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Abstract

Design of a high-performance digital architecture for computing 2-D convolution utilizing the quadrant symmetry of the kernels is

proposed in this paper. Pixels in the four quadrants of the kernel region with respect to an image pixel are considered simultaneously for

computing the partial results of the convolution sum. The new architecture performs computations in the logarithmic domain by utilizing

novel multiplier-less log2 and inverse-log2 modules. An effective data-handling strategy is developed in conjunction with the logarithmic

modules to eliminate the necessity of multipliers in the architecture. The systolic architecture employs parallel and pipelined processing

and is able to produce one output every clock cycle. The new design resulted in approximately 40% reduction in hardware resource when

compared to the approach of multiplier-based quadrant symmetric architecture. The proposed architecture design is capable of

performing convolution operations for 63.3, 1024� 1024 frames or 66.4 million outputs per second with 22� 22 kernel in a Xilinx’s

Virtex 2v2000ff896-4 FPGA at maximum clock frequency of 66.4MHz. The error analysis performed in two image-processing

applications of edge detection and noise filtering shows that the hardware implementation with proposed design provides accurate results

similar to the software implementation.

r 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Two-dimensional convolution is one of the most
frequently used operations in image and video processing
applications. It is also one of the most computationally
intensive operations, which require very high-performance
image processor to support real-time applications. In
addition, kernel size is usually limited to a small bounded
range when general image processors are used. Dedicated
hardware units are good for high-speed processing and
large kernel size; however, these dedicated units usually
consume a large amount of hardware resources and
high-power consumption. It is necessary to find optimal
designs to reduce hardware resources and power consump-
tion while supporting high-speed operations for real-time
applications.
e front matter r 2006 Elsevier B.V. All rights reserved.
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2-D convolution of two functions W and I producing an
output function O can be expressed as

Oðm1;m2Þ ¼
XJ1�1

j1¼0

XJ2�1

j2¼0

W ðj1; j2Þ

� Iðm1 � j1;m2 � j2Þ, ð1aÞ

where 0pmipMi�1 and i ¼ 1, 2. I is the input function
of size M1�M2 and W is the kernel function of size
J1� J2. 2-D convolution can also be written as

Oðm1;m2Þ ¼
Xa1

j1¼�a1

Xa2
j2¼�a2

W ðj1; j2Þ

� Iðm1 � j1;m2 � j2Þ, ð1bÞ

where ai ¼ ðJi � 1Þ=2. The complexity for 2-D convolution
operation is O(M1�M2� J1� J2). For instance, in a video
processing application, if the frame size is 1024� 1024 and
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the kernel size is 10� 10, more than 3 giga-operations-per-
second (GOPS) are required to support real-time proces-
sing rate of 30 frames per second.

Many researches have studied and presented various
methods to implement the hardware architectures to
perform convolution operation for real time applications
in the last two decades [1,2]. One of the most difficult
challenges in designing the high-speed convolution archi-
tecture with a large kernel is to effectively utilize the
hardware resources and limited number of processing
elements (PEs) to support real time processing [3–8]. In
general, 2-D convolution operations can be partitioned to a
number of 1-D convolutions [9] without specializing for
separable kernels [10]. Specifically, the partitioned 1-D
kernels are first convolved simultaneously on all columns
of the input image and the partial results are accumulated
in a row-ordered fashion or vise versa. Note that the
definition in (1) assumes that the input images/frames are
already padded in some form prior to the operations. This
may be undesirable for real-time image processing applica-
tions if the padding procedure is performed to incoming
frames in a buffer memory or in some other non-
transparent methods. However, in the proposed design, it
is assumed that the original image is not padded prior to
the operations and that the output image obtained from
the convolution operation is of the same size as input image
for all frames. Hence it is possible to perform convolution
without frame buffering. For simplicity, it is assumed that
the dimension of kernel in this paper is a squared window
where J1 ¼ J2 ¼ K.

