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because modern systems work with much larger amounts of data than before.
The Discrete Cosine Transform (DCT), used in almost all multimedia
compression methods, creates a significant computational load especially in
resource-constrained embedded systems. This study proposes four custom
operations compatible with Transport-Triggered Architecture (TTA). To
enhance computational efficiency and avoid floating-point overhead, fixed-
point arithmetic is used. To analyse the effect of the proposed operations,
different  Application-Specific  Instruction Set  Processor  (ASIP)
configurations were created on a general-purpose processor architecture.
Performance analyses show that speedups between 2x and 3.5x are achieved.
In addition, the developed processor models have been implemented in
hardware. FPGA synthesis results indicate a reasonable increase in chip area,
showing that the proposed solutions could be an efficient alternative,
particularly for limited-resource embedded systems.

Transport-Triggered architecture
Application-specific processor design
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1 Introduction applications, machine fault detection, remote sensing,

and artificial  intelligence-supported  visual
Today, applications based on digital signal recognition. The variety of applications has made
processing (DSP) are used for much more than basic DSP methods indispensable for data analysis and
data processing tasks. They are employed in many real-time decision support systems. Despite
different areas, including image and audio developments in software and hardware technologies,
processing, biomedical signal analysis, the need to efficiently represent, transmit, compress
communication  systems, radar and sonar and interpret signals is increasing day by day. These
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applications, particularly those related to current
topics such as artificial intelligence and machine
learning, require faster and more energy-efficient
hardware solutions as data volumes increase.

Many natural and engineered signals have complex
structures that do not immediately reveal the
important information they contain. Therefore, these
signals need to be analysed in both the time and
frequency domains. In this context, the discrete
cosine transform (DCT), which was proposed by
Ahmed, Natarajan and Rao (1974), stands out as an
effective and widely used tool among signal
processing methods operating in both domains [1].
The DCT enables data to be represented in a more
meaningful and compressible form, particularly due
to its ability to concentrate the energy of signals in
fewer low-frequency components. Although its
structure resembles that of the Fourier transform, the
fact that it only works with real numbers makes the
DCT more suitable for use with real-valued data.
Despite decades having passed since its proposal, the
DCT is still widely used today thanks to its
advantages in energy concentration and information
representation. In the field of image compression in
particular, the DCT method forms the basis of the
JPEG standard [2]. It is also one of the basic
components of video compression standards such as
MPEG, H.261 and H.263 [3]. Additionally, the DCT
is employed in audio coding standards such as MP3
and AAC for audio compression [4]. It is also used in
the feature extraction stage of face recognition
systems, providing input for classification algorithms
[5]. In biomedical signal processing, the DCT is
particularly used in electrocardiogram (ECG) signal
analysis to improve the signal-to-noise ratio and for
feature extraction [6]. Furthermore, the DCT is
favoured for adding hidden information to digital
images in digital watermarking applications, which
are used to protect copyright and ensure content
integrity [7].

Over the years, hardware designs for the fast and
efficient implementation of the DCT operations have
attracted the attention of many researchers and
enabled them to develop different architectural
approaches. The tendency of researchers and the
studies in the literature can be examined in several
groups. Many studies have proposed hardware
accelerator designs for the DCT and IDCT [8-9-10-
11]. These designs have been implemented on FPGAS
or ASICs, and efficient solutions that promise high
performance and low power consumption have been
developed. However, most of these studies are
specific to a particular case and are not suitable for
widespread use. This is because they are either a part

of a digital signal processor (DSP) or are only loosely
coupled to the data path of specific processors, and
thus not flexible. Another approach is to extend the
existing instruction sets with custom instructions [12-
13-14-15-16]. Such designs must be compatible with
the instruction set architecture (ISA) on which they
are built. In addition, these solutions can only be
implemented on certain processors, which creates a
flexibility problem similar to pure hardware
accelerators. Due to their parallel processing
capabilities, Graphics Processing Units (GPUs) are
well-suited to building high-speed DCT applications.
As a matter of fact, a large number of investigations
have been carried out with the objective of
accelerating DCT on GPUs [17-18-19-20]. While
these studies demonstrate high performance in their
respective fields, the main issue is that they are not
suitable for embedded systems.

