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1 INTRODUCTION

Proliferation of media applications, omnipresent connectivity, and immersive extended reality (XR) technologies
foster the phenomenal growth of video traffic, which is estimated to account for 82% of all global IP traffic by
2022 [1]. The latest widespread MPEG/ITU-T video coding standard, High Efficiency Video Coding
(HEVC/H.265) [2], [3], mitigates this growth by reducing the transmission and storage needs of modern video
applications. HEVC halves the bit rate over the preceding Advanced Video Coding (AVC/H.264) [4] standard
for the same subjective visual quality, but typically at the cost of considerable computational complexity
overhead in practical encoders. Therefore, the deployment of HEVC calls for powerful implementations, which
are able to tackle its computational complexity with acceptable coding efficiency and power budget.

Multithreading and single instruction multiple data (SIMD) are commonly used optimization techniques in
software (SW) HEVC encoders [5]-[7]. Further speedup and lower power dissipation are typically sought by
offloading compute-intensive coding tools to hardware (HW) accelerators or implementing the entire HEVC
encoder on HW [8]-[37]. However, HW design is traditionally very time-consuming, so the efficient development
of modern video encoders calls for automated and agile design methodologies, efficient encoder optimization
techniques, and specialized high-performance computing platforms. Our work addresses these requirements
by using: 1) high-level synthesis (HLS) [38] as a design methodology, 2) a fully-fledged practical Kvazaar SW
HEVC encoder [5] as a design entry point, and 3) a heterogeneous combination of general-purpose CPUs and
field-programmable gate array (FPGA) accelerator cards as an underlying HW platform.

Our primary motivation is to implement a real-time 4K HEVC intra encoder that is easily customizable for
different media applications and scalable for different performance requirements. To this end, we propose to
use Catapult HLS tool [39] that can automatically generate register-transfer level (RTL) code from C/C++ code.
Thus, there is no need to manually rewrite the existing source code of Kvazaar to traditional hardware
description languages (HDLs) like VHDL and Verilog. HLS has been reported to provide 4-6 times increase in
productivity [40], mainly because the behavioral code is more readable, design and verification times are
shorter, and the design reusability is far better over that of handwritten HDL. This work focuses on the all-intra
(A/) [41] coding configuration of HEVC Main Profile but the proposed design approach can be applied to other
HEVC profiles or video codecs as well.

Unlike prior art, our HEVC encoder is completely implemented with HLS, i.e., the use of HLS is not only
limited to data-intensive algorithms like HEVC intra prediction (IP), discrete sine/cosine transform (DST/DCT),
quantization (Q), inverse Q (IQ), inverse DST/DCT (IDST/IDCT), and reconstruction, but it is also applied to
control-intensive tools such as intra search control and context-adaptive binary arithmetic coding (CABAC).
Even though all design decisions in this work have been taken from the perspective of using HLS for efficient
FPGA implementations, HLS would also allow us to use the same Kvazaar source code to generate optimized
RTL for application specific integrated circuit (ASIC) implementations, but this is beyond the scope of this paper.

The rest of the paper is organized as follows. Sections 2 and 3 provide an overview of HEVC intra coding
and the related work. Section 4 gives the motivation and rationale for selecting HLS as the proposed design
methodology for fast HEVC encoder development and prototyping on FPGA. Section 5 presents the system-
level architecture and HW/SW partitioning scheme for the proposed intra HEVC encoder. The main HW
components, the Infra Search Core and CABAC Core, are detailed in Section 6 and Section 7, respectively.
Section 8 evaluates the performance of our proof-of-concept prototype system and compares it with prior art.
Finally, Section 9 concludes the paper.



2 OVERVIEW OF HEVC INTRA CODING

HEVC adopts the conventional hybrid video coding scheme (inter/intra prediction, transform coding, and entropy
coding) [3] from the prior MPEG/ITU-T video coding standards. As a new feature, the coding structure of HEVC
has been extended from the traditional macroblock concept to an analogous block partitioning scheme with four
different logical units: coding tree unit (CTU), coding unit (CU), prediction unit (PU), and transform unit (TU).
For 4:2:0 color format, each of these consists of one luma and two chroma blocks that cover the corresponding
block areas: coding tree blocks (CTB), coding blocks (CB), prediction blocks (PB), and transform blocks (TB).
This new coding structure is the primary factor for the HEVC coding gain, but it also introduces majority of the
computational overhead over its predecessors.

Each raw input video frame is partitioned into CTUs [42]. A CTU represents a root node of the quadtree and
it can be up to 64 x 64 pixels at quadtree depth 0 (h = 0). It can be recursively split into four smaller square CUs
until the maximum hierarchical depth (huax) of the quadtree is reached. The size of the CTU can be defined as
2Nwuax * 2Nwuax, where Nuax € {8, 16, 32} and the size of a CU as 2N x 2N, where N < Nvaxand N € {4, 8, 16,
32}, so Nmin = 4 and hwax = 4. Each CU in the CTU is predicted and transformed individually. In intra coding,
PUs and TUs are the same size as the parent CU, unless they are split further. For example, the smallest 8 x
8 CU can be split once into four 4 x 4 -pixel PUs whereas TUs can be split recursively until the minimum size
of4 x4,

Actual block coding starts with a prediction phase, where an estimate of an image is generated by using
predefined prediction methods. Intra prediction compresses blocks of a picture by exploiting its spatial
redundancy. The prediction is subtracted from the original source image to generate a residual image.

Transform coding transforms the residual image from spatial domain to frequency domain coefficients. In
frequency domain, high-frequency components of the video can be removed with quantization without
significant quality loss since human eye is less sensitive to the high-frequency components.

In the last phase, the quantized transform coefficients and prediction modes are entropy coded to generate
an encoded bitstream. In this step, the video signal is reduced to a series of syntax elements that contain
properties of the blocks, including prediction modes, quantization parameters, transform coefficients, filter
modes, and all other parameters required to describe how the video signal should be reconstructed by the
decoder. These elements are ordered and compressed to generate an encoded video bitstream. Entropy coding
method in HEVC is called CABAC, which is a lossless compression technique based on arithmetic coding. The
compression is achieved by utilizing statistical properties of symbols, i.e., more frequent symbols are coded
with less bits and less frequent symbols with more bits.

The encoding loop also includes decoder-side functionality such as IQ and IDCT phases, where quantized
transform coefficients are dequantized and transformed back to the spatial domain. This generates a
reconstructed version of the residual image that is added to the prediction to generate the final reconstructed
image. In Intra HEVC encoders, reconstructed images are needed in the intra prediction phase, where spatially
adjacent pixels are used to generate the predictions. Furthermore, reconstructed pictures correspond to the
images generated and displayed by the decoder so they can also be used to measure the error introduced by
compression.
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Figure 1: HLS design flow.

3 RELATED WORK

Since the advent of HEVC, a plethora of HW accelerators or complete HW encoders have been designed for it
on FPGAs and ASICs. However, to the best of our knowledge, none of the existing HLS approaches [8]-[22]
implemented a complete HEVC encoder but only individual HEVC coding tools. Furthermore, all of them only
addressed data-intensive coding tools and passed over CABAC and other control-intensive parts.

3.1 Existing high-level synthesis approaches for HEVC

In the literature, HLS implementations have been presented for HEVC intra prediction [8]-[11] , DCT [12], IDCT
[13], and interpolation [14]-[16]. HLS has also been applied in HEVC decoding [17] for intra prediction,
dequantization, and inverse transformation. Our own HLS implementations for HEVC encoding are presented
in [18]-[22]. These include intra prediction, DCT/DST, IDC/IDST, and two earlier versions for intra search
acceleration, respectively.

3.2 Existing HEVC encoders on HW

Commercial HW encoders have been unveiled for HEVC, e.g., by NVIDIA (NVENC) [23], Xilinx (LogiCORE IP
H.264/H.265 Video Codec Unit) [24], VITEC (e.g. MGW Ace Encoder) [25], ORIVISION (e.g. ZY-EH901) [26],
and AJA (Corvid HEVC) [27]. However, the publicly available information of these confidential solutions tends
to be limited so only academic works are considered in this paper. The existing academic HW HEVC encoders
can be found in [28]-[37]. These can be categorized as: 1) FPGA implementations [28], [29], [32]; 2) FPGA/ASIC
implementations [30], [31], [36]; and 3) ASIC implementations in [33]-[35] and [37]. All these implementations
are characterized in detail in Section 8, where the performance of our proposal is compared with them.