Parallel processing can achieve high throughput rate for
data intensive applications such as those in image proces-
sing domain. Pipelining technique is one of the most
commonly used design methodologies for parallel proces-
sing in high-performance processors [11,12]. Systolic
architecture, which consists of a large number of inter-
connected PEs, is another design methodology that can
achieve very high throughput rate [13–18]. According to
[19], the approach in FPGA based implementation of 2-D
convolution exploits the fine-grained parallelism. It is more
than 10 times faster than Pentium III processor, which runs
VC++ at 82 times the clock frequency. Algorithms such
as those presented in [1,2,20–23] optimize the hardware
resources by generating the kernel coefficients dependent
architectures. Such architectures may be too specific and
require the supports of reconfigurability and external
system to generate reconfiguration bit streams for upload-
ing to FPGAs in the event of changing the coefficients. The
designs discussed so far, do not fully utilize the property of
quadrant symmetry in the kernel. By incorporating this
property the design becomes neither too generic nor too
specific and provides effective solution between the two
extremes. In this paper, we propose a high-performance
multiplier-less systolic architecture, which considers the
quadrant symmetric property of the kernels. All the
multipliers in the convolution architecture are replaced
by high-speed log-domain computations with very efficient
log2/inverse-log2 approximation modules. The design
utilizes a parallel-pipelined structure to achieve very high
throughput rate.

2. Multiplier-less 2-D convolution with quadrant symmetric

kernels

Gaussian kernels are very common in image processing
applications. It is ideal for hardware architecture designers
to take advantage of the circular symmetry property of
these kernels to reduce hardware resources and computa-
tions. It can be seen that the coefficients in the Gaussian
kernel are reflected in both horizontal and vertical axes,
which can be folded, as shown in Fig. 1b. Hence, only one
quadrant of the kernel has significant and meaningful
values. By incorporating this property into the architecture
design, the number of multipliers can readily be reduced to
about one fourth of the K2 multipliers required by the
conventional design. The number of adders can also be
reduced significantly.
From the definition of 2-D convolution in (1b), it can be

partitioned to reflect its symmetry. With slight modification
to (1b), Eq. (2a) defines the convolution operation where
the center pixel of the kernel is overlapped with center pixel
of the image under the window of consideration. The
rearrangement of the equation is done by reducing the
summation to half and by adding the terms to be multiplied
by the same kernel coefficients. For odd kernel size in
Eq. (2b), corresponding locations in all four quadrants are
added before multiplication. The last term is outside the
summation since the kernel coefficients on the axes may be
different from those reflected about the axes. For even
kernel size, the folding method is shown in Eq. (2c).

Oðm; nÞ ¼
XK

i¼0

XL

j¼0

W ði; jÞ

�I mþ i �
K

2
þ 1; nþ j �

L

2
þ 1

� �
, ð2aÞ

Oðm; nÞ ¼
XðK=2Þ�1
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Iðm; nÞ, ð2bÞ

Oðm; nÞ ¼
XðK�1Þ=2
i¼0

XðL�1Þ=2
j¼0

W ði; jÞ

� I mþ i �
K

2
þ 1; nþ j �

L

2
þ 1

� ��

þ I m� i þ
K

2
; nþ j �

L

2
þ 1

� �

þ I mþ i �
K

2
þ 1; n� j þ

L

2

� �

þI m� i þ
K

2
; n� j þ

L

2

� ��
. ð2cÞ



ARTICLE IN PRESS

Fig. 1. (a) Gaussian kernel with standard deviation s ¼ 5 and (b) one quadrant bandwidth of (a).
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From the analysis of circular symmetric filters, this folding
concept can be generalized to any 2-D filter that exhibits
kernel symmetry of a single quadrant. In other words, the
kernel of any 2-D filter that can be folded along its central
axis to one quarter has property of quadrant symmetry (QS).
In the following section, the concept of log2 and inverse-log2
approximations is described to eliminate multiplications.
2.1. Log2 and inverse-log2 approximations

