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Abstract

The H.266 Versatile Video Coding (VVC) standard introduces a set
of mandatory pre-processing smoothing filters applied to reference
samples prior to angular intra prediction. Although these filters
lie on the critical path of the prediction process and directly affect
latency and hardware complexity, existing VVC hardware designs
either omit their implementation or assume pre-filtered samples.
This work presents the first dedicated hardware architecture for the
VVC reference sample smoothing filter at the decoder side, support-
ing all block sizes from 8x8 to 64x64. A bit-level reformulation of the
3-tap FIR filter enables an optimized datapath that reduces arith-
metic complexity, eliminating unnecessary computations while
preserving compliance with the specification. Synthesized on an
Intel Cyclone V FPGA, the design occupies only 595 ALMs and 553
registers (1% of the device) and achieves a maximum frequency
of 181.79 MHz. Throughput analysis shows that real-time opera-
tion is sustained for 8K video at 60 fps with a clock requirement
of only 31.10 MHz, enabling underclocking and power reduction.
The results demonstrate that the proposed architecture provides a
small, high-throughput, and fully compliant solution suitable for
integration into a complete VVC decoder.
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1 Introduction

Today, people increasingly depend on digital video services for
work, study, and leisure activities, resulting in a significant rise in
video consumption through digital platforms. In this context, effi-
cient video encoding becomes essential since transmitting or stor-
ing uncompressed video is impractical. For example, a 10-minute
uncompressed recording in Full High Definition (FHD) 1080p res-
olution (1920x1080 pixels) at 30 frames per second would require
approximately 55 gigabytes (GB) of storage, while the same duration
recorded in Ultra-High Definition (UHD) 4K resolution (3840x2160
pixels) at 30 frames per second would require roughly 224 GB. Con-
sidering that many smartphones, tablets, and laptops commonly
offer storage capacities of 128 GB, 256 GB, or 512 GB, a single 10-
minute 1080p recording would occupy about 43% of a 128 GB device.
More critically, a 10-minute 4K recording would exceed the total ca-
pacity of a 128 GB device and consume approximately 87% of a 256
GB device. These figures clearly demonstrate that uncompressed
video storage is impractical in consumer electronics and would also
impose transmission bandwidth requirements far beyond what is
typically available in consumer networks.
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To address this challenge, dedicated video compression tools
are employed. Video codecs (coder/decoder) perform both encod-
ing and decoding, and may be implemented in either hardware
or software. In real-time applications such as digital cameras, live
streaming devices, surveillance systems, and video conferencing
platforms, encoding must be performed under strict latency and
power constraints. Although many commercial systems rely on
software-based codecs or hybrid architectures combining software
with hardware acceleration, purely software-based solutions may
still struggle to meet throughput, energy efficiency, and determin-
ism requirements, particularly in embedded or edge devices with
limited computational resources. Dedicated hardware architectures
offer advantages such as massive parallelism, predictable latency,
and improved energy efficiency. Furthermore, as compression stan-
dards evolve toward higher coding efficiency, the algorithmic com-
plexity increases disproportionately, making architectural optimiza-
tion essential.

The H.266 Versatile Video Coding (VVC) standard [1] was col-
laboratively developed by the Joint Video Experts Team (JVET) of
the ITU-T Video Coding Experts Group (VCEG) and the ISO/IEC
Moving Picture Experts Group (MPEG). Launched in 2020 as the
successor to the H.265 High-Efficiency Video Coding (HEVC) stan-
dard [2], VVC introduced substantial improvements in compression
efficiency, achieving approximately 50% better compression than
HEVC [3] and around 75% better than the widely supported H.264
Advanced Video Coding (AVC) standard [4, 5]. In addition, VVC
was designed to support a wide range of digital media applica-
tions, including UHD 4K and 8K video, immersive content such
as 360-degree video and virtual reality, and high-dynamic-range
(HDR) imagery. These characteristics make VVC well suited for
modern streaming services, broadcast systems, video conferencing,
and emerging interactive media.

As of 2026, VVC remains a relatively new standard, with wide-
spread dedicated hardware support still in the early stages of adop-
tion. Currently, support for VVC decoding is available on selected
platforms, such as the Intel Lunar Lake processors with integrated
hardware media acceleration [6], the Hantro VC9000D decoder IP
core from Verisilicon [7], the D320 decoder IP core from Allegro
[8], and MediaTek Pentonic SoCs targeting television applications
[9, 10]. At the time of writing, regarding encoding, the Allegro E320
encoder IP core [11] appears to be the only commercially available
hardware encoder supporting VVC.