When developing a processor for a specific embedded
system application, designers should consider several
criteria. Firstly, the proposed solution should be
flexible and able to be implemented according to
various priorities. However, the architecture should
be suitable for providing low power consumption and
for implementation in a narrow chip area. Due to
possible budget constraints, the solution should also
be free to use and distribute. The fact that the design
environment and auxiliary tools are open source and
reconfigurable will also provide serious advantages to
designers, as they will be able to customise them to
their needs. From this perspective, open-source
application-specific  instruction set processors
(ASIPs) are the most suitable architectural option for
embedded systems [21]. While there are commercial
solutions for developing such processors [22-23],
there are also free options available [24]. Examining
the literature from this perspective reveals some
notable [25-26-27-28]. Heikkinen et al. (2003)
presented an ASIP for a 32-point DCT operation
using the open-source MOVE framework [25]. While
they did not present a custom operation design for the
DCT operation itself, the authors were able to develop
a high-performance processor running at 700 MHz by
combining a large number of computational units
with six parallel data paths. Shi et al. (2010) used
multiplication and addition operations to accelerate
32-point DCT operations in their ASIP architecture,
which was designed for MP3 audio processing [26].
Boutellier et al. (2011) incorporated custom ASIP
processors for the DCT and the inverse DCT (IDCT)
operations into their multiprocessor system-on-chip
(MPSoC) design for MPEG video codecs [27].
However, this study did not provide any detailed
performance results specifically for the DCT
operations. In a later study in which some of the
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authors from the previous study also participated,
Yviquel et al. (2013) introduced various network
architectures for the MPSoC they designed,
presenting a detailed performance analysis on
different FPGAs [28].

The rest of the study is organised as follows: The
second section presents the basic architecture, design
environment, and processor development process
used in the study step by step. The third section then
evaluates the performance analysis and hardware
implementation with simulations and tests. The
whole study is concluded in the fourth section.

2. Material and Methods

In this section, we provide a brief explanation of the
processor architecture and the development
environment. In addition, we delve into our design
approach.

2.1.Discrete Cosine Transform

The DCT is a transformation that allows a discrete
signal to be expressed as the sum of cosine functions
at different frequencies. It is widely used because it is
an efficient and fast method in signal processing
applications. The one-dimensional forward direction
(1D-FDCT) equation of the DCT is given in Equation
1.

X[k] = a(k) Th=¢ xnleos (F525) - ()
2N
In Equation 1, x[n] is the input signal of length N, and
X[K] represents the frequency component after the
transformation where (k=0,1,...,N-1). Here, the
normalization coefficient a(k) is defined in Equation

E
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From the frequency components obtained as a result
of the FDCT transformation, we can obtain the
original signal via the inverse transformation (1D-
IDCT) with the equation given in Equation 3.

xln] = 22 aGoX[K]eos ((O52) - ©)
The 2D forward DCT operation (2D-FDCT), which
is used especially in image processing applications, is
performed by applying the 1D-FDCT operation in

both row and column directions, as specified in
Equation 4.

X[u][v] =
a(Wa(v) TNzh TN=3 Alm][n]cos (“22Y) cos

(n(2n+1)u) (@))

2N

In Equation 4, A[m][n] represents the input matrix of
NxN size, and u and v represent the frequency indices
in the row and column directions, respectively.
Similarly, we can obtain the original signal via the
inverse transform (2D-IDCT) with the equation
specified in Equation 5.