Most computational costs are dependent on the relative
number of multiplications and divisions. The multiplica-
tions in Eqs. (2b) and (2c) can be eliminated by employing
the concept of log-domain computation which transforms
the multiplications to additions. As log2 and inverse-log2
modules are the most critical components in reducing the
computational complexity and hardware resources, it is
absolutely essential to obtain efficient approximation
techniques in conjunction with effective data handling
strategy. Although only log and inverse-log of base-two are
discussed, the approximations can be applied to any base
by a simple multiplication with a scaling factor. Log base-
two can be approximated with existing techniques in
different ways, such as successive iterations, series expan-
sions and polynomial approximations. However, none of
these algorithms is helpful in low level hardware design
because they introduce more computational complexity
and hardware resources to the design. Mathematically, the
complexity of log2 and inverse-log2 is more costly than
multipliers if conventional approaches are used. The
algorithm presented in this section utilizes binary numeric
system to logically compute log2 and inverse-log2 values in
a very efficient fashion. Given the definition of convolu-
tion, O ¼W � I , the 1-D space convolution with log2 and
inverse-log2 operators can be derived as

OðmÞ ¼
XðN�1Þ=2

j¼�ðN�1Þ=2

W ðjÞ � I m� jð Þ; 0 � m �M � 1

¼
XðN�1Þ=2

j¼�ðN�1Þ=2

log�12 log2 W ðjÞð Þ þ log2 Iðm� jð Þ
� �
¼
XðN�1Þ=2

j¼�ðN�1Þ=2

2ðW l ðjÞþI l ðm�jÞÞ

¼
XðN�1Þ=2

j¼�ðN�1Þ=2

2V ðm;jÞ ¼
XðN�1Þ=2

j¼�ðN�1Þ=2

2V iþV f , ð3Þ

where the subscript l denotes log2 scale, V ðm; jÞ ¼W lðjÞ þ

I lðm� jÞ;8m; j is the exponent function of base-two, Vi and
Vf are the integer and fraction portions of V function,
respectively. A first order approximation of 2V f given by
1+Vf reduces significantly the computational complexity
for calculation of O(m) [24]:

OðmÞ ¼
XðN�1Þ=2

j¼�ðN�1Þ=2

2V i � 2V f

ffi
XðN�1Þ=2

j¼�ðN�1Þ=2

2V i � ð1þ V f Þ

¼
XðN�1Þ=2

j¼�ðN�1Þ=2

15 Vb cf g þ Vf 5 Vb c
� 	

,

2V i9 5 Vb cf g, ð4Þ

where b c and 5 denote floor and shift operators,
respectively. Note that we have derived an expression of
1-D convolution with all multiplications and divisions
completely in terms of logical shifts while maintaining the
generality of functions W(i) and I(m). The inverse-log2
operator can be derived as log�12 ðLÞ ffi 15 Vb cf g þ

V f5 Vb cf g and can also be performed by logical opera-
tions. The following example illustrates the concept of
estimating the value of log2.
Given a positive integer M in binary form, the logical

computation for log2 is achieved by determining the index
value of the most significant bit (MSB) being ‘1’ and the
fraction. The index-locating concept is illustrated in Fig. 2
with an 8-bit integer. In binary, every bit location
corresponds to the linear value 2n, where n is the index of
the bit position. Hence integer part of log2 is extracted
directly from the index value with MSB equal to one. The
remaining bits after index value form the fraction of log2.
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Fig. 2. An example to demonstrate the concept of log2 approximation.

Fig. 3. Actual and estimated curves of log2(m).
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For example, for an 8-bit value M ¼ 248, the index will be
7 and the approximated log2 will be 7.9375 in decimal
where as the exact value of log2 (M) is 7.9542, and hence
the error is 0.0167 as illustrated in Fig. 2. The relative error
is measured by (log2 (M)�log2(M)0)/log2(M) where 0

denotes the approximated output. For values in [128,
256], the error peaks when M ¼ 185 (error is 1.1%) rather
than 196.