4 METHODOLOGY

HLS seeks to improve productivity over traditional design methods by increasing design abstraction from RTL
to behavioural level [38], [44], [45]. Various commercial HLS tools have been available on the market since the
1990s, but only recently they have started to gain adoption in the industry and academia [43]. The slow adoption
rate has mainly stemmed from lower quality of results (QoR) than obtained with conventional HDL approaches.
However, the latest HLS tool generations have substantially narrowed the QoR gap.

4.1 Motivation for high-level synthesis

Figure 1 depicts the conceptual diagram of the HLS design flow. The HLS tool accepts and compiles the
algorithmic (behavioural) specification of the system, which is most often written in C/C++ or SystemC. The
user specifies the target technology and provides micro-architectural constraints, such as directives for loop
pipelining/unrolling and mapping of arrays to registers or memories. The HLS tool allocates the HW resources
required by the specification, creates state machines, schedules the operations, and binds the operations to
physical resources specified in the target technology library. Clock and reset are inserted by the HLS tool as
per the designer’s choice for the target clock frequency and type of reset. The generated structural RTL
architecture description in VHDL or Verilog can then be used in the downstream logic synthesis SW, both for
FPGA and ASIC designs.
In this work, we selected HLS over manual RTL coding for the following reasons:

1) Application suitability. HEVC coding is mostly a data-intensive process with relatively simple control
structures. HLS has traditionally worked well with data-intensive designs, whereas implementing clock
accurate control structures has been more challenging due to the lack of explicit time information in
behavioural source code [44], [45]. However, our previous work [46] showed that even more demanding
control structures can be described with the latest HLS tools. This motivated us to implement HEVC entropy
encoding and all other control-intensive coding tools of HEVC with HLS. Moreover, even the recursive
HEVC quad-tree coding structure can be implemented with HLS because the level of recursion is known
at compile time.

2) Algorithm and system architecture optimizations outperform micro-architectural optimizations.
Engineering hours should be spent where more gains can be reaped. Because of the immense complexity
of HEVC, optimizing HEVC algorithm mapping to HW is encouraged. As the HEVC standard only defines
the decoding process, there are several degrees of freedom to optimize nonnormative HEVC encoding
tools. This leaves many design choices open at system level. By adopting HLS over RTL, most of the
design effort can be concentrated on the system architecture, which tends to provide higher performance
gains than optimizing the micro-architectures.

3) Agile design-space exploration (DSE). DSE refers to the systematic search of the pareto-optimal
solutions with different performance-area trade-offs. In HLS, this can be as straightforward as choosing
different loop unrolling/pipelining options in the graphical user interface or by embedding pragmas in the
code. This is significantly faster than with hand-written RTL, where implementing each candidate solution
requires extensive rewriting of the code. In practice, a comprehensive DSE cannot be even conducted with
conventional HDL approaches, but the optimal micro-architecture needs to be calculated before actual
implementation, which is a non-trivial task.
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Figure 2: Proposed HLS development framework.

4) Reduced verification effort. Verification is one of the most time-consuming phases of any digital system
project [47]. HLS boosts the verification process significantly as it allows verifying the automatically
generated RTL code against the behavioural source code. In practise, the same testbench can be used to
verify the functional correctness of the algorithm and the generated RTL code.

5) Platform independency. HLS also shines in the ease of adopting new target platforms for the system.
When a new platform is selected with the HLS tool, a new RTL code for it is re-synthesized from the same
source code. In contrast, with custom RTL, code restructuring is needed, e.g., if the state machine is
changed to meet new clock constraints or if more resource sharing is required due to the limited capacity
of the new platform.

6) Increased productivity. All previous advantages of HLS result in compelling productivity increase over
custom RTL. Even though custom HDL approaches tend to achieve better performance with less
resources, our recent literature survey [41] indicated that the average development time of an HLS project
is only a third of that of the manual HDL project. The average productivity of HLS is also reported to be
more than 4x as high in terms of the system performance with respect to the development time. In fact, our
recent HLS implementations for HEVC algorithms [18]-[22] have achieved equivalent or even better
performance than the respective works with hand-written RTL.



4.2 Proposed HLS development framework

Figure 2 illustrates the proposed development framework that is used to develop, verify, and deploy HLS
implementations for HEVC coding. The Kvazaar C/C++ code is used as an input to the RTL code generation
but also as a golden reference to verify the HLS implementation at both algorithmic and RTL levels. Constraints
and features are defined in a separate specification document and they are used as input parameters for the
HLS tool. The reference code can also be used as a fully functional SW implementation on an FPGA softcore
CPU or on a server CPU.

The HLS generated RTLs are synthesized for FPGA. On-chip memories and an interface IP-block for the
external CPU are instantiated manually. A monitor PC is used to compile the FPGA image, deploy the image
and softcore CPU program, and analyze the internal FPGA signals while debugging.

The framework also allows both unit and system level testing. The unit testing is performed during the HLS
flow by executing the testbench at algorithm and RTL levels. Most often only the algorithm level verification is
needed, which is one of the largest benefits of HLS. Only some corner cases, e.g., type casting or vector
overflows, might need verification between the RTL and algorithmic code. The same unit testing can also be
performed on FPGA by generating the same test feed for the synthesized RTL on FPGA and the reference
code on the softcore processor. In addition, a logic analyzer can be used to get a real-time view of signals on
FPGA like in RTL simulation. The content of the memories, connected via Avalon bus, can also be validated
with the softcore processor.

For system level verification, multiple independently verified RTL codes can be connected at top level. The
process for verifying the created system is similar as that for a single unit. The corresponding reference codes
are run on the softcore processor, a test feed is generated for the system, and the results are cross checked.
The HW and SW co-processing also enables compilation time optimizations. As the system under verification
becomes larger, the compilation time unavoidably increases. For testing purposes and faster compilation times,
part of the HW system functionality can be replaced by executing the equivalent reference code on the softcore
processor. This substitution allows the whole system to be executed on FPGA but does not necessary mean
that the whole system is running on dedicated HW.

The PCle connection between the FPGA and external CPU is not necessary for the FPGA development but
it enables offloading processing from the CPU to the FPGA. The CPU driver development can be started even
before the RTL synthesis, because the verification of CPU-FPGA interfacing can be conducted by running the
whole system on the softcore processor.

The tools used in the design flow include:

1) Catapult Ultra Synthesis 10.5a for HLS;

2) ModelSim SE 10.6¢ for RTL simulation;

3) Quartus Prime 20.1.0 Standard edition including Signal Tap Logic Analyzer for FPGA synthesis
(compilation), programming (deployment) and logic analyzing;

4) Eclipse IDE for C/C++ Developers 4.5.2 for programming the softcore CPU; and

5) Linux OS (Ubuntu) for developing the external CPU driver.
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Figure 3: System architecture of the proposed HEVC Intra encoder.

5 PROPOSED ARCHITECTURE FOR INTRA HEVC ENCODER

Figure 3 presents the system architecture of the designed Intra HEVC encoder. The underlying SW/HW platform
is composed of a server CPU and practically any number of FPGAs. Each FPGA is connected to a server over
a network switch using 40 Gigabit Ethernet (40GbE) link or directly via a PCI Express (PCle) gen3 x4 bus.

The server runs Linux OS, e.g., CentOS or Ubuntu, and the processing is partitioned into user and kernel
spaces. Kvazaar [5] is run in the user space, which can contain multiple Kvazaar SW encoder instances. A
dedicated Linux-driver in the kernel space was developed to connect the Kvazaar SW instances to the FPGA.
The driver can be shared between multiple Kvazaar instances, which allows parallel encoding of multiple video
streams. The driver implements ioctl, read, and write system calls to provide Kvazaar with the data transfer
functionality.

A single FPGA board may accommodate one or multiple HW Intra encoder instances, depending on its

capacity. Each encoder instance is further divided into three independent units called Intra Search Core and
CABAC Core BTM, and CABAC Core TOP.
The proposed system can be configured from SW-only encoding to pure HW encoding. On the server, encoding
can be carried out with one or multiple Kvazaar SW instances in parallel. In HW encoding, functionality is
partitioned between the server and FPGA(s) so that the server only takes care of 1) raw video input
management; 2) HEVC stream initialization; 3) CTU parallelization; 4) offloading intra encoding task to FPGA(s);
and; 5) reading the encoded CTU bitstream and related parameters from the FPGA.