The closest related works are [12, 13], which propose low-power
and high-performance hardware architectures for angular intra
prediction in VVC. However, these studies focus primarily on the
prediction computation itself and do not address the pre-processing
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smoothing filters applied to reference samples. In the VVC stan-
dard, these smoothing filters constitute a mandatory step of the
intra prediction process and are applied prior to prediction across
multiple angular modes and block sizes. As they lie on the critical
path of intra-frame prediction, their implementation has a direct im-
pact on latency, hardware complexity, and memory access patterns.
Despite this relevance, dedicated hardware architectures for these
smoothing filters have received little to no attention in the literature,
leaving an important gap between the algorithmic specification of
VVC and its efficient realization in hardware.

Therefore, this paper presents a dedicated hardware architecture
for the pre-processing smoothing filters used in intra-frame predic-
tion, designed to meet the timing constraints of the decoder side.
The proposed design was developed in VHDL and synthesized using
Quartus Prime, enabling implementation on FPGA platforms and
demonstrating its practical feasibility for hardware deployment.

This paper is organized as follows: Section 2 provides background
on intra-frame prediction in the VVC standard. Section 3 describes
the proposed architecture and design methodology, while Section 4
presents and discusses the experimental results. Finally, Section 5
concludes the paper.

2 Video Coding Basics

Most modern video encoders rely on a common set of signal- and
data-processing stages: (i) block partitioning, (ii) intra- and inter-
frame prediction, (iii) transform coding (T module), (iv) quantization
(Q module), and (v) entropy coding, as illustrated in Figure 1. In ad-
dition, encoders include a reconstruction path, commonly referred
to as the decoding loop and depicted by the dashed line in Figure 1,
which contains the inverse quantization (IQ module) and inverse
transform (IT module). This structure ensures that the encoder
uses only reference samples that are also available at the decoder,
allowing both sides to perform identical prediction processes. An
optional in-loop filtering stage may be applied at the end of the re-
construction path to improve the visual quality of the reconstructed
frames.

Block partitioning consists of dividing each video frame into
smaller units that can be processed independently for compression
purposes. This strategy increases adaptability to local spatial and
temporal characteristics of the content, enabling more efficient

:. ................... Origina| Prediction
a:;&::'l samples — residue (I’_.@_» Entropy
_I Original +\ ) coding
;In . samples = | Predicted
p Inter-f samples
redicti
Reference B I Mode Quantized
samples | decision residue
Intra-frame I
:+» prediction
R

11011101
10011011

7y
i
=
+

:IReference

...........

Reconstructed Reconstructed
predicted prediction
samples residue

Output
bitstream

Figure 1: Diagram of a typical hybrid block-based video en-

coder [14].

Figure 2: Example of block partitioning of a frame.

No split Quadtree Binary tree Ternary tree

Figure 3: The six partitions allowed in the VVC multi-type
tree.

coding decisions. Figure 2 illustrates this concept with a practical
example, in which larger blocks are used in more homogeneous
regions (e.g., a blurred face), while smaller blocks are employed to
better represent areas with rich texture and detail (e.g., a focused
face). In the VVC standard, block partitioning is based on Coding
Tree Units (CTUs) of up to 128x128 pixels, which can be recursively
subdivided into Coding Units (CUs) through a flexible multi-type
tree (MTT) framework. This framework supports quadtree, binary
tree, and ternary tree splits, allowing finer granularity and improved
adaptation to local image characteristics compared to previous
standards, as illustrated in Figure 3.

After partitioning, the encoder performs prediction for each
block using already available information. In intra-frame predic-
tion —the focus of this work— blocks are predicted from previously
reconstructed samples within the same frame, exploiting spatial
correlations. In inter-frame prediction, blocks are predicted from
reference frames coded earlier in time, exploiting temporal redun-
dancy. In both cases, the prediction signal is subtracted from the
original block to generate a residual. The effectiveness of the pre-
diction stage directly influences in reducing this residual and, con-
sequently, the overall compression efficiency of the encoder [15]. In
VVC, intra prediction supports an expanded set of directional and
non-directional modes, while inter prediction employs advanced
motion models and higher-precision motion compensation, signifi-
cantly improving prediction accuracy.