The result from the example shown in Fig. 2 is equivalent
of Mitchell’s approximation [25] in which the conversion
can be calculated iteratively. In addition to speeding the
calculation to a single iteration, we further extended this
logic for positive numbers less than 1. The only difference
is its indexing mechanism, where the indices range from
N�1 down to �N which is represented with N-bit integer
and N-bit fraction (total of 2N bits). The logical calculation
for inverse-log2 is exactly the reverse process of the log2
approximation technique. The approximation error is
minor and can be negligible for 2-D convolution in general
for most applications. The actual and estimated curves of
log2 and inverse-log2 obtained from the above approxima-
tion method are shown in Figs. 3 and 4 for 8-bit integers m

and l, respectively. For applications demanding higher
precision, error correction coefficients can be incorporated
at the cost of increasing the complexity.
Fig. 4. Actual and estimated curves of inverse-log2(l).
3. Architecture for 2-D convolution with quadrant

symmetric kernels

In this section, the unique symmetry characteristics of
the kernel are utilized to improve the design for more
optimized architecture while still maintaining a high degree
of flexibility. Some assumptions are made to keep the
description of the design concept of a pipelined architecture
for 2-D convolution straightforward. First of all, it is
assumed that no reuse of PE is considered in this design.
Hence the architecture operates at its peak throughput.
Second, the padding effect of the opposite border of the
image is assumed to be insignificant. Of course, window-
sliding technique can be incorporated to eliminate this
effect if it is determined that the effect is unacceptable. The
last assumption is that the dimension of the kernel is even.
It will also be shown that odd dimensional kernels work the
same way as the even kernels with one set of PEs
performing on non-folded data.
Eq. (2c) is translated into dataflow of the convolution

architecture as illustrated in Fig. 5. Incoming pixels pass
through a series of line delay buffers (LDs) and fold at
vertical position. This folding corresponds to the equation
without modification. The results from vertical folding are
sent to a set of flip-flops. The horizontal folding takes
account of the delays of systolic architecture rather than
direct translation of (2c). This is compensated by rerouting
the folding points accordingly as shown in Fig. 5. The
partial results from horizontal folding are successively
accumulated to the right side and merged to form complete
output. The unity-bandwidth remains for quadrant sym-
metric convolution as well. Fig. 6 shows the block diagram
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of the quadrant symmetric convolution architecture. The
LDs consist of K-1 line delays. The folding is determined at
nodes LD(i)+LD(K�i) where i ranges from 0 to (K�1)/2.
The resulting nodes are fed into horizontal line delays
(HLDs) of K�1 delay elements. The horizontal folding, as
illustrated in Fig. 5, is done accordingly at the nodes
HLD(0)+HLD(2i+1) rather than straight from the
equations due to the delay elements and pipelining
involved in horizontal folding. For the case when the
dimension of kernel is odd, the mid-nodes along the LDs
and HLDs for both vertical and horizontal lines are not
folded since they are the folding axes. The multipliers are
reduced by three quarters by simply performing the folding
procedure. Another important feature is that K/2+1 delays
from the node of LD(K/2) is the original pixel values which
pass through the architecture and they are available at the
same time as the convolution results. So, no extra long
delay line external to the convolution unit is needed. This
Fig. 5. Dataflow version of folding illustrates the compensated delays

induced in the systolic architecture. The nodes involved with vertical

folding at symmetric locations are added together. The horizontal folding

takes place in every other nodes.

Fig. 6. Block diagram for overall architecture of the 2-D con
feature is particularly useful for applications that operate
on both the results of 2-D convolution and the original
image.

3.1. Line buffer module

The LDs can be implemented with FIFO modules, dual
port RAM (DPRAM) modules, flip-flops or registers. Flip-
flops or registers designed for delay elements are not very
efficient since they consume a significant amount of
hardware resources (logic areas). It is particularly impor-
tant since the initial design targets FPGA prototype board,
which uses logic elements to implement registers/flip-flops.
Designing the delay units with flip-flops or registers also
limits the flexibility of the architecture with respect to the
dimension of the image. For example, if the image is
rescaled or re-sampled by video decoder, multiplexers will
be needed for every possible configurable size of the image.
The design of an address generator can be as simple as a
few counters to keep track of number of delay elements
between the head and the tail of a circular queue, which can
be easily achieved using DPRAM modules. The LDs in the
design are implemented with DPRAM modules, as shown
in Fig. 7, for flexibility and simplicity where the architec-
ture incorporates dynamic changes of the image size. DBA
and DBB are data bus A (write only) and data bus B (read
only), respectively. ABA and ABB are the address buses for
port A and B. the ‘ImSize’ register stores the image line
length parameter.