In the following sections, the individual HW components are described in detail. All our design decisions
were taken from the perspective of using HLS with the FPGA technology. The described functionality follows
the HLS code almost directly and shows how everything was implemented with it. Catapult supports hierarchical
HLS code, but it was not extensively used as the compilation time increases with design complexity. Instead,
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Figure 4: Top-level structure, interfacing, and connections of the Intra Search Core.

the architecture was split into logical parts that were compiled in separate projects and connected manually.
Initial area, latency, and throughput reports of the HLS tool were used in DSE to find the design configuration
(design partitioning, code structure, etc.) that meets area and performance requirements.

Supporting iterative design process is one of the major strengths of HLS. Furthermore, the flow of data is
controlled by IO stalling and handshake signals, which are generated by the HLS tool automatically. This allows
the parallel operation and synchronization of independent units. HLS also makes it easier to deploy these
components as stand-alone IP-blocks in other system setups.

6 INTRA SEARCH CORE

Figure 4 depicts the Intra Search Core that performs HEVC intra search at CTU level. It consists of three sub-
components: 1) Ctrl Unit for controlling the search, scheduling of parallel CTUs, and performing mode decision
(MD) at CTU level; 2) Intra Prediction Unit for performing intra prediction and intra MD for PUs; and 3) Transform
Unit for generating transform coefficients and reconstruction images for CBs.

A single Intra Search Core instance can cache 16 individual CTUs to on-chip memories for parallel
processing. Every processing stage of the encoding pipeline works on the basis of CTU IDs, so the usage of
the pipeline can be scheduled between 16 CTU IDs. The respective degree of parallelism would not be possible
in a single CTU processing without breaking the dependencies between adjacent blocks [42]. The core interface
includes memory interfaces to on-chip memories and direct data transmission with handshake signals. The
Intra Search Core uses a 190 MHz clock in the proposed system.

The start signal and additional configuration data are provided for the Intra Search Core via the Intra
Configuration channel. The configuration data consists of 1) CTU ID, with a value from 0 to 15; 2) depth limits
for intra search, i.e., h = {1, 2, 3, 4}; 3) identification if the CTU is partially outside the frame; 4) quantization
parameter (QP); and 5) a lambda value.

6.1 Memories and configuration for CTU intra search

The memories of the Intra Search Core are presented in Table 1. They are divided into 1) external memories,
that are instantiated outside the Core, and are necessary for the CTU intra search process and search results;



Table 1: Memory name, location, size, and instances needed for a single Intra Search Core

Name Location Bytes Instances
Reconstruction External 98 304 1
Coefficients (Coeffs) External 196 608 1
CU Info External 16 384 1
CU Info top External 256 1
CU Info left External 256 2
CABAC CTXRDO External 256 1
Reference top External 4096 1
Reference left External 4096 1
Reference pixels External 98 304 1
CU Info Internal 4 096 2
RDO Config Internal 88 1
Exec Config Internal 32 1
Instructions Internal 23 552 1
Instructions cache (Inst$) Internal 14 720 1
o _ CTU Stack Internal 840 1
8 5 % Coefficients (Coeffs) Internal 131 072 1
(% Reconstruction (Rec) Internal 65 536 1
>  Reconstruction left (Rec Left) Internal 2048 1
O Reconstruction top (Rec Top) Internal 2048 1
Reconstruction top (Rec Top) Internal 2048 1
Reconstruction left (Rec Left) Internal 2048 1
Reconstruction top left (Rec TopLeft) Internal 8192 1
g Prediction references Internal 76 544 1
—
O  Transpose Internal 8192 1
c a
S =
B Q  Transpose Internal 8192 1
< =]
F 55
o Q Transpose Internal 8192 1
o O
Core 780 352

and 2) internal memories, which are used for logic optimization and adjacent CU storage during the intra search.
The table also shows the sizes and instantiation counts of these memories. If several units need access to a
specific memory, multiple identical instances of it are generated. All memories are designed for the CTU ID
based intra search and can accommodate 16 CTUs. For example, dividing the Reconstruction memory of size
98 304 bytes by 16 gives 6144 bytes per CTU, of which 64 x 64 = 4096 pixels are needed for the Y channel
and Yath of Y (1024 pixels) for both U and V channels in an 8-bit YUV420 format.

The external memories used for the intra search results are the following. The Reconstruction memory stores
the final reconstructed CTU that is used as a reference when processing adjacent CTUs. The Coeffs memory
is used to store the final entropy encoding coefficients of HEVC. The CU info memory is for the information of
the final CTU structure, including the selected intra mode, chroma mode, depth, transform skip flag, and coded
block flag (CBF) of each CU. It is also accessed when processing adjacent CTUs. The CU info top and left
memories contain the bottom and right CU configurations of the neighbouring top and left CTU. The information
contains the intra mode and CU depths. The CABAC context (CTX), needed for rate—distortion optimization
(RDO), is stored in CABAC CTX RDO memory. This is not the full CABAC context, but it only contains the
values needed by the Citrl Unit for CU cost calculations when optimizing the CTU structuring.

Reference top and left memories store the reconstructed bottom and right pixels of neighbouring CTUs on
top and left of the CTU in search. These pixels are used to generate the reference border pixels for intra
prediction. The Reference pixels memory stores the original pixels of a CTU. It is used for calculating similarity
between the original pixels and predictions. The internal memories are explained in the respective sections.
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Figure 5: Internal structure of the hierarchical Ctrl Unit.
Table 2: Intra search instruction set

Instruction |Description

STR Initialize CTU and start the program

P Perform intra search, build reconstruction for a PU and store it on a stack
CMP Compare cost values of CUs in stack and select the best

END End current program and send CPU interruption

6.2 Intra search control (Ctrl Unit)

The structure of the Ctrl Unit is depicted in Figure 5. It consists of seven sub-units: 1) CTU Initialization, 2)
Scheduler, 3) Execution, 4) RDO, 5) Stack Push and 6) Pull, and 7) Reference Border units, of which, units 1
to 4 belong to the Ctrl Core, and 5 and 6 to CU Stack.

The Ctrl Core is responsible for controlling the intra search. The HLS workflow made us implement the intra
search control like in a CPU, i.e., the search is divided into smaller units that are performed sequentially. This
approach also improves configurability and scalability. The basic operations of the implemented instructions are
listed in Table 2.

The execution of these instructions is split into two parts. Some of the operations are performed in the
Execution unit before the intra search pipeline and the rest after the pipeline in the RDO unit. Along with the
type, each instruction contains operation parameters and a skip address. The parameters carry common
processing information like block size and coordinates. The skip address is used for moving the program counter
to the correct position if a quadtree search process is terminated earlier, i.e., the processing of the smaller CUs
is skipped when all coefficients are zero.

The CU Stack is responsible for buffering the reconstructions, coefficients, and reconstructed borders of CUs
for internal use. In addition, it updates the final reconstructions and coefficients in the external memories.
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Table 3: Configuration bit vector used in intra prediction pipeline

[ cTuiD [ Depth [ Color | X [ Y | Lambda/Prediction Mode | Scaled QP |
I I I

I I | I |
0 4 8 12 16 24 32

6.2.1 CTU Search Initialization (CTU Initialization)

The CTU Initialization unit initializes two operations: 1) the luma search, which is started when the configuration
information is received from the Intra Configuration channel; 2) the chroma reconstruction, which is started upon
receiving the configuration information from the Execution unit after the whole luma search has been finished.
The arbitration of these two configuration channels is achieved with HLS generated functionalities for channel
stalling and non-blocking reading.

When the CTU is fully inside the frame, a pre-calculated program can be selected from the cache, which
matches the intra search depth limits configuration. This reduces the start latency. Instead, when the CTU is
only partially searched, the instructions for the CTU are generated during runtime and stored in the internal
Instructions memory. Due to the tree structure of a CTU, the generation of these instructions was implemented
in HLS code by using limited template recursion, which simplified the tracking of depth and CB coordinates in
Z-order. Once the program initialization is ready, the starting address of the selected program is sent to the next
unit and the CTU search configurations are stored into internal Exec and RDO Config memories.

With chroma reconstruction, the instructions are always generated during runtime based on CTU structure
defined by the luma search. The chroma processing does not use the CMP instruction, because the
reconstruction and coefficients of the chroma components are generated based on luma results.

