n clock cycles by
the adder 4,, through demultiplexer demux!. Each output pixel
is produced similarly after every n clock cycles.
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Fig. 3. Control Unit FSM.

Five multiplexers, mux MV, mux MH, mux MI, mux AV,
mux_AH, and one demultiplexer, demux!, are required to per-

e
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form the time multiplexing for the proposed architecture based
on the control signals. Control signals, S, , S, and §,, are gen-
erated by the control unit, a modulo n-counter incremented for
each clock cycle, where 7 is the size of the kernel. The control
unit is designed by using the finite state machine (FSM), as
shown in Figure 3. For kernel of size n xn, the FSM consists of
n states, state_0 to state_n-1. The FSM resets to state 0 after
reaching state n-1. The transition from one state to the next
will occur at every clock cycle. The values on the selection lines
are set according to the FSM’s different states, which corre-
spond to the different time instants. A timing diagram for the
selection signals for a kernel of size 7 x 7 is shown in Figure 4.

Signal S is sent to the multiplexers, mux_MV, mux_MH,
and mux_MI, signal S, to multiplexers, mux_AV, and mux_AH,
and signal S, to demultiplexer demuxI. The value of the sig-
nal S varies from 0 to n-/, incremented for each clock cycle
(state). At each clock cycle based on the signal S, , mux_MH
and mux_MYV decide on the n horizontal and vertical filter coef-
ficients, respectively, while mux_MI decides on the n interme-
diate results from the vertical Convolution. Based on signal S,
multiplexers, mux AV, and mux_AH, select one of the inputs to
adder 4, and A4, respectively. For one clock cycle, S, is low,
and for I to n-2 clock cycles, S, is high, as described in Figure
4. When S is low, both inputs to the adders are products stored
in registers. When S, is high, one input to the adders is a prod-
uct result, and the other is its output generated in the previous
clock cycle. Module demultiplexer, demux!, sends data to the
mux_AH when S, is low and provides the final output when S
is high. As shown in Figure 4, for / to n-2 clock cycles, signal
S, is low, and at n-1 clock cycle S, is high. From Figure 3 and
Figure 4, it can be seen that signal S,and S, are shown as un-
initialized ‘U’ (i.e., set to a “don’t care” condition) at state _n-1
and state_0, respectively. This is because adders, 4, and 4,, and
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demultiplexer, demux! are not being used during these clock
cycles, and it doesn’t matter what value the selection line takes
because the output of adders and demultiplexer is not being
used at these particular instants of time.

IV. HARDWARE AND TIMING COMPLEXITY

Table I presents the hardware and timing complexities for the
proposed FSCA, SCA [25], RSCA [27], and NPSCA [25] for the
nxn kernel size. Hardware complexity is calculated in terms of
the number of multipliers and adders and timing complexity in
terms of critical path delay (CP). The proposed architecture re-
quires only two adders and two multipliers, much less than exist-
ing architectures. Further, the number of multipliers and adders
needed in the proposed design does not change with the kernel
size. Thus, the number of multipliers and adders is significantly
reduced compared to the existing architectures. Table II presents
the resource estimation in terms of multipliers and adders for
different kernel sizes for the proposed architecture, SCA [25],
RSCA [27], and NPSCA [25], based on the hardware complexi-

Fig. 4. Timing diagram for a kernel of size 7 x 7.

ty presented in Table I. For a kernel size of 15%15, our proposed
design requires 93.33%, 87.5%, and 86.66% fewer multipliers,
and 92.85%, 92.85%, and 85.71% fewer adders when com-
pared to SCA [25], RSCA [27], and NPSCA [25], respectively.
From Figure 2, it is clear that the critical path in the proposed
design will be the time required to complete the multiplication
operation (7 ); however, in the proposed design, the multiplier
is pipelined by two stages, thereby reducing the critical path to
T /, ut. Compared to existing designs, the proposed design
has a lesser critical path and is independent of kernel size. Even
though our proposed design provides the expected performance
results, the actual implementation is necessary to verify these
results, as detailed in the next section.

V. IMPLEMENTATION RESULTS

The proposed design is modeled using VHDL language
and implemented on Xilinx Artix-7 xc7a35tcpg236-1 FPGA.
All hardware modules are synthesized using Xilinx VIVADO
2023.1, and performance metrics are analyzed. Performance is

state 0 state 1 state 2 statei3f state74f statc_Sf state76f state 0 state 1 state 2 state 3 state74f statefo state76f stateﬁOf

HARDWARE AND TIMING COMPLEXITY FOR PROPOSED AND EXIS'rTntBGLsELARABLE CONVOLUTION ARCHITECTURES FOR NXN KERNEL SIZE.
Method Multipliers Adders Critical Path
SCA [25] 2n 2n-2 T +(n—1)T,
RSCA [27] n+l 2n-2 Tt (n-1T,
NPSCA [25] n n-1 Tt (n—1)T,
Proposed FSCA 2 2 Try,

Tm: Computation time for the multiplication operation.
Ta: Computation time for the addition operation.
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TaBLE II
NUMBER OF ADDERS AND MULTIPLIERS REQUIRED IN PROPOSED AND EXISTING SEPARABLE CONVOLUTION ARCHITECTURES.
Filter size SCA 25| RSCA [27] NPSCA [25] Proposed FSCA
Multiplier Adder Multiplier Adder Multiplier Adder Multiplier Adder
3x3 6 4 4 4 3 2 2 2
5x5 10 8 6 8 5 4 2 2
7x7 14 12 8 12 7 6 2 2
9x9 18 16 10 16 9 8 2 2
11x 11 22 20 12 20 11 10 2 2
13x 13 26 24 14 24 13 12 2 2
15x 15 30 28 16 28 15 14 2 2
450 T T . T . T 1200 T T T T T T T T
SCA [25]
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Fig. 5. LUT and register utilization for different architectures for an image size of 128x128 and varied kernel sizes.

compared against SCA [25], RSCA [27], and NPSCA [25] pre-
sented in the literature. All the architectures are implemented
within the same design environment and using the same set of
constraints.