The residual signal generated after prediction is then processed
by a transform stage, whose goal is to concentrate the signal energy
into a reduced number of low-frequency coefficients, facilitating
subsequent compression. In modern video coding standards, this
stage may involve additional partitioning of the residual into trans-
form blocks that better match local signal characteristics [15]. VVC
supports a broad set of transform sizes and types, including multiple
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variants of the Discrete Cosine Transform (DCT) and Discrete Sine
Transform (DST), enabling improved energy compaction across a
wide range of content types and block configurations [3].

Next, the transform coefficients are quantized, reducing their
numerical precision to remove perceptually less relevant informa-
tion. The amount of irreversible distortion introduced at this stage
is controlled by the Quantization Parameter (QP): higher QP values
result in stronger quantization and higher compression ratios, while
lower QP values preserve more signal detail [15]. Quantization is
applied independently to each transform block, and QP values may
vary across blocks through the use of signaling mechanisms that
enable fine-grained rate control.

Finally, the quantized transform coefficients, along with associ-
ated coding parameters—such as prediction modes, motion infor-
mation, block partitioning data, and other syntax elements—are
passed to the entropy-coding stage. This stage applies lossless com-
pression techniques to reduce statistical redundancy by assigning
shorter codes to more probable symbols. In VVC, entropy coding
is performed using Context-Adaptive Binary Arithmetic Coding
(CABAC), which provides high compression efficiency by adapting
symbol probabilities to local coding contexts.

2.1 Intra-picture Prediction

2.1.1 Prediction Step. The basic processing units produced by
the block-partitioning stage are referred to as Coding Units (CUs),
which are used for prediction and subsequent coding steps. In
VVC intra-picture coding, CUs can assume a wide range of block
sizes, enabled by the flexible multi-type tree partitioning structure,
allowing square and rectangular blocks with dimensions ranging
from small blocks used for detailed textures to larger blocks suitable
for smooth regions [3, 14].

To reduce spatial redundancy, VVC defines a comprehensive
set of 67 intra-picture prediction modes. These modes generate a
prediction for the current CU by filtering previously reconstructed
reference samples located along the top and left boundaries of the
block, exploiting the strong spatial correlation typically present
in natural images [3, 14]. The available modes are classified into
non-directional and directional categories.

The non-directional modes include the Planar and DC modes.
The Planar mode (Mode 0) is particularly effective in smooth re-
gions, as it generates a gradual surface by combining horizontal
and vertical interpolations, thereby reducing visible blocking ar-
tifacts. The DC mode (Mode 1) targets flat areas by predicting all
samples within the CU using a single constant value computed as
the average of the available reference samples.

The remaining 65 modes correspond to Angular prediction modes.

These modes predict pixel values by projecting reference samples
into the CU along predefined angular directions, effectively model-
ing edges and textures with arbitrary orientations. The increased
number of angular directions allows VVC to more accurately repre-
sent complex spatial structures, leading to a substantial reduction
in prediction error and, consequently, lower residual energy in
textured regions [3].

During encoding, the optimal intra prediction mode is selected
through Rate-Distortion Optimization (RDO) [16], aiming to maxi-
mize the similarity between the predicted block and the original

signal while minimizing the associated bit cost. In this process, the
same block is repeatedly evaluated using multiple intra prediction
modes, with each candidate generating a distinct prediction, resid-
ual, and associated cost. As a result, RDO entails a computationally
exhaustive search over a large set of alternatives, significantly in-
creasing encoder complexity. A more accurate prediction directly
translates into a residual signal with lower energy, which can be
more efficiently processed by the subsequent transform and quan-
tization stages, ultimately improving compression efficiency. Con-
sequently, efficient hardware designs for intra prediction and its
associated pre-processing steps are particularly valuable to enable
practical, real-time VVC encoding under strict performance and
energy constraints.

2.1.2  Pre- and Post-processing Tools. VVC employs various
auxiliary techniques to enhance intra prediction, distinctly cate-
gorized into pre- and post-processing stages. The pre-processing,
which is the main focus of this work, aims to reduce artifacts in the
references samples that are used in the prediction itself, while the
post-processing aims to reduce artifacts in the predicted samples
themselves.