6.2.2 Scheduler

The Scheduler unit schedules instructions when the Intra Search Core is processing multiple CTU IDs in
parallel. After receiving the configuration, the Scheduler reads the instruction from the internal Instructions
memory or from the predefined Instructions cache (Inst$) and stores it into an internal register. The register
contains the latest instructions from all running processes, which can be either running or waiting. With this kind
of mixed use of on-chip memories, look-up-tables, and registers, HLS improves code readability, as simple C-
arrays can be used for each case, but the resource-dependent addressing and timing is generated based on
the resource mapping. For all waiting instructions, the Scheduler calculates a priority number and selects the
one with the highest priority. The selected instruction is sent to the Execution unit and the cached copy is
changed to an running state. The state is changed back to waiting when the processing for the CB has finished.
This procedure ensures that the processing of adjacent CBs complies with all data dependencies.

Due to the structure of the pipeline, CBs of different sizes move at different speeds. Larger CBs create
congestion behind them and reduce efficiency. To minimize this, the Scheduler starts the processing of same
size CBs with different CTU IDs in batches. This approach is only used for the IP instructions, because other
instructions have very little effect on the pipeline and thus have a small, fixed priority.

6.2.3 Execution

The Execution unit starts processing CBs upon receiving IP instructions from the Scheduler. It builds a
configuration vector, specified in Table 3, and sends it to the Reference Border unit. This vector contains all
configuration parameters required throughout the pipeline until the RDO unit. The CTU ID, depth, color, and the
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coordinates are generic parameters used in the coding pipeline. Lambda, which is derived from the QP value,
is applied when the similarity of the reference and intra prediction is computed [41] and is then replaced by the
selected prediction mode. The scaled QP is needed in the quantization phase and it is forwarded to the RDO
unit for further processing.

The STR and CMP instructions require no processing in the Execution unit and are forwarded to the RDO
unit. The END instructions are not forwarded, but when the program for luma search reaches the END
instruction, the Execution unit sends a configuration for the CTU Initialization unit to start chroma reconstruction.
When the program for chroma reconstruction reaches the END instruction, the unit sends a signal through the
CTU ID done channel.

6.2.4 Rate—Distortion Optimization (RDO)

The RDO unit calculates the costs for CBs and compares them to select CUs for the final CTU configuration.
The first instruction to arrive in the RDO unit is the STR instruction, which is used for resetting the CTU state of
the specified CTU ID.

These results of an IP instruction include the selected intra mode, Sum of Squared Differences (SSD)
calculated in the Reconstruction unit, and estimation of bits to code the coefficients calculated in the Coefficient
Cost unit. The final cost for the CB is then calculated from the SSD, coefficient cost, current and previous CB
configurations, and the content of the CABAC RDO CTX memory. The final cost is stored into the internal CTU
stack memory. If the search process reaches the configured depth limit or the CB is an all-zero coefficient block,
there is no need to continue search. The CU Stack unit is then notified to flush the coefficients and the
reconstruction of the CB through the external interface. Chroma CBs are always flushed.

With a CMP instruction, the stored costs in the CTU stack are compared to achieve the best CU configuration.
If a better configuration is found, the previously chosen configuration is overwritten via the CU Stack unit.

After each instruction, in addition to the flush-flag, the RDO unit sends an instruction completion signal with
a skip-flag to the Scheduler via the Stack Pull unit. If this skip-flag is set in RDO, the Scheduler reads the skip
address field from the cached instruction and moves the program counter to that address accordingly.
Otherwise, the next instruction is read from the following address.

6.2.5 Build Reference Border (Reference Border)

The Reference Border unit generates the reference samples for the intra prediction from the external Reference
top and left memories or from the internal Rec Top, Left, and TopLeft memories. If border pixels are not
available, i.e., CU is located at the top and left border of the frame, the last available pixel or a constant value
is used instead. The unit is configured with the block size and CU coordinates by the Execution unit. The
referenced borders are built and sent to the /P Cirl unit.

The three internal reconstruction memories are used to store the last reconstructed pixels from bottom and
right borders, and one extra memory for all bottom right pixels of 4 x 4 blocks. Because the intra search of the
coding tree works in Z-order from top to bottom, the reconstructed bottom and right border pixels of each CB
can always overwrite previous pixels in the corresponding x and y coordinates in the Rec Top and Left
memories. However, the corners need to be stored separately. This complies with all CB dependencies and
minimizes the memory usage for the references.
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Figure 6: Internal structure of the hierarchical Intra Prediction Unit.

6.2.6 CU Stack

The CU Stack unit stores CUs temporarily before they are written into external memories. Buffering is needed
because the final CU configuration can only be determined after all options have been compared. The CU Stack
unit is built from Stack Push and Stack Pull units as well as from the internal Coeffs, Rec, and Rec Top, and
Left memory modules between them.

The memories store one CU of each size for all CTU IDs. This way, all CUs have a reserved buffer slot
assigned by their size and CTU ID. The adjacent CU of the same size in the same CTU overwrite the old one
in the buffer. This policy follows the computational order of the CTU coding tree. The CUs are either flushed to
the external memory or discarded before moving to the next one of the same size, according to instructions
from the RDO unit.

6.2.7 Stack Push

The Stack Push unit receives the reconstruction pixels and the SSD values from the Reconstruction unit. In
addition, it gets the quantized transform coefficients and coding cost estimation from the Coefficient Cost unit.
It writes the pixels and coefficients to the reserved slots in the Rec and Coeffs memories and simultaneously
collects pixels of the bottom and right borders to the corresponding Rec Top and Left memories. Lastly, the
SSD and coding cost estimations are sent to the RDO unit to signal the completion of the CB process.

6.2.8 Stack Pull

The Stack Pull unit is on the other side of the memories. It has no direct connection to the Stack Push and it
receives its configuration data from the RDO unit. Based on the flush-flag sent from the RDO unit, the Stack
Pull unit starts reading the CU from the internal memories and writes it into the external memories. While writing
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the CU, the Stack Pull unit performs two additional operations: transforming reconstruction from slices to rows
and reordering coefficients to Z-order.

Reconstructions in the internal and external memories are stored as slices of 32 pixels. The external memory
is an array of 64 x 64 pixels. A 32-pixel wide data bus maximizes speed when writing the largest CUs. The large
data bus requires smaller CUs to be shifted to a correct location and byte enables to assign writes to the correct
pixels. The Rec Top, Left and TopLeft internal memories connected to the Reference Border unit are also
updated during this process.

The coefficients are written in Z-order. Compared with slices-to-rows transform, Z-ordering is a much simpler
operation. The Z coordinate is calculated from x and y coordinates and coefficients are written to consecutive
addresses.

6.3 Intra Prediction and Mode Decision (Intra Prediction Unit)

The Intra Prediction Unit calculates and selects the best prediction for a given CB. It does this by generating
prediction images for all 35 modes and selecting the mode closest to the reference image. Figure 6 shows the
internal structure of the Intra Prediction Unit. It consists of 23 sub-units: 1) Intra Prediction Control (IP Ctrl); 2)
Mode Decision; 3) Prediction Push; 4) Prediction Pull; and 5-23) 19 parallel prediction units for all 35 prediction
modes (Planar, DC, and Angular). The reference samples for all prediction units are stored in the internal
References memories that are located between the /P Ctrl and prediction units. The memories can hold
reference data for up to 4 PBs at a time and allow pipelined processing of predictions.

6.3.1 Intra Prediction Control (IP Ctrl)

The IP Ctrl unit receives the PB configuration data and the reference samples from the Reference Border unit.
A smoothing filter is used for the reference samples in the /P Ctrl unit to reduce contouring artifacts [41].
Depending on the mode and the CB, either filtered or unfiltered pixels are written to the References memories.
Writing data to multiple memory instances is implemented in HLS code as an unrolled loop that iterates a static
array of pointers and either filtered or unfiltered pixels are written.

After all pixels are read, filtered, and written to the memories, the IP Cirl unit wakes up the prediction units
and the Mode Decision unit by sending them their configuration data. Along with the common parameters of
the PB size and an CTU ID, each prediction unit has own configuration parameters, which are dependent on
the prediction mode, i.e., last pixels from top and left borders for planar prediction, a DC value for DC prediction,
and an absolute angle for angular predictions.

The References memories for the prediction units are needed to pipeline the intra prediction so that the
control unit can filter reference samples for the next PB, while the prediction units are still generating predictions
for the previous PB. Synchronization and overflow protection between the /P Cirl unit and prediction units are
managed with handshaking signals in configuration channels.