3.2. PEs

Each PE comprises log2 and inverse-log2 modules,
adders, and registers for pipelining within the PE and
storing kernel coefficients. When the result from perform-
ing horizontal folding is sent to the PE, it is converted to
log2 scale. The output of log2 module passes through the ‘d’
register to reach second stage of the pipeline as shown in
volution with quadrant symmetric property in the kernel.
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Fig. 8. Taking account of the delay of the adder from
horizontal folding, the PE is divided into two stages such
that the propagation delay in each stage is approximately
equal. The registered output is added with the coefficient,
which is already in log2 scale. This sum is then converted
back to linear scale through inverse-log2 module. Finally,
the result is accumulated along the accumulation line and
stored in the output register of the PE. The PE can easily be
Fig. 7. Address generator for DPRAMs implementing line buffers.

Fig. 8. Architecture of processing element (PE).

Fig. 9. (a) Architecture of log2 and (b)
modified to support negative inputs from horizontal
folding. This is done be separating out the sign bit and
exclusively ORed the registered sign bit with the sign from
coefficient register. Hence if either one is negative, a
subtraction is carried out alone the accumulation line.
Otherwise, addition is performed.

3.3. Log2 architecture

The log2 architecture consists mainly of the N-bit
standard priority encoder and a modified barrel shifter
(MBS). The general architectural design for log2 is shown
in Fig. 9. The priority encoder provides the index output
based on the logic ‘1’ of the highest bit in the input value.
As indicated in Fig. 9a where N equals 16, the input of
priority encoder is capable of encoding any 16-bit real
number. If the input value is strictly a positive integer, the
index output maps directly to the integer portion of log2
scale, binary 0000–1111 in this example. The infinity is
bounded to index 0 as it is the logical function of priority
encoder and that there is no need of defining
log2 (0) ¼ �N for practical convolutions in general. If
the input value has both integer and fractional parts, the
MSB of the index on the output of priority encoder is
inverted to determine the actual integer part of log2 scale.
For example, the index value is now mapped to [7, �8]
instead of [15, 0] integer input value. Index 0 now
corresponds to �8 in 2’s complement. For the same
reason, log2 (0) ¼ �N is bounded to �8.
The fractional bits are extracted with MBS. It is

composed of N�1, N-to-1 multiplexers at the most, where
N is the number of bits to be shifted according to the given
index. The logical functional view for mapping the set of
multiplexers is that given the index, it always shifts the bit
mapping of multiplexers in MBS.
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stream at the index position to be the first bit at its output.
In standard barrel shifter, the output can be linearly or
circularly shifted by n positions from index 0 or N�1;
however, the MBSs in both log2 and inverse-log2 exhibit
the reverse mapping. The mapping of N�1 multiplexers is
indicated in Fig. 9b. The index value along the vertical axis
represents the index that specifies n shifts. It is directly
connected to the select lines of multiplexers. So for binary
combination of n shifts, the corresponding input n is
enabled. The outputs of multiplexers are one-to-one
mapping to the N�1 bit output bus. The index on the
horizontal axis represents the bit value of the input at
corresponding bit location. The values within the horizon-
tal and vertical grid specify the multiplexer numbers where
the corresponding bit values of the input are mapped to.
For example, with the index value of 3, bit values at
locations 0 to N�1 of the input are mapped to the third set
of inputs of the multiplexer numbered N�4 to 0. The third
set of inputs (marked as ‘0’ in the grid) of the multiplexers
outside the mapping bit range of the input is padded with
zeros for simplicity. The net number of inputs of the
multiplexers can be reduced by half when the architecture
of MBS is optimized, eliminating the zero-padded inputs.
The fraction on the output of MBS occupies N�log2(N)
bits with the fixed point log2(N) bits down from the MSB.
Note that the whole fraction up to N�1 bits can be
preserved as needed.