In the pre-processing stage, the reference samples used for pre-
dicting a given block are derived from its spatially neighboring
blocks, specifically those located above and to the left, which have
already been reconstructed. For a block of width W and height H,
the VVC intra prediction process defines two extended reference
sample arrays: a top reference array of length 2W and a left ref-
erence array of length 2H, in addition to a single shared sample
located at the top-left corner. This reference sample configuration
is illustrated in Figure 4.

The ITU-T H.266 Recommendation [1] specifies the behavior of
the reference sample pre-processing smoothing filter, which is ap-
plied identically in both the encoder and the decoder. The reference
samples are organized into two arrays, denoted as Left_; 2H-1
and Top_; _aw-1, where the top-left corner sample is shared and
represented as both Left_; and Top_; for notational simplicity.

The top-left sample is filtered according to Eq. 1. The samples in
the Top array with indices from 0 to 2W — 2 are filtered as defined

2w

2H

Figure 4: Example of a block to be predicted of size W x H.
This block requires a reference array on top of length 2W, a
reference array to the left of length 2H, and a single top-left
sample.
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in Eq. 2, while the samples in the Left array with indices from 0
to 2H — 2 are filtered as defined in Eq. 3. The last sample of each
array is intentionally left unfiltered, since the smoothing operation
requires the availability of two adjacent neighboring samples.

Top_1 = (Lefty+2x Top_1 + Topy +2) >> 2 (1)
FilteredTop; = (Topi—1 + 2 X Top; + Topiy1 +2) >> 2 (2)
FilteredLeft; = (Lefti_1 + 2 X Left; + Leftiy; +2) >> 2 (3)

Finally, it is important to note that the reference sample smooth-
ing filter is not always applied. Among the requirements for filter-
ing, the following conditions must be satisfied:

o The block dimensions must be at least 8 X 8 pixels, as the
VVC standard does not apply the smoothing filter to smaller
block sizes;

o The required reference samples must be valid and available.
Consequently, the filter is not applied when the current
block is located at frame boundaries, where neighboring
reconstructed samples are unavailable.

e The prediction mode selected for the current block, as well
as the prediction modes of the relevant neighboring blocks,
must correspond to angular intra prediction modes.

3 Proposed Hardware Design

The proposed top-level architecture performs reference sample
smoothing for VVC intra prediction across all supported block
sizes, from the smallest 8 X 8 up to 64 X 64. The design targets high
throughput to enable UHD 8K decoding by exploiting parallelism:
for the smallest 8 x 8 block, which includes 33 reference samples
(top and left reference arrays plus the top-left corner sample), the
architecture instantiates 33 parallel Reference Sample Smoothing
Units (see 3.1), enabling all reference samples of the block to be
filtered in a single clock cycle.

To support larger blocks, the architecture reuses the same hard-
ware over multiple cycles. Input reference samples are buffered and
delivered to the smoothing units in successive groups, allowing the
full reference set of the block to be processed sequentially. The total
number of cycles required for a block is proportional to its dimen-
sions, while the parallelism of 33 samples per cycle ensures that
no additional cycle is needed for the extra top-left corner sample.
This operation is coordinated by a dedicated control unit, which
schedules the delivery of samples and manages input and output
buffers.

The following subsections describe the individual components
of this architecture in detail.

3.1 Reference Sample Smoothing Unit

The reference sample smoothing process employed in VVC intra
prediction applies a simple 3-tap finite impulse response (FIR) fil-
ter using the sample to be filtered and its two adjacent reference
samples. For each output sample, the filtered value is computed as
y=(A+2B+C+2)/4(see 2.1.2), where A and C denote adjacent
reference samples, and B corresponds to the reference sample be-
ing smoothed. The addition of the constant 2 prior to the division
ensures correct rounding, as defined by the specification [1]. While

the filter expression is simple, a direct hardware implementation
may incur unnecessary arithmetic cost if the bit-level behavior of
the division and rounding operations is not carefully exploited.

3.1.1 Naive Hardware Implementation. A straightforward hard-
ware implementation of the smoothing filter follows directly from
its mathematical definition. In this baseline design, the samples A, B
and C are first summed using two adders, with B being left-shifted
by one bit to implement the multiplication by two. A third adder
is then used to ensure rounding, and the final division by four is
implemented via a right shift of two bits. This approach results in
a combinational datapath comprising three adders and simple shift
operations, with intermediate signals requiring extended bit widths
to prevent overflow.