6.3.2 Prediction units (Planar, DC, and Angular)

All prediction units operate in parallel and are configured to predict four pixels per clock cycle, i.e., 32 x 32 block
is predicted in 256 cycles and 16 x 16 block in 64 cycles. HLS is used to generate a pipeline for the entire
prediction process so that the unit starts outputting predictions for the next PB immediately after the previous
one ends. The pipelining removes the initial latency from new predictions when configurations are received at
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a constant rate. This is especially important with smaller CBs, as the latency without pipelining can exceed the
number of cycles needed for outputting the actual prediction. Successful pipelining requires paying attention to
data dependencies even with HLS. Furthermore, the performance could be easily increased by predicting more
than four pixels in parallel, but the area/performance ratio of the selected approach was found sufficient for this
work.

In addition, the angular predictions were split into the following three different modules according to direction
of the prediction angle: positive angles 2-9 & 27-34, negative angles 11-25, and zero angles 10 & 26. This
approach allowed removing unnecessary structures that are specifically needed for the specified angles. It also
allowed reusing the units and operate configuration based. The corresponding horizontal and vertical prediction
modes were also implemented in the same units. These two predictions make use of the same borders and
have the same but opposite prediction angles, so they can share the same control logic. This way, all Angular
units, except for mode 18, predict two modes simultaneously. For example, modes 2 and 34 are of equal
distance from the middle, i.e., 18 - 2 = 34 - 18 so they are predicted simultaneously in one unit.

Planar, DC, and zero Angular prediction units use two memory instances each, whereas the rest of the
Angular units use 13 parallel memory instances. The memories of the same prediction unit share a common
write port that is controlled by the /P Ctrl unit. A single prediction unit utilizes all read ports in parallel to support
predicting 4 pixels at a time.

6.3.3 Mode Decision

The Mode Decision unit selects the prediction mode for luma PBs by calculating and comparing Sum of Absolute
Differences (SAD) and entropy coding costs of all candidate modes. SAD is used as a measure of image
similarity whereas the entropy coding cost estimates the number of bits needed to code the prediction mode
into bitstream. The entropy coding values are calculated by multiplying a fixed entropy cost with lambda. This
offset tends to affect the MD when two predictions are close to each other [41].

For cost calculations, the unit receives four pixels from each prediction unit per cycle and it simultaneously
reads the corresponding reference pixels from the external Reference pixels memory. The SAD is calculated in
parallel for all modes, four pixels per cycle. The comparison of the 35 mode costs was implemented in HLS as
a limited template recursion function that compares all mode costs in pairs and returns the best mode with its
cost. The HLS code implements inputs from the prediction units with pointer arrays and reads them in unrolled
loops, which helps with the code readability. In addition, loop unrolling does not break the synchronous reading
of inputs during stalling. The unit is also fully pipelined with HLS, so that MD for next PB can start immediately
after the previous one. The prediction data and corresponding reference pixels of each calculated mode are
sent to the Prediction Push unit for buffering. In addition, the selection of the smallest mode cost is signaled to
both Prediction Push and Prediction Pull units.

6.3.4 Prediction Buffering (Prediction Push & Prediction Pull)

The Prediction Push and Prediction Pull units 1) buffer all predictions while Mode Decision unit is selecting the
prediction mode; 2) generate the residual image from the prediction and reference pictures; and 3) adjust the
width of the pipeline data bus between four and 32 pixels. To implement them with HLS requires that all
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Figure 7: Internal structure of the hierarchical Transform Unit.

reference and the prediction pixels are stored in a FIFO, which is located between the Mode Decision unit and
the Prediction Push unit. The size of the FIFO is 256 x 1153-bits (35 modes x 4 predicted pixels x 8-bits + 4
reference pixels x 8-bits + end bit = 1153-bits) to support the largest possible PBs. The main loop of the
Prediction Push unit is pipelined to output data every cycle. It waits for the selected mode from the Mode
Decision unit before it starts reading data from the FIFO and continues until the end bit of the current PB marks
the completion. The mode is used as a parameter for shifting the input vector, so that correct prediction and
reference pixels are forwarded to the Prediction Pull unit, which generates the residual and takes care of the
output data width, i.e., a single line of 32 x 32 block, two lines of a 16 x 16 block, etc.

6.4 Transform Unit

The Transform Unit is depicted in Figure 7. It consists of 6 sub-units: 1) Discrete Cosine Transform (DCT) unit;
2) Inverse Discrete Cosine Transform (IDCT) unit; 3) merged Quantization and DeQuantization (Quant
DeQuant) unit; 4) Coefficient Cost unit; 5) Reconstruction unit; and 6) Transpose unit. The Transform Unit has
three main functions: 1) generate the quantized transform coefficients from the residual pixels provided by the
Intra Prediction Unit; 2) create the reconstruction from the prediction and residual pixels, which are dequantized
and transformed back to the spatial domain from the quantized transform coefficients; and 3) calculate the
estimation for the coefficient coding cost and the similarity between the reference and reconstruction.
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Figure 8: Visualization of pixel placement. (a) A slice containing a single row (example with an 8 x 8 variant of the
transpose unit). (b) A slice containing multiple rows (example of 8 x 8 transpose with 16 x 16 variant of the transpose unit).

6.4.1 Transpose

The Transpose unit performs row-column transpose for a square N x N block, where N € {4, 8, 16, 32}. It
operates on a constant data rate of 32 samples per cycle. It is used as a sub-unit in three different locations:
between the 1-D transforms in DCT and IDCT units as well as between the Quant DeQuant and Coefficient
Cost units.

Internally, it is composed of two parallel units, Transpose Push and Transpose Pull, and a storage array
between them. The Push unit writes data to the memory array and the Pull unit reads it. The memory array is a
collection of 32 parallel memory modules with individual read and write ports. For illustration purposes, an 8 x
8 variant of the Transpose unit is pictured in Figure 8 (a). It shows how the unit can transpose an 8 x 8 CB. The
values in each cell represent the x and y coordinates of the 8 x 8 CB when all samples are written into the
memory.

The actual input rate is 32 samples per cycle. Depending on the CB size, the slice contains from one to eight
rows, as the slice can contain up to two 4 x 4 blocks. The correct memory instance is determined by rotationally
shifting the bit slice left, according to the starting index y of the slice. In other words, the first slice of a row is
not shifted at all, and the following slices are shifted depending on how many rows have been stored already.
For example, in Figure 8 (a) the first index y of the third slice is two and in Figure 8 (b) the first index y of the
third slice is four.

Simultaneously, the write address is determined by the number of rows in a slice and the corresponding
index x of the sample. For example, in Figure 8 (a) each sample is written to the address x, and in Figure 8 (b)
the samples are written to an address x divided by the number of rows written at once. The memory also
operates as a circular buffer for a more pipelined operation. After the whole block is written to the memory, the
Pull unit is notified that the memory is ready, and it can start reading the data.
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The Pull unitis less complex, as it reads data in a consecutive order from all memory instances. As the slices
were shifted left in the Push unit, the Pull unit reverses this operation. Furthermore, when a slice contains
multiple rows, the rows are scattered as shown in Figure 8 (b). As the order only depends on the number of
rows written at once, the reordering is simply implemented as a four-port multiplexer.

6.4.2 Discrete Cosine Transform (DCT)

The DCT unit is composed of three main parts: 1) two 32-point DCT units; 2) a separate 4-point discrete sine
transform (DST) unit for 4 x 4 luma TBs; and 3) a Transpose unit for row-column transpositions between the
DCT units. In addition, the design contains small control units for input and output. The Input CTRL unit reads
the residual values and passes on the luma 4 x 4 TBs to the 4-point 2-D DST unit, and all other TBs to the 32-
point DCT unit. Output values from the first 7-D DCT are row-column transposed in the Transpose unit and sent
to the second 7-D DCT unit for a complete 2-D transformation. The Output CTRL unit collects the results from
either the DST or DCT unit.

The 1-D DCT unit performs the transform in a three-step pipeline: 1) recursive even-odd decomposition, 2)
multiplication between the transform matrices and odd vectors, and 3) accumulation and scaling of the individual
multiplication products to 16-bit coefficients. The algorithm used for the 1-D transform is a well-known even-odd
decomposition algorithm, a.k.a., Partial Butterfly algorithm [48]. It decomposes the input and core transform
matrices to half of their sizes according to even and odd rows/columns, respectively. The algorithm allows an
N-point transform, where N € {4, 8, 16, 32}, to be computed for even and odd cases separately with two N/2-
point transforms that reduce the number of arithmetic operations needed for the full transform.