The maximum propagation delay of the log2 architecture
is computed based on the critical path of the combinational
network in priority encoder and MBS where the MBS
Fig. 10. (a) Architecture of inverse-log2 and
depends on the index from priority encoder to perform n

shifts. Note that the arrangement of multiplexers is
completely in parallel such that the overall latency
comprises a single multiplexer. The depth of propagation
delay is significantly less compared to non-pipelined
conventional multipliers. It implies that the architecture
can provide very high-speed operations.

3.4. Inverse-log2 architecture

Structural mapping of inverse-log2 is the reverse of log2,
as illustrated in Fig. 10b. The inverse-log2 architecture is
simpler than log2 architecture since it is not necessary to
have the decoder to undo the priority encoding where the
integer serves as n shifts to the reverse of the MBS
(RMBS). The inverter is not needed for the inverse-log2
architecture shown in Fig. 10a if the inputs are unsigned
positive numbers. Note that negative values of log2 scale
indicate the inverse-log2 result in linear scale should be a
fraction.
For applications where such small numbers are insignif-

icant, the hardware resource can be reduced by half for the
conversion of signed inverse-log2 scale to linear scale.
Another important point is that the fraction bits fed to the
reverse of the MBS should be padded with logic ‘1’ at the
MSB such that the magnitude of index can be restored in
binary. It is the equivalence to performing the OR
operation between the decoded bit and the unpadded
fraction bits if the decoder was included in the architecture
to reverse the operation of log2 architecture. The operating
(b) mapping of multiplexers in RMBS.
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frequency of inverse-log2 architecture is estimated to be
twice that of the log2 architecture as the propagation delay
of the critical path is reduced to half.

4. Simulation and analysis

In this section, the setup of simulation parameters is
examined. Images are used for analysis of approximation
error with the model of 2-D convolution architecture. Two
types of filters are applied to evaluate the performance of
designed architecture as well as the accuracy of the
proposed method. In the first set of the simulations, a
common operation in image processing applications which
uses a Laplacian of Gaussian (LoG) kernel is applied to
detect edges in grayscale images. The second operation,
which involves 2-D convolution is the noise removal in
image processing applications using a Gaussian kernel.

The hardware simulation of 2-D convolution was tested
on a set of JPEG images to determine the accuracy of the
results produced by the hardware architecture. Each image
was converted to grayscale of 8-bit resolution and fed into
the architecture pixel by pixel. The constraint of data
values in the simulation of architecture was strictly checked
and validated at all time. All fractions inside the log2 and
inverse-log2 architectures remained for analysis of approx-
imation error. To optimize the hardware resources, the
kernel coefficients were normalized to have maximum
magnitude of one or less in linear scale (the actual values
are in log2 scale and these coefficients are stored in
coefficient registers). The PEs were set to maintain all
Fig. 11. Laplacian of Gaussian kernel (8� 8).

Fig. 12. Edge detection with Laplacian of Gaussian (LoG): (a) original 120�

and (c) 2-D convolution result by hardware simulation.
fractions as well. The main goal of maintaining all fraction
bits is to study the degree of error due to the approxima-
tion process, not the loss of bits due to the storage or
truncation. The magnitude of the error was measured by
simply taking the difference between the double precision
output image produced by Matlab’s built-in mathematical
convolution function and the result image generated by
actual simulation of the architecture. To achieve an
accurate measure of the approximation error, the kernel
coefficients of the filter were sampled and limited to agree
with simulation parameters. For example, if the kernel
coefficient has 3 bits integer and 7 bits fraction in log2 scale,
the applied filter coefficients cannot have resolution smaller
than 2�7, so no bias is introduced in the quantization
process of the kernel.