While this implementation is functionally correct and easy to
verify, it does not exploit the fact that the least significant bits
discarded by the right shift operations do not contribute to the
final output value. Consequently, some of the arithmetic operations
performed in the baseline design compute information that is never
used, leading to redundant hardware and increased cost.

3.1.2 Optimized Implementation. To reduce arithmetic com-
plexity, an optimized implementation was developed by reformu-
lating the filter as a sequence of two divide-by-two operations:

4C| LBy
y=l—l £l B @

This decomposition is algebraically equivalent to the original ex-
pression and preserves exact rounding behavior. Moreover, it allows
the computation to be structured as two consecutive stages, each
discarding one least significant bit through a right shift, keeping
the adders smaller. The circuit was designed as follows:

In the first stage, the sum A + C is computed only for bits 7 down
to 1, since the least significant bit is removed by the subsequent
division. The discarded least significant bit (LSB) is nevertheless
used to generate a carry into the retained portion of the adder.
Specifically, the carry-in to bit position 1 is obtained directly as the
logical AND of the least significant bits of A and C, which exactly
matches the carry behavior of binary addition in half adders. As
a result, the first stage produces | (A + C)/2] without explicitly
computing the full sum.

The second stage combines the result of the first stage with
sample B and performs the final rounding. Again, only the bits that
survive the subsequent division are added explicitly (7 down to
1). Rounding is implemented by forcing the carry-in of this adder
to logic ‘1°. Under this condition, the LSB carry-out generation is
performed by a full-adder logic, but with a fixed carry-in. The carry-
out logic of a full-adder is shown below, with the carry-in replaced
by ’1’. Through boolean algebra, this simplifies to a logical OR
between the operands’ LSBs, allowing further reduction of logic.

Cout = Xy + 1(x @ y) (5)

Figure 5 illustrates both implementations while detailing the
cost of each. This approach produces a bit-exact implementation of
the original filter while requiring only two 7-bit adders.
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Figure 5: RTL diagram of the Naive and Optimized filter
implementation.

3.2 Input and Output Buffers

To feed the combinational filter array efficiently, the architecture
incorporates dedicated input and output buffers. The input buffer
stores the maximum number of extended reference samples re-
quired for a single filtering step, that is, 35 samples. While an 8 x 8
block only requires filtering 33 of these samples (the extra two
being unused for this smallest block), these additional samples are
essential for larger blocks: when the 33 parallel filters process suc-
cessive segments of a bigger reference array, the extra two samples
ensure that the final elements of the array can be correctly filtered.

Each sample is represented as an 8-bit value, resulting in 264 bits
per buffer and a total of 528 1-bit registers for the module.

The input buffer captures samples synchronously from higher-
level modules, while the output buffer sends filtered values for
subsequent external modules. Both buffers are coordinated by the
control unit, which asserts load and transfer signals based on the
block dimensions and the progress of the cycle counter.

3.3 Control Unit

The control unit manages the sequential operation of the module
when blocks contain more than 33 reference samples. It uses a cycle
counter to track processing progress and a look-up table (LUT) to
determine the number of cycles required per block based on the
block width (W) and height (H). The LUT implements the formula
[(2W + 2H — 1)/33] precomputed for all valid block dimensions
stored in a small read-only memory (ROM), eliminating runtime
arithmetic.

Once a new block is started, indicated by a start signal, the
counter is reset to zero. It increments on each clock while the block
is being processed, and asserts a done signal when the final cycle is

completed, indicating that the last filtered samples of the block are
available at the output.

Under certain conditions, some reference samples of a block
may not require filtering (see 2.1.2). To handle this, the control unit
monitors an input signal that indicates when the smoothing filter
should be skipped. This ensures that, regardless of the block size,
skipped blocks consume only a single cycle.

This very lightweight LUT- and counter-based control ensures
deterministic operation, simplifies logic, and allows the combina-
tional filter array to achieve maximum throughput without stalling.

4 Synthesis Results

The proposed reference sample filter architecture was implemented
in VHDL and synthesized using Quartus Prime v25.1 targeting the
Cyclone V FPGA (device 5CGXFC7C7F23C8). The synthesis results
provide insights into the hardware resource utilization, timing per-
formance, and scalability of the design for real-time VVC intra
prediction.