The implementation supports transform of 32/N rows/columns in parallel. For example, 8 x 8 TBs can be
processed in only two parts. This is achieved by utilizing reordering of input and intermediate vectors and block
size dependent look-up-tables for transform matrices [2].

Every stage is built to support max 32 x 32 TBs. The recursive even-odd decomposition can be reused for
multiple rows/columns by reordering the reading of the input vector, so that the data flows in the recursive adder
tree separately for each row/column. The resulting odd vectors are multiplied with the corresponding transform
matrices. To reuse the multiplication stage with multiple rows/columns, the odd vectors are reordered to utilize
the block size dependent look-up-tables. Individual products of matrix multiplication are finally added together
and scaled to 16-bits, and the output vector is ordered back to the original order. HLS was vital for the
implementation of the multi row/column functionality, from the perspective of parameterization and verification.

The 4 x 4 luma TBs are transformed in 4-point DST unit that operates in parallel with the 32-point DCT unit.
The DST unit is composed of four parallel 1-D row-transform units that are connected back to each other in
transposed order for a second transform. The 4 x 4 transpose requires no external components as it is possible
to crosswire the outputs and inputs of the unit. The unit also supports transform skip, in which the transform
phase is omitted. This is implemented by forwarding the residual pixels without any operations in the upper half
of the 32-coefficient wide output vector.

6.4.3 Quantization (Quant) and Inverse Quantization (DeQuant)

The combined unit of Quantization and DeQuantization performs both quantization and dequantization of
transform coefficients. Although they are different operations, they were implemented in one unit because they
share the same overall structure and can have a shared control. This unit receives data from the DCT unit.
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Quantized coefficients are forwarded to the Coefficient Cost unit and dequantized coefficients to the IDCT unit.
The input configuration vector contains a scaled QP value used to define the quantization level. Both
quantization and dequantization are done by multiplying coefficients by a scaler value, that is derived from
scaled QP values and rounding the output.

6.4.4 Inverse Discrete Cosine Transform (IDCT)

The inverse transform of the IDCT unit shares the same top-level architecture as forward transform of the DCT
unit. The IDCT unit was developed along with the DCT unit through the same HLS steps. The 7-D IDCT unit
also uses the Partial Butterfly algorithm implemented as a three-stage pipeline.

In the first stage, the input is multiplied with the transform matrices. The second stage has three
addition/subtraction levels to compose the final even vector from the decomposed even and odd vectors. Lastly,
the third stage combines the even and odd vectors and scales the final result to 16-bit signed residuals. To
support the same multiple parallel rows with smaller block sizes as in the DCT unit, the inputs in each stage are
reordered to match the structure of the stage. After the first 1-D transform, the intermediate data is transposed
in the Transpose unit and sent to the second IDCT unit to complete the 2-D transform.

In parallel with the 7-D IDCT units, a separate 4-point 2-D IDST unit is used for 4 x 4 luma CBs. The IDST
unit performs the full 2-D transform internally without any external transpose. The support for transform skip
was also added by forwarding the residuals without any operations in the upper half of the output vector.

6.4.5 Coefficient Cost

The Coefficient Cost unit calculates the estimated coding cost to encode the CB to the bitstream. The input
coming from the Quant DeQuant unit is in transposed order, due to the transpose in the DCT unit. As the
Coefficient Cost unit requires data in original order, an extra Transform unit was added between it and the Quant
DeQuant unit.

Look-up-tables were used for the XY coordinates of the quantized transform coefficients to find the
equivalent coefficient group and scan order index of the pixel. The estimation uses a linear model for the cost
by utilizing five different parameters derived from the quantized transform coefficients: total sum of coefficients,
number of nonzero coefficient groups, number of coefficients with value of zero or one, and the index number
of the last nonzero coefficient. Different weights are predefined according to data gathered from CABAC for
each parameter and for each CB size. The final cost estimation is calculated by multiplying each parameter with
its weight and added together. This algorithm produces slightly worse results than CABAC, as it only estimates
the cost of coding, which might reduce the encoding quality with certain CBs.

6.4.6 Reconstruction and SSD (Reconstruction)

The Reconstruction unit receives the reconstructed residual pixels from the IDCT unit. It also receives the
reference and predicted pixels from the Prediction Push unit. The unit uses residual pixels and prediction pixels
to generate the final reconstructed image as on the decoder side. The reference pixels are used to
simultaneously calculate the SSD value between the reconstruction and the original image.

A reconstruction is calculated by adding the residual to the prediction pixel by pixel. In the case of an
overflow, the output is clipped to the maximum or minimum value. Pixels inside a PB have no dependencies
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Figure 9: Top-level structure, interfacing, and connections of CABAC Core.

with each other, so any number of pixels can be calculated in parallel. As the output from the IDCT contains 32
coefficients, the Reconstruction unit was built to support that.

With the smallest 4 x 4 luma CBs, an output vector from the IDCT unit contains two CBs. The lowest half
contains a normal CB, and the top half contains the respective transform skip candidate for it. In reconstruction
calculations, the ability to duplicate the lower half of the prediction to the upper half was added to cover this
special case.

SSD is calculated by deducting reconstruction from the original image, squaring the differences in pixel
values, and adding them all together. The 4 x 4 luma CBs require SSD to be calculated in two halves, as
separate SSD values are needed for both CBs. Utilizing the same structure for other CBs, the full SSD is
produced by adding the two halves together. As an output, all three values, the two halves and the combined
sum, with the reconstruction image are sent to the CU Stack. The SSD is used as an image quality metric in
intra coding, and the best CU configuration is selected as a function of the image quality and the number of
consumed bits from the Coefficient Cost unit.

7 CABAC CORE

The CABAC Core is the top-level component for performing context-adaptive binary arithmetic coding of HEVC.
A single CABAC Core can cache 16 individual CTUs to on-chip memories for pipelined processing. The coding
of a CTU is started upon receiving CTU ID ready signal from the Intra Search Core. Contrary to the Intra Search
Core, the CABAC Core does not process different CTU IDs in parallel in different pipeline stages, but it
processes CTUs in first in first out order. This is because the CABAC process is serial in nature and the time
used in binarization varies highly based on the contents of the coefficients, which in turn depends on the input
video, quantization factor, and prediction accuracy of the intra search process. The core interface includes
memory interfaces to on-chip memories and direct data transmission with handshake signals.
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Table 4: Memory name, location, size, and instances needed for a single CABAC Core

Name Location Bytes Instances
Coefficients (Coeffs) External 196 608 1*
CABAC Parameters External 256 2
CU Info External 16 384 1+1*
CU Info top External 256 2
CU Info left External 256 2
g CABAC CTX External 4 096 1
© Bitstream External 32768 1
S
©
a Coefficient Groups (CGs) Internal 4 096 1
@®
c
s
Core 58 880

*Shared with Intra Search Core

The CABAC Core is presented in Figure 9. It consists of two components: 1) Binarization Unit for binarization
of the CTU structure and the coefficients of each CB, and 2) CABAC Encoding Unit for binary arithmetic
encoding of the binarized syntax elements to the bitstream and updating the parameters and CABAC states in
corresponding tables.

The same iterative HLS process that was used for the Intra Search was also applied for CABAC. The initial
design partitioning was done according to the CABAC functions in the Kvazaar reference code. The system-
level architecture was further optimized during the implementation and DSE was used to improve
area/performance figures.

The following sections present all HLS units implemented in the sub-hierarchical units with the required
memories and configuration data for the CABAC process. The described functionality follows the HLS code
almost directly and shows how the implementation of CABAC was made possible.

7.1 Memories and configuration for CTU CABAC process

The memories of the CABAC Core are presented in Table 4. They are divided into: 1) external memories, that
are necessary for the binarization process, actual CABAC encoding, and the final HEVC bitstream; and 2) an
internal memory, which is used to buffer the coefficient groups for the coefficient binarization. The table also
shows the sizes and instantiation counts of these memories. If several units need access to a specific memory,
multiple identical instances of it are generated. In the case of Coeff and CU info memories, the CABAC Core
needs one identical instance in addition to the one instantiated in Intra Search Core. All memories are designed
for caching 16 CTUs from the CTU ID based intra search. For example, dividing the Coeffs memory of size 196
608 bytes by 16 gives 12 228 bytes per CTU, and as the coefficients are 16-bit, divided by two bytes gives 6114
coefficients. Of these coefficients, 64 x 64 = 4096 are needed for the Y channel and Y4th of Y (1024 coefficients)
for both U and V channels in an 8-bit YUV420 format..