A[m][n] =

b I3 a(a(w)X u][v]cos (TEEY) cos (FELE) ()

2.2. Transport-Triggered Architecture

Unlike traditional processor designs, Transport-
Triggered Architecture (TTA) is an innovative
processor design method that ties the computational
approach to the movement of data between blocks
[24]. In the TTA approach, instructions are solely
responsible for transferring data between functional
units (FUs). In classical processor architectures, such
as Reduced Instruction Set Computing (RISC),
however, instructions are coded according to the
operation to be performed. The only defined
command in TTA is the 'move’ command, which
specifies the destination of the data. When relevant
data arrives at a FU and is written to the trigger port,
the calculation begins, and the result is written to the
output ports. The result of this process is then
transferred to the next FU. As can easily be predicted,
the most important result of this approach is a
reduction in control complexity and more energy-
efficient processing.

The origins of TTA can be traced back to dataflow
computing and Very Long Instruction Word (VLIW)
architectures developed in the 1980s [29]. In 1997,
Henk Corporaal systematised the concept of TTA and
introduced it to academic literature [24]. Over the
subsequent years, the architecture's practical
applications have been tested in various fields using
both FPGA- and ASIC-based prototypes [30-31]. It
has continued to attract attention in recent years as an
alternative ASIP architecture in popular areas such as
digital signal processing (DSP), soft-core embedded
processor design, and cryptography [32-33-34-35-
36].

One of the major benefits offered by TTA is
instruction-level  parallelism  (ILP).  Multiple
operations can be triggered simultaneously on
different FUs with independent data paths.
Furthermore, the customisation of FUs and
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connection networks (transport bus interface)
provides designers with significant flexibility for
tasks focused on chip area, performance, or power
consumption. Therefore, TTA offers an excellent
foundation for ASIP designs. Figure 1 shows the
structural form of a typical TTA processor.
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Figure 1: Principle block design of TTA processors.

2.3. Design and Development Environment

OpenASIP, formerly known as TTA-Based Co-
Design Environment (TCE), is an integrated toolset
design and implementation of TTA processors [37].
The reason for this name change is that the toolset has
been given a more general name, along with support
for other instruction sets such as RISC-V in addition
to TTA [38]. OpenASIP has been developed at the
Tampere University as an open source and freeware.
Toolset offers a complete design and development
environment, starting from an application written in
high-level programming languages to the production
of synthesizable processor hardware. Designers can
customize the FUs, register files (RFs), or
interconnection networks of template processors
according to project requirements, or create their own
models. In addition to the standard operations offered
by OpenASIP, application-specific operations can
also be added to the compilation chain, and new
hardware descriptions can be added to the hardware
database (HDB) for customised FUs. Cycle-accurate
simulations can be run on the prepared model,
profiling analyses can be performed, and finally
hardware description language (HDL) code can be
generated for the entire processor design. Figure 2
shows the design phases of a TTA processor in the
OpenASIP environment. Template architectures are
prepared using a visualized Processor Designer
(ProDe) tool. TCE C Compiler (TCECC) compiles
high-level applications along with an architecture
definition file (ADF). The Proxim tool is responsible
for all simulation and profiling analyses. The
Operation Set Editor (OSEd) tool defines and
manages machine-level operations. Finally, the
hardware implementation of the target processor

model is generated using the Processor Generator
(ProGe) tool.
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Figure 2: Typical design process of a TTA core in
OpenASIP toolset.