4.1. Edge detection by LoG kernel

Fig. 11 shows the LoG kernel with the magnitude of
coefficients within the range of zero to one. Fig. 12a is the
120� 120-grayscale-test image. The result of applying 8� 8
LoG edge detection mask to 2-D convolution by Matlab
function is shown in Fig. 12b. The intermediate calcula-
tions involved are double precision. The resulting image
from hardware simulation is shown in Fig. 12c. It is clear
that the approximated image obtained from the architec-
ture simulation is fairly close to the actual image filtered
with Matlab function. Note that minor effects from
padding exist along the borders of the image. It is because
the architecture pads the data on the opposite borders;
however, the effect is insignificant in general. The error
graph of the estimated convolution operation without
padding technique is shown in Fig. 13a. The z-axis
corresponds to the difference between actual and approxi-
mated results. The plot illustrates that the intensity
difference is very small with average error of 2.28-pixel
intensity. The histogram of the error is shown in Fig. 13b.
The x-axis in the histogram is normalized by peak error.
For example the maximum difference in the pixel was
24.52, which is equal to 1 on x-axis. The y-axis is the
count of pixels having error. Although the peak error
seems large, only a few pixels have error greater than 5.
Truncating the fractions in the architecture to four bits
120 8-bit grayscale image, (b) 2-D convolution result by Matlab function
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Fig. 13. Plot of error from approximation. (a) Difference error between the results of the Matlab double precision function and hardware implementation

with Laplacian of Gaussian kernel and (b) Histogram of error with x-axis normalized by peak error at 24.52 intensity with average error of 2.28 intensity.
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showed the peak error increased to 24.8297 with average
error of 2.3083.

4.2. Noise filtering by Gaussian kernel

The corrupted grayscale image of Fig. 12a is shown in
Fig. 15a. The Gaussian white noise with mean m ¼ 0, and
variance s2 ¼ 0.01 was applied to the grayscale image. A
8� 8 Gaussian filter with standard deviation s ¼ 2, as
shown in Fig. 14, was quantized according to the
architecture and it was convolved with the corrupted
image. The results by Matlab function and hardware
simulation are shown in Figs. 15b and c, respectively. The
error graph in Fig. 16a has average quantitative error of
1.84 out of 255 quantized levels with intensity difference
similar to Fig. 13a. The histogram of the error is shown in
Fig. 16b with peak error at 4.488. Truncating the fractions
in the architecture to four bits showed the peak error
increased to 4.566 with average error of 1.9073. In all
experiments, it was observed that the error is negligible;
hence, the design may be optimized to maintain only a few
bits for fractions, in addition to eliminating padded zeros
in the architectures shown in Figs. 9 and 10.

4.3. Main components

The architecture has been simulated on Xilinx’s Inte-
grated Software Environment (ISE). The main components



ARTICLE IN PRESS
M.Z. Zhang, V.K. Asari / INTEGRATION, the VLSI journal 40 (2007) 490–502 499
of architecture presented in Section 3 are log2, inverse-log2
modules in the PE. The output waveform of 16-bit log2 and
inverse-log2 simulation is shown in Fig. 17. Data bus (1),
which is the ‘‘ldata_in’’ bus in Fig. 17 is the input data (16
bits in Hex) to log2 module. The input data can be
interpreted as a 16-bit integer input or an 8-bit integer and
8-bit fractional input. Data bus (2) is the log2 output of an
8-bit integer and an 8-bit fractional input from data bus
(1). Data bus (2) consists of ‘‘log_signed_i4’’ (4-bit integer
part in decimal) and ‘‘log2_signed_f12’’ (12-bit fractional
part in hexadecimal) simulation waveforms in Fig. 17.
Data bus (3) is the log2 output corresponding to the
16-bit integer input (16-bit integer) of data bus (1). Similar
to data bus (2), data bus (3) consists of an integer part
(indicated by the decimal ‘‘log_unsigned_i4’’ waveform)
and a fractional part (indicated by the hexadecimal
‘‘log2_unsigned_f12’’ waveform) at the outputs of the
module. The outputs of data bus (2) and data bus (3) are
fed to the inverse-log2 modules as inputs for evaluation.
The output corresponding to input from data bus (2) is
shown in data bus (4), which represents an 8-bit integer
and an 8-bit fractional value (shown in hexadecimal).
Similarly, the output shown in data bus (5) is the inverse-
log2 of the input from data bus (3). Values on data bus (5)
represent 16-bit integer values, which are shown in
hexadecimal.
Fig. 14. Gaussian kernel (8� 8).