The external interfaces used for the CABAC process are the following. The Coeffs memory stores the final
coefficients of intra search and is read by the coefficient binarization process of CABAC. There are two CABAC
parameters memories. One for receiving the current state and the other for storing the final state of the CABAC
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Figure 10: Internal structure of the hierarchical Binarization Unit.

variables bits_left, buffered_byte, num_buffered_bytes, low, and range, and bitstream variables current_data,
current_bit, and zerocount, which are detailed later. CU Info contains the CTU configuration determined by intra
search, and CU Info top and CU Info left the CU configuration of neighbouring CTUs on top and left. CABAC
CTX memory contains the full state of all CABAC tables. A single syntax element is 7-bits, of which the lower
6-bits stores the least probable symbol (LPS) and the most signifigant bit (MSB) stores the most probable
symbol (MPS). The memory uses 256 bytes per CTU ID for the 184 syntax elements [2]. The Bitstream memory
stores the final HEVC bitstream. The internal memory is explained in the corresponding section later.

The start signal for the CABAC Core and additional configuration data is provided via the CABAC
Configuration channel. The configuration data consists of 1) CTU ID, 2) frame size, 3) offset of tile, 4) x and y
coordinates of the CTU, 5) current QP value, 6) initial QP value for delta QP, and 7) bottom right CU
configuration of the top left neighbouring CTU.

7.2 Binarization Unit

The Binarization Unit is presented in Figure 10. It consists of seven sub-units: 1) Encode Coding Tree, 2)
Demuxer, 3) Encode Coding Blocks, 4) Coeff Group Arranging, 5) Coeff Group Scanning, 6) Coeff Binarization,
and 7) Arbiter. These units are responsible for the whole binarization process of a CTU.

The internal structure is divided into two clock domains: clock domain #1 is for non-time critical units; and
clock domain #2 is for the more time critical process in the hierarchical Coeff Binarization Unit. By only
overclocking the clock domain #2, the performance of the whole Binarization Unit increases without the need
to route-optimize the clock domain #1. Clock crossing can be enabled manually via external dual clock FIFOs
or automatically with internal clock crossing components generated by the HLS tool. The proposed system uses
190 MHz for clock domain #1 and 266MHz for clock domain #2.

The format of binarization commands sent via the CABAC BIN #NUM channels is presented in Table 5. The
bit vector contains the necessary information to perform the bitstream encoding in the CABAC Encoding Unit.
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Table 5: Bit vector used for binarization commands

[ cvD ] CTXIndex [ Offset | Numberofbins | Bins |

[ | I I I |
0 2 8 13 19 35

Table 6: CTX Index of CABAC Tables and the size of tables in bytes

CTXIndex [CABAC Table Bytes CTXIndex |CABAC Table Bytes
0 sao_merge_flag_model 1 17 cu_ctx_last x_chroma 15
1 sao_type_idx_model 1 18 cu_one_model_luma 16
2 split_flag_model 3 19 cu_one_model_chroma 18
3 intra_mode_model 1 20 cu_abs_model_luma 4
4 chroma_pred_model 2 21 cu_abs_model_chroma 2
5 inter_dir 5 22 cu_pred_mode_model 1
6 trans_subdiv_model 3 23 cu_skip_flag_model 3
7 qt_cbf_model_luma 4 24 cu_merge_idx_ext_model 1
8 gt_cbf_model_chroma 4 25 cu_merge_flag_ext_model 1
9 cu_qp_delta_abs 4 26 cu_transquant_bypass 1
10 part_size_model 4 27 cu_mvd_model 2
11 cu_sig_coeff_group_model 4 28 cu_ref _pic_model 2
12 cu_sig_model_luma 27 29 mvp_idx_model 2
13 cu_sig_model_chroma 15 30 cu_qt_root_cbf_model 1
14 cu_ctx_last y luma 15 31 transform_skip_model_luma 1
15 cu_ctx_last_y chroma 15 32 transform_skip_model_chroma 1
16 cu_ctx last x luma 15

The CMD field is for initializing the CABAC encoding process with START command and CTX Index field is for
the CTU ID. With STOP command in the CMD field the rest of the fields are not used, and the CMD initiates
flushing of CABAC encoding results. For actual binarization commands, CMD is used to identify if the command
is for a single BIN (binary symbol mapped to a syntax element), equiprobable (EP)_BIN or multiple EP_BINS
(bypass-coded bins). The CTX Index field is used for identifying the correct CABAC table for the command and
Offset field to identify the correct state value in the corresponding table. The last two fields are used for the
number of bins and the actual bins value.

Table 6 presents the indexing order and size of each CABAC Table in the CABAC CTX memory. The
binarization explained in the following sections complies with HEVC standard and is detailed in [2], [49].

7.2.1 Encode Coding Tree

The Encode Coding Tree unit is the main control unit of CABAC Core. It receives the configuration and the start
signal for a CTU ID ready for binarization and CABAC encoding. When the process starts, the unit sends a start
command to the CABAC BIN #1 channel through the Demuxer unit. This makes the CABAC Encoding Unit
initialize the processing for a new CTU ID, which is used for indexing the correct CABAC CTX and Bitstream
memories. In addition, the Encode Coding Tree unit reads the initial parameters from the CABAC Parameters
memory according to the CTU ID and sends them to the CABAC Encoding Unit via a channel. The final write
from the Encode Coding Tree unit, after the whole CTU is processed, is a stop command to the CABAC BIN #1
channel. This instructs the CABAC Encoding Unit to flush the results to external memories. To keep the
commands in order during HLS scheduling, the data for the CABAC BIN #1 channel and configuration to Encode
Coding Blocks are combined into a single channel. The Demuxer unit then directs the data to the correct unit
marked by the least significant bit, which is only included in the intermediate channel between the two units.
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The quadtree CTU configuration is processed using limited template recursion function. The depth in the
tree is increased until it matches the configuration of the current CU or maximum depth is reached. The process
then continues moving up in the tree and to the next location according to Z-order. During this process, all
SplitFlags (split=1, no split=0)) are binarized as BIN commands using the split_flag_model as the CTX. The part
mode is binarized for all CUs as part_mode 2N x 2N (1), unless the 8 x 8 CU is split into four 4 x 4 blocks and
part_mode N x N (0) is used. The part mode binarization is a BIN command with the part_size_model as the
CTX. All bins here are written to CABAC BIN #1 channel. The unit is also responsible for configuring the Encode
Coding Blocks when there is no longer a split or the max depth is reached. The configuration data contains the
1) CTU ID, 2) x and y coordinates of the CU in the frame, 3) the x and y coordinates of the CU in the CTU, 4)
current depth in the coding tree, 5) current QP value, 6) initial QP value, 7) luma mode of the CU, 8) block size
of the CU, and 9) the configuration of the neighbouring top left corner CU.

7.2.2 Encode Coding Blocks

The Encode Coding Blocks is responsible for binarizing intra coding units and transform units. Based on the
configuration received from Encode Coding Tree unit, the intra prediction mode is first compared with three
predictors to find if it is a most probable mode (MPM). The predictor list is constructed according to the left and
top neighbouring CUs. Prev_intra_luma_pred_flag, mpm_idx, and rem_intra_luma_pred_mode are then
binarized according to the predictor list using BIN command for prev_intra_luma_pred_flag, EP_BIN for
mpm_idx, and EP_BINS for rem_intra_luma_pred_mode. All these binarizations use the intra_mode_model as
the CTX. As chroma is reconstructed in the Intra Search Core by using the luma intra prediction mode,
intra_chroma_pred_mode is simply binarized as 0 with a BIN command using chroma_pred_model as the CTX.

Next, the chroma CBFs cbf_cb and cbf_cr are binarized with BIN commands using qt_cbf_model_chroma
as the CTX. The luma CBF, cbf_luma, is also binarized as a BIN command using qt_cbf_model_luma as the
CTX. The CBF flags are read directly from the CU Info external memories.