2.4. 2D DCT / IDCT Application and
Template Architecture

As stated in Section 2.1, the 2D-DCT/IDCT method
comprise a high number of intensive multiplication
and addition operations. However, it should be noted
that the calculations also contain many floating-point
arithmetic operations. However, native support for
these operations requires a complex and chip-area-
demanding floating-point unit (FPU), which is
unsuitable for low-power embedded systems. On the
other hand, compiler-level emulation of floating-
point arithmetic requires performing numerous
inefficient integer operations. In this case, fixed-point
arithmetic can be used as an alternative. However,
this method introduces computational errors due to
potential overflows and limited dynamic range.
Therefore, it is crucial to choose a fixed-point
arithmetic format that provides negligible precision
errors for the DCT implementation. In addition, the
chosen format directly determines memory usage and
also the number of machine-level operations to be
performed. Following our analysis and simulations
under these conditions, we opted for the Q15.16 (Kim
et al., 1998) format in this study, balancing accuracy
and computational efficiency [39]. Accordingly, a C
application that operates 2D-DCT/IDCT algorithms
on grey-scale images and uses fixed-point arithmetic
without requiring floating-point support has been
developed. The DCT coefficients were converted to
Q15.16 format and recorded as a constant matrix.
Since these values are fixed coefficients, they were
later stored in local memories within the design. The
developed software application accepts images in the
128x128 integer format and subsequently converts
the pixel values back to integer format following the
application of the DCT and IDCT operations.

In the processor design process, a template
architecture was selected for the initial profiling
analysis of the 2D-DCT/IDCT application. In
accordance with the objective of the study, a general-
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purpose template model that supports minimal and
64-bit operations presented in the OpenASIP tool has
been selected. Figure 3 illustrates the Processor
Designer (ProDe) model of the template processor.
The load-store unit (LSU) of the model incorporates
basic memory operations. The arithmetic logic unit
(ALU) is capable of processing 23 simple

instructions, including ADD, OR, AND, and SHIFT.
In addition to these components, a separate FU
incorporates 64-bits integer multiplication (MUL)
and multiply—accumulate (MAC) operations. The RF
block is a single-port register file that contains 64-bits
wide 16 registers, while control operations are
implemented in the GCU block.
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Figure 3: Typical design process of a TTA core in OpenASIP toolset.

2.5. Custom DCT Operations

When 2D-DCT/IDCT algorithms are examined in
depth, it can be easily seen that pixel values
associated with constant coefficients are continuously
multiplied and the result is formed by adding these
multiplications. However, when this process is
applied with general purpose instructions for each
8x8 pixel block, it requires intensive memory and
arithmetic operations, which prolongs the execution
time of the algorithm. Therefore, custom DCT
operations that effectively reduce computation time
have been developed in this study.

As the DCT coefficient matrix can be stored in a fixed
and small-sized register array, it is not necessary to
read it from the memory each time. Instead, storing
the coefficients in the Q15.16 format in a small local
memory within a FU reduces the need for memory
access rate and provides performance gains. Thus, we
implemented a 64x32-bit block memory (BRAM) to
store precomputed DCT coefficients. The width of
this memory can be changed according to the DCT
format used in other studies. The custom operation we
call multiply-and-accumulate operation (MACOP) is
triggered when pixel values are read from memory.
An additional port transmits the information that the
vertical or horizontal values of the coefficient matrix
will be read to the address decoder of the local
memory. In the subsequent reading phase, the values
in the following column or row of the matrix are
assigned to the memory output. Therefore, the
coefficients are prepared in advance and multiplied in

parallel with the pixel values transferred from the
main memory. The products are then summed to
produce the result. Figure 4 demonstrates the
computation architecture of the MACOP operation.

Another custom operation we designed for 2D-
DCT/IDCT application is CLAMP. The purpose of
this operation, which is not actually a part of the
algorithm, is to keep the values within the
representable range. This operation simply ensures
that the pixel values exceeding the limit are assigned
as 0 or 255 during the image reconstruction operation.

One of the computational bottlenecks of our 2D-
DCT/IDCT application, developed using Q15.16
fixed-point arithmetic, is the conversion of integers to
fixed-point numbers and vice versa. The SHIFT
operation in the minimal template is a 1-bit shift to
the right or left. The Q15.16 format requires a 16-bit
shift operation for each integer to fixed-point format
or fixed-point to integer conversion, which means
waiting at least 16 clock cycles for each coefficient
used in the DCT/IDCT calculation. Therefore, we
designed custom operations for these conversions and
named them INT2FIX and FIX2INT. These
operations are designed to perform the conversion
between both representations in a single clock cycle.