Fig. 15. Noise filtering with Gaussian kernel: (a) grayscale image corrupted

Matlab function, (c) image filtered by proposed hardware.
5. Performance evaluation

The performances and resource utilization of log2/
inverse-log2 architectures are shown in Tables 1 and 2.
The maximum operating frequencies are 205, 121, and
100MHz for log2 module with 8, 16, and 32 bit resolutions,
respectively. Similarly, the inverse-log2 module is capable
of operating with 305, 235, and 212MHz for 8, 16, and 32
bit resolutions, respectively. As expected, the performance
of inverse-log2 architecture is better than that of log2
architecture (approximately 2 times faster). The log2 and
inverse-log2 was customized to operate on 10-bit data with
14-bit PE. The maximum operating frequency for the
architecture with various sizes of the kernel is shown in
Table 3 where it is capable of operating at above 65MHz.
For the kernel size of 22� 22, it consumes 89% of the

configurable logic block (CLB) slices, and 75% of look-up
tables (LUTs) at 66.4MHz operating clock frequency on
Xilinx’s Virtex 2v2000ff896-4 FPGA. Since the architecture
is designed as a pipelined and systolic system, it can
produce an output every clock cycle after the initial latency
of the system, which is insignificant compared to the
overall operation time. The architecture is therefore
capable of sustaining a throughput rate of 66.4 mega-
outputs per second, which is very suitable for real-time
image or signal-processing applications. This throughput is
7–9 mega-outputs more than the architecture that utilizes
Xilinx’s embedded multipliers [26]. With 1024� 1024 frame
size in video processing and 22� 22 kernel dimension, the
architecture is capable of performing at 63.3 frames per
second or equivalently 32.1 GOPS.

6. Conclusion

A new architecture for computing 2-D convolution with
quadrant symmetric kernels without using multipliers has
been presented in this paper. Approximation techniques to
efficiently estimate log2 and inverse-log2 for supporting
convolution operation in logarithmic domain are used in
this design. The hardware modules can process over 100
and 200 million calculations per second for 16-bit log2 and
inverse-log2 operations, respectively. An effective and
intelligent data-handling strategy was developed to support
by Gaussian white noise with m ¼ 0, and s2 ¼ .01, (b) image filtered by
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Fig. 16. Plot of error from approximation. (a) Difference error between the results of the Matlab double precision function and hardware implementation

with Gaussian kernel and (b) Histogram of error with x-axis normalized by peak error at 4.488 intensity with average error of 1.841 intensity.

Fig. 17. Timing diagram of log2 and inverse-log2 modules.
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the architecture, which resulted in the elimination of the
need for multipliers in the convolution operation. The
architecture design for 2-D convolution with quadrant
symmetry is capable of maintaining a throughput rate of
66.4 mega-outputs per second for 22� 22 kernel with 14-
bit processing elements in Xilinx’s Virtex II 2v2000ff896-4
FPGA at a clock frequency of 66.4MHz. It can process
over 63 frames per second with 1024� 1024 frame size.
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Table 2

Performance and hardware utilization of inverse-log2 architecture with

various resolutions

Description Resolution (bits)

8 16 32

CLB Slices 12 44 164

LUTs 19 70 268

Fmax (MHz) 305.6 235.4 212.2

Table 3

Performance and hardware utilization for 14-bit architecture with various

sizes of the kernels

Kernel CLB Slices Slice FFs LUTs BRAMs Fmax (MHz)

10� 10 2234 1164 3829 9 69.03

12� 12 3190 1658 5463 11 67.88

16� 16 5435 2916 9253 15 67.18

22� 22 9667 5480 16266 21 66.40

Table 1

Performance and hardware utilization of log2 architecture with various

resolutions

Description Resolution (bits)

8 16 32

CLB Slices 11 43 166

LUTs 19 76 289

Fmax (MHz) 205 121.5 99.99
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