Figure 5 presents the LUT and register utilization for 128 x
128 image and various kernel sizes for different architectures. It
can be observed that both the LUT and register utilization in all
the designs increase as the kernel size increases. However, the
increase in LUT utilization with the kernel size in the proposed
design is minimal compared to the other designs. This increase
is due to the increase in the number of states in the FSM used to
design the control unit and the size of multiplexers as the ker-
nel size increases. For a given kernel size, the proposed design
utilizes fewer LUTs than the other designs. For instance, for the
kernel size of 11x11, the LUT utilization for the proposed de-
sign is 41.66%, 60.33%, and 71.11% lesser when compared to
SCA [25], RSCA [27], and NPSCA [25], respectively. Register
utilization for the proposed design is comparatively higher than
that of the SCA. It is evident that since the proposed design is
obtained by time-multiplexing the functional units it requires
more registers at different time instants to store the intermedi-
ate results. However, an increase in the registers to reduce the
functional units, especially the multipliers, is advantageous as
multipliers are the main computational burden in the design.
Furthermore, register utilization does not result in additional

hardware costs since each FPGA logic slice has a large number
of registers that will otherwise remain unutilized. For a kernel
of size 3x3 and 11x11, our proposed design utilizes 179.16%
and 19.3% more registers than SCA [25]. Therefore, as the ker-
nel size increases, the percentage increase in the register utili-
zation decreases. Further, compared to RSCA [27] and NPSCA
[25], register utilization for the proposed design is lesser. For a
kernel size of 11x11, register utilization for the proposed design
is 51.27% and 80.75% less than that of RSCA [27] and NPSCA
[25].

Figure 6 provides the timing results regarding the minimum
attainable clock period (MCP), maximum operating frequency
(F), and critical path delay (CPD) for various kernel sizes. As
expected, the proposed design, when compared to SCA [25],
RSCA [27], and NPSCA [25], has a lesser minimum attainable
clock period and critical path. A lower minimum attainable
clock period and critical path result from the reduced number of
functional units and the usage of pipelined units in the proposed
architecture. It can be pointed out that a gradual increase in the
minimum attainable clock period and the critical path occurs
with the increase in kernel size. This is due to the increased
complexity of the design as the kernel size increases. Neverthe-
less, as anticipated, in SCA [25], RSCA [27], and NPSCA [25],
as kernel size increases, a prominent increase in the minimum
attainable clock period and critical path is reported. For a kernel
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Fig. 6. Timing analysis for different architectures for an image size of 128x128 and varied kernel sizes.
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size of 11x11, the minimum achievable clock period and critical
path for the proposed design is 84.72%, 84.92%, 61.63%, and
85.17%, 85.34%, 62.37% lesser when compared to SCA [25],
RSCA [27], and NPSCA [25], respectively. Additionally, Fig-
ure 7 compares the latency of different architectures. Latency is
calculated in terms of the clock cycles required to process one
output pixel. As the proposed architecture is based on folding
transformation, latency will increase as compared to the SCA
[25]. This is obvious because the EMB of SCA [25] is n times
higher than the proposed design. However, higher EMB leads
to higher memory requirements and higher power dissipation,
limiting the usability of SCA [25] for large kernel sizes. When
compared to RSCA [27] and NPSCA [25], the latency of the
proposed design is much less. Further, as mentioned earlier, the
clock period of the proposed design is less than that of the other
designs. Thus, for a fair comparison, latency is also calculated
in ns by multiplying the MCP by the number of clock cycles.
For a kernel size of 11x11, latency for the proposed design is
98.22% and 75.84% less than that of RSCA [27] and NPSCA
[25] and 94.70% higher than that of SCA [25].
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Fig. 8. Power analysis in mW for different architectures for an image size of
128x128 and varied kernel sizes.

Figure 8 presents the power analysis for the different archi-
tectures. The proposed design reports a lesser dynamic power
dissipation when compared to SCA [25], RSCA [27], and NP-
SCA [25]. The reduction in power dissipation is expected due to
the decreased functional units and the switching activity in the
proposed design. Further, the large power dissipation in SCA
[25] is also due to multiple pixel access, and in RSCA [27], it
is due to the large buffer lines. For a kernel of size 11x11, the
power dissipation in the proposed design is 93.67%, 87.17%,
and 70.58% less when compared to SCA [25], RSCA [27], and
NPSCA [25], respectively.

VI. CONCLUSION

In this study, the folded separable convolution architecture
is proposed that requires only two adders and two multipliers,

irrespective of the kernel size. Thus, for a kernel of size nxn,
the computational complexity is approximately reduced by fac-
tor n. In addition to the functional units, since only one pixel is
accessed per clock cycle, the EMB of the proposed design is
one pixel/clock cycle. Experimental results demonstrated that
the proposed architecture utilizes fewer LUT slices and has re-
duced critical path and power dissipation compared to exist-
ing designs. The future discourse of the research will focus on
designing time-multiplexed architectures for the non-separable
convolution architecture.
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