If one of the CBFs indicates that there are coefficients to be coded, the QP delta is first binarized if needed.
The absolute QP delta is calculated based on the current QP value and the reference QP value. The prefix is
binarized with BIN commands and the suffix (QP delta > 4) is binarized an EP_BINS command. Finally, the
gp_delta_sign_flag is binarized with an EP_BIN command. The CTX is used for QP delta is cu_qp_delta_abs.

During CBF binarization process, the Coeff Binarization Unit is configured according to the CBFs. The
configuration consists of 1) CTU ID, 2) x and y coordinates of the CU in the CTU, 3) block size, and 4) color
channel identifier. To keep the binarization commands in order with HLS between the Encode Coding Blocks
and Coeff Binarization Unit, the Encode Coding Blocks waits for a feedback signal from the Coeff Binarization
Unit. HLS stalls the internal pipeline with the blocking feedback read, until the Arbiter unit sends a ready signal.
This is because all coefficients must be binarized for all color channels before the next CB can be started.

7.2.3 Coeff Group Arranging

Coeff Group Arranging unit is the first unit in the hierarchical Coeff Binarization Unit. This unit is responsible for
reading the coefficients from the Z-order external memory and storing them in the internal Coefficient Groups
(CGs) memory. The unit reads four coefficients from the external memory at a time and writes all 16 coefficients
to the internal CGs memory at a time, so that the Coeff Group Scanning unit can read complete CGs at a time.
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The reading of coefficients uses scan order specific look-up-tables for translating scan order indexes to XY-
index. During reading, the XY-index of last nonzero CG and the XY-index and scan order index for the last
nonzero coefficient are gathered. The scan mode depends on the block size and color component. The scan
order is always diagonal, except for 4 x 4 and 8 x 8 luma and 4 x 4 chroma CBs. For these CBs, angular modes
6-14 cause the use of vertical scanning and angular modes 22-30 cause horizontal scanning. In addition, a flag
is set for each CG if the CG has nonzero coefficients.

The coefficients of a CB are stored to the memory in two alternating locations to allow pipelined arranging of
adjacent CBs. After the arranging, configuration data is sent to the Coeff Group Scanning unit via a channel.
This configuration contains 1) the starting location of CGs in the internal memory, 2) block size, 3) color channel,
4) scan mode, 5) last nonzero coefficient position in scan order and raster order, 6) last nonzero CG in raster
order, and 7) max 64-bit vector for identifying which CGs have coefficients.

7.2.4 Coeff Group Scanning

Before starting the CG scanning the last significant XY is first binarized in this unit. The binarization depends
on the XY coordinates of the last nonzero coefficient. The prefixes are binarized first as BIN commands and the
suffixes as EP_BINS if needed. The CTX for these depends on the coordinate and color channel and can be
cu_ctx_last_y or _x for _luma and _chroma.

The Coeff Group Scanning unit is mainly responsible for reading the CGs from the internal memories in
correct CG scan order by using a look-up-table according to the scan mode from the configuration. Diagonal is
scanned in zigzag, horizontal from left to right and vertical from top to bottom. The scanning is performed in
reverse CG and coefficient order starting from the last nonzero CG and last nonzero coefficient. The unit
performs pre-processing during the scanning of each CG. The unit calculates the absolute value for each
coefficient; counts the number of nonzero coefficients; generates a 16-bit vector for the coefficient signs;
determines the index of the last coefficient equal to 1 (c1) and the first index of a coefficient equal or greater
than 2 (c2); and counts the number of c1 values after the first c2 and the total number of c2 values. The
configuration data is then sent to the correct Coeff Binarization unit. The configuration is a combination of the
pre-processed data and the configuration from the Coeff Group Arranging unit.

An Arbiter unit is needed for the three different paths binarization commands can be sent from. After the last
significant XY is binarized, the Coeff Group Scanning initializes the Arbiter unit to start reading data from the
first Coeff Binarization unit, after which the unit is alternated.

7.2.5 Coeff Binarization

As the Coeff Group Scanning does most of the pre-processing, the structure of the Coeff Binarization is basically
just comparing different values and coefficients to produce correct binarization. The loops that generate
binarization commands for the coefficients go through all coefficients until they are binarized. The loops use the
pre-processed values to determine if binarization is needed. The coefficient binarization is done in six different
steps. Steps 1 to 4 use BIN commands and steps 5 and 6 used EP_BINS commands.

1) The coded_sub_block_flag is binarized as 0 or 1 depending on if the CG has coefficients, except the
last nonzero CG and the first CG in scan order, which are known to be one. This step uses the
cu_sig_coeff_group_model as the CTX.
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Figure 11: Internal structure of the hierarchical CABAC Encoding Unit.

2) Next, if the CG has coefficients, the sig_coeff flag is signaled in a loop, and is binarized as 1 for all
nonzero coefficients and 0 otherwise. This is signaled for all 16 coefficients of the first CG in scan order, skipping
the first coefficient when rest of the coefficients are zero, or starting from index before the last nonzero coefficient
with the last nonzero CG. This step uses either cu_sig_model_luma or cu_sig_model_chroma as the CTX.

3) Also, if the CG has coefficients, the coeff_abs_level_greater1_flag is signaled in a loop as 1 for all
absolute coefficients that are greater than 1, 0 when they are one, and zero coefficients are not signaled. The
binarization loop of coeff_abs_level_greater1_flag is ended if there are no longer nonzero coefficients in a CG
or the maximum number of coeff_abs_level_greater1_flags reach the limit of eight. This step uses either
cu_one_model_luma or cu_one_model_chroma as the CTX.

4) The coeff_abs_level_greater2_flag is signaled once for the first index of c2. It is binarized as 1 when the
absolute coefficient is larger than 2 and as 0 if it is 1 or 2. This step uses either cu_abs_model_luma or
cu_abs_model_chroma as the CTX.

5) The coeff_sign_flag is signaled for the coefficients if the CG contains nonzero coefficients. The bins sent
is the vector pre-processed in the Coeff Group Scanning unit. This step uses the same CTX as step 3 or 4,
depending on if coeff_abs_level_greater2_flag was signaled.

6) Finally, if the CG contains more than eight nonzero coefficients or has a coefficient larger than 1, the
coeff_abs_level_remaining is signaled in a loop. The remaining coefficients are signaled according to the index
of nonzero coefficients, absolute coefficient value, and Rice parameter. This step uses the same CTX as step
3 or 4, depending if coeff_abs_level_greater2_flag was signaled.

After all coefficient binarization steps are done for a CG, the unit sends a notification bit for the Arbiter unit
to start forwarding the binarization commands from the second Coeff Binarization unit. The unit then
immediately continues the processing of next CG if available. Because the time spent in Coeff Binarization
depends on the encoded content and the number of coefficients to binarize, it can vary highly between different
CGs. In a single unit there might be some latencies between consecutive binarization commands because the
different loops are scheduled independently, and loop iterations without bin writes can exist. The loops are fully
pipelined to process a single coefficient per cycle and break the loop depending on break conditions, but each
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loop has initial latencies. Merging the loops with HLS at top level and having a common pipeline for each loop
was not suitable because of data dependencies. To counter this, and to minimize the waiting of binarization
commands in the Arbiter unit, the combination of pre-processing in the Coeff Group Scanning unit and the two
parallel Coeff Binarization units was developed. This aims to keep the FIFOs before the Arbiter unit more evenly
full and a steadier flow of binarization commands to the CABAC Encoding Unit.

7.3 CABAC Encoding Unit

The CABAC Encoding Unit is presented in Figure 11. It consists of eight sub-units: 1) CABAC BIN Arbiter, 2)
CABAC CTX Update, 3) Range & Encode Bin/s, 4) Bits Left, 5) Low, 6) Buffering Bytes, 7) Zerocount, Length
& Feedback, and 8) Write to Bitstream. These units are responsible for the whole CABAC encoding process of
a CTU. The internal structure is divided into three clock domains. Clock domain #1 and #2 are the clock domains
from the Binarization Unit and are used for reading the data from the corresponding CABAC BIN #NUM channel.
The clock crossing between these two clock domains and the clock domain #3 is done in the CABAC BIN Arbiter
automatically with internal clock crossing components with the HLS tool. Depending on the target device and
routing results, the clock domain #3 can be set to a different frequency than the other two domains. In the
proposed system, 266 MHz is used due to limitations in the device PLL.

The resulting design partitioning is the outcome of the iterative HLS development. The aim was to find best
combination of performance and area usage. Excluding the CABAC BIN Arbiter, the partitioning is based on
modifying specific CABAC variables per unit, including only necessary operations for modifying the