4.1 Hardware Resource Utilization

The complete architecture, including the combinational filter array,
input/output buffers, and control unit, occupies 595 adaptive logic
modules (ALMs), corresponding to approximately 1% of the target
device. A total of 553 1-bit registers are required to implement
the input and output buffers, the cycle counter, and associated
control signals. These results demonstrate that the smoothing filter,
despite being applied to every intra block and lying on the critical
path of prediction, can be implemented with negligible hardware
overhead. In practical encoder and decoder architectures, where
logic resources must be shared among several complex modules,
such compactness is highly desireable and can facilitate integration
with existing intra prediction modules.

4.2 Timing Performance

The timing analysis under the slow 1100 mV 0° C model indicates
a maximum operating frequency of 181.79 MHz. This high perfor-
mance is largely attributed to the highly optimized datapath de-
scribed in Section 3.1.2. By decomposing the 3-tap FIR filter into two
divide-by-two stages and eliminating unnecessary computations as-
sociated to LSBs, the design significantly reduces carry propagation
and shortens the critical path. Compared to a naive implementation
that performs full-width additions followed by a single division,
the optimized structure requires fewer arithmetic operations and
smaller adders, resulting in a faster and more hardware-efficient cir-
cuit. The synthesis results validate that this bit-level reformulation
translates into measurable timing improvements.

4.3 Throughput Analysis

To evaluate throughput, a worst-case scenario was considered in
which all intra blocks are of size 8 X 8 and all require filtering. In
this case, each block can be processed in a single clock cycle by
the 33-unit parallel filter array. Table 1 shows the required clock
frequency for UHD 4K and 8K resolutions at 30 and 60 fps.

Even for 8K at 60 fps, the required frequency is only 31.10 MHz,
which is nearly six times lower than the maximum frequency
achieved by synthesis. This large performance margin indicates that
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the architecture can be underclocked to reduce power consumption
or deployed on lower-cost FPGA families without compromising
real-time operation. It also suggests that the design is suitable for
ASIC implementations, where even higher clock frequencies and
lower power consumption can be achieved.

Table 1: Required clock frequency for worst-case 8x8 block
scenario.

Resolution Frame Rate (FPS) Frequency (MHz)

4K UHD 30 3.89
4K UHD 60 7.78
8K UHD 30 15.55
8K UHD 60 31.10

4.4 Comparison with Existing Works

To the best of our knowledge, no prior work has presented a dedi-
cated hardware architecture for the VVC reference sample smooth-
ing filter. Existing studies on VVC intra prediction focus primarily
on the angular prediction stage and assume that reference samples
have already been pre-processed. The results presented here there-
fore fill an important gap by demonstrating that this mandatory
step can be implemented with high throughput and negligible hard-
ware cost. The proposed architecture complements existing intra
prediction designs and can be directly integrated into complete
VVC decoder pipelines, contributing to the development of efficient
hardware support for the VVC standard.

5 Conclusion

The reference sample smoothing filter is a mandatory component of
the VVC intra prediction process and lies directly on its critical path,
yet it has received little attention in prior hardware design research.
This work presented a dedicated and fully compliant hardware
architecture capable of performing reference sample smoothing
across all VVC block sizes, targeting the decoder. By reformulating
the 3-tap FIR filter into two divide-by-two stages and eliminat-
ing unnecessary LSB computations, the proposed design achieves
substantial reductions in arithmetic complexity while preserving
bit-exact behavior.

The proposed architecture is small, requiring only 595 ALMs and
553 registers on a Cyclone V FPGA, and achieves a maximum oper-
ating frequency of 181.79 MHz. Throughput analysis shows that
even under worst-case conditions, real-time processing for 8K video
at 60 fps is sustained with a clock requirement of only 31.10 MHz,
enabling significant underclocking. These results demonstrate that
the proposed solution offers a high-throughput, low-cost, and easily
integrable hardware block suitable for decoder implementations.

Future work will focus on further optimizing arithmetic-intensive
datapaths within the codec by exploring alternative adder archi-
tectures, such as carry-lookahead and carry-select adders. These
structures offer opportunities to shorten the carry-propagation
chain at the expense of additional area, enabling a systematic ex-
ploration of performance-area trade-offs.
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