In the OpenASIP toolkit, predefined operations
(AND, ADD, SHIFT, etc.) and custom operations
developed by users are managed by the OSEd tool.
We introduced the custom operations to OSEd and
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specified the input-output port features. We then
defined and compiled the functions of the operations.
We ran the necessary validation tests using the tool
provided by OSEd to verify that the operations
performed as the designer had expected.
Consequently, the custom operations were integrated
into the compilation chain and prepared for use in the
2D-DCT/IDCT application.
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Figure 4: Design of the MACOP custom operation.

2.6. ASIP Design

The ProDe tool enables users to customise template
processor models or create their own. They can add
new functional units (FUs), change the structure of
existing ones, or delete them entirely. They can also
easily adjust the number of transport buses, the
transport bus connection architecture, and the RF
design. We developed our ASIP designs by
integrating custom operations onto a minimal
template configuration. This aimed to simplify ASIP
architectures while also allowing us to analyse the
performance contribution of custom operations and

their impact on hardware resource utilisation without
considering additional design factors. Thus, we first
created our core ASIP architecture, DCT-P1, using
the following steps: First, we removed the FU, which
includes the MUL and MAC operations in the
minimal template, from the design because we had
already developed the MACOP operation. As this
operation has 10 input ports and one output port, it
could not be integrated with the other FUs in the
architecture. Therefore, a new FU named 'DCT' was
created, to which the MACOP operation was
assigned. As the port numbers of the other custom
operations (CLAMP, INT2FIX, FIX2INT) are
suitable for the existing FUs, these were integrated
into the ALU FU. After completing the integration of
custom operations, the DCT-P1 FU was integrated
into the system with its input ports connected to a
single transport bus, similar to the other FUs in the
minimal template, as seen in the DCT-P1
configuration shown in Figure 5. Similarly, the RF
block was left with 16 64-bit registers.

In order to evaluate the performance gains of custom
operations when using different transport bus
architectures, we developed three configurations:
DCT-P2, DCT-P3, and DCT-P4. This allowed us to
observe how performance gains provided by custom
operations would vary across different architectures,
and to identify the optimal one. Figure 6, Figure 7,
and Figure 8 demonstrate DCT-P2, DCT-P3, and
DCT-P4 configuratios, respectively. In the DCT-P2
model, each input port of the DCT FU is connected to
two transport buses, while in the DCT-PS3, this unit is
fully connected to the entire network. On the other
hand, in the DCT-P4 configuration, the input and
output ports of all FUs are fully-connected to the
network.
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Figure 5: Structral model of the DCT-P1 processor including the DCT FU where custom operations reside.
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Figure 6: The ProDe model of the custom processor DCT-P2 derived from DCT-P1
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Figure 7: The ProDe model of the custom processor DCT-P3 with a fully-connected DCT-FU.
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Figure 8: The ProDe model of the custom processor DCT-P4 with fully-connected bus architecture

3. Results and Discussion

In this section, we examine our ASIPs in different
configurations in terms of performance and hardware
resources.

3.1. Performance Analysis

Proxim is a practical tool that can be used to analyse
cycle-accurate simulations and resource usage
statistics in the OpenASIP environment. Proxim
supports not only the standard operations offered by
OpenASIP but also custom operations integrated by
users. In order to utilise these useful capabilities, the
2D-DCT/IDCT application was run separately on the
DCT-P1, DCT-P2, DCT-P3, and DCT-P4 cores. The
performance data obtained for a 128x128 pixel grey-
scale image is given in Table 1 in terms of total
number of clock cycles (NoC). Instruction word
length (IWL) for each configuration is given in the
third coloumn.

In addition to the consideration of transport bus
architectures and custom operations, another key
issue to be addressed in performance analysis is the
number of registers. A larger RF block theoretically
provides the processor with more space for data
storage, allowing it to execute fewer no-operation
(NOP) instructions and spend less time waiting.
Consequently, the running application is completed
in less time. For all compared configurations in Table
1, a 16x64 RF, which is equivalent to the minimal
template processor, was utilised. However, in order to
evaluate the effect of the RF size, each configuration
was also analysed with a 32x64 RF. This approach

enables a comparative analysis of the impact of RF
size across our custom cores.

Table 1 provides an analysis of the impact of RF size
and architectural optimisations, such as custom
operations and connection types of the transport buses
in terms of NoC. Clearly, all DCT-P series processors
significantly outperform the underlying 16x64 RF-
sized minimal template processor, running the 2D-
DCT/IDCT application at 3,480,576 cycles. Even the
simplest DCT-P1 configuration (16x64 RF) doubles
performance, running at a speed 2.04 times faster than
the template, with 1,706,240 cycles. Increasing the
RF size from 16x64 to 32x64 in the same DCT-P1
architecture results in an additional improvement of
6.6%, with 1,593,856 cycles.

The more advanced DCT-P2 and DCT-P3
configurations further highlight the impact of the
optimisations. Specifically, the DCT-P2 (32x64)
configuration offers a 66% improvement on the
template, with 1,186,048 cycles and a 2.93x speedup.
The increase in RF size also makes a noticeable
contribution. For the DCT-P3 (32x64) configuration,
the cycle count decreases to 1,182,208 and the
improvement factor is 2.94. Although the DCT-P2
and DCT-P3 configurations offer  similar
performance, the DCT-P3 configuration is slightly
more efficient on a per-cycle basis.

The highest performance is achieved with the DCT-
P4 (32x64) configuration. This structure complets the
application in just 982,528 cycles, making it 3.54
times faster than the template. This is the lowest NoC
value among all configurations. It is also noteworthy
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that increasing the RF size from 16x64 to 32x64
yields a 24.4% performance increase (from 1,299,968
to 982,528 cycles) on this architecture. However, the
RF size increase does not appear to contribute to the
same extent across all configurations (11% for DCT-
P2, 9% for DCT-P3). This demonstrates that the
extent to which architectures utilise RF efficiently is
also a significant variable.

Tablel: Information about Karasu River Kirkgoze
gauging.
RF .
Processor . IWL NoC Gain
Size

Template 16x64 64
Template 32x64 67
DCT-P1 16x64 65
DCT-P1 32x64 67
DCT-P2 16x64 66
DCT-P2 32x64 68
DCT-P3 16x64 66
DCT-P3 32x64 68
DCT-P4 16x64 72
DCT-P4 32x64 73

3,480,576 1

3,019,776 115
1,706,240 2.04
1,593,856  2.18
1,334,784  2.61
1,186,048  2.93
1,303,808  2.67
1,182,208  2.94
1,299,968  2.68
982,528 3.54

3.2.  Hardware Implementation

The OpenASIP toolkit allows users to generate
synthesizable HDL code for their own processor
designs. This is achieved using two separate tools.
The Hardware Database Editor (HDBEditor) enables
users to add new hardware designs and modify
predefined HDL codes. As its name suggests, the
ProGe tool generates hardware implementations of
the ProDe model of a TTA core. The generated HDL
codes are then converted into real chips using FPGA
or ASIC synthesis tools. Following the same method,
hardware implementations for custom operations and
FUs were first prepared and then defined in
HDBEditor in this study. Finally, ProGe was used to
produce HDL codes for our ASIPs. We used Xilinx
Vivado IDE [40], for hardware synthesis and
preferred an FPGA part number xc7ac100t [41] as a
hardware platform. Table 2 provides an analysis of
the FPGA resources required for the minimal
template core, DCT-P1 and DCT-P4 ASIPs. No
separate hardware implementation was made for
DCT-P2 and DCT-P3; therefore, they are not
presented in Table 2. However, it can easily be said
that due to the complexity of the transport bus
connections of these processors, which have exactly
the same FUs as DCT-P1 and DCT-P4, their
hardware resource utilisation will be between these
two processors. Since DCT coefficients are stored in
the DCT-FU within the MACOP operation, it is seen
from the Table 2 that there is a 64x32-bit BRAM
resource in ASIP processors that is not in the template

configuration. As expected, LUT and FF resource
utilisation is higher in ASIPs. The DCT-P1 occupies
1.19 times more chip area than the template
configuration in terms of LUT count, while this figure
is 1.24 times more for FFs. However, due to the DCT-
P4's more complex transport bus architecture, it
requires slightly more chip area than the DCT-P1 in
both respects. While there is no significant difference
between the DCT-P1 and the template configuration
in terms of LUT count, the DCT-P4 has 40% more
registers than the template configuration, particularly
in terms of FFs.

Our ASIP designs can operate at higher clock
frequencies than the minimal template configuration.
As can be easily seen from Table 2, a 13.6% higher
maximum clock frequency is achieved on the same
FPGA. This is because the DCT-P series lacks the 64-
bit multiplication and multiply-add operations (mul
and mac), which are present in the minimal template.
As emphasized in Section 2.6, the custom MACOP
operation, which extends the critical path, eliminates
the need for mul and mac operations, so these
operations were removed from the ASIPs. Thanks to
the MACOP operation, the multiplication and
addition operations in DCT calculations can be
performed more efficiently.

Table2: FPGA resource utilisation for the template and
custom cores.

Processor BRAM LUT FF fmax
(MHz2)

Template - 3,472 2,238 110

DCT-P1 1 4,135 2,785 125

DCT-P4 1 4,258 3,145 125

4. Conclusion

Digital signal processing (DSP) applications are one
of the most critical areas forming the basis of modern
technology and enabling more complex systems.
Similarly, the importance of the discrete cosine
transform (DCT), one of the most widely used DSP
operations, has remained high for many years. The
increasing need to compress high-resolution images
necessitates the efficient use of this technique. ASIPs
play a key role in the rapid and efficient execution of
specific applications within embedded systems where
space and energy resources are limited. TTA is a
prominent method in ASIP architectures thanks to its
open-source nature, free wusage rights, highly
functional design environment, and advanced
customisation possibilities. In this study, we propose
TTA-compatible custom operations that significantly
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accelerate 2D-DCT/IDCT computations. Since a
high-precision FPU is expensive hardware for
embedded processors, we preferred using fixed-point
arithmetic while developing the C application, which
basically takes grey-scale images as input and applies
2D DCT and IDCT operations, respectively. To
provide high-level accuracy while keeping
computational efficiency, we used Q15.16 fixed-
point arithmetic. Profiling analyses were performed
using the tools provided by the OpenASIP toolkit to
develop a custom operation that optimises the
multiplication and addition operations that create
bottlenecks in DCT computations. Special shift
operations were also developed to enable conversion
between integer and fixed-point arithmetic, with the
aim of improving overall performance. We developed
a base ASIP processor, namely the DCT-P1, using the
custom operations. We then prepared various
configurations  using different transport bus
connection architectures and larger RF blocks. This
enabled us to analyse the effect of the proposed
custom operations under different scenarios. Our
detailed performance analysis clearly demonstrates
that our ASIP design achieves a performance gain
between 2x and 3.54x. We also implemented our
processor designs in hardware and shared the
hardware resource analysis after synthesising on an
FPGA. Comparative resource utilsations show that
our ASIP design sligthly increases the maximum
clock frequency while increasing the required slice
registers and LUTS at rates ranging from 19% to 40%.
Although there are numerous studies in the literature
on DCT optimisations, this work proposes open-
source and free TTA architecture-compatible,
hardware-friendly operations that provide significant
performance improvements. The presented ASIP
designs can also be used as preprocessors. As a
continuation of this study, we plan to develop a more
comprehensive JPEG preprocessor using the custom
operations developed in this study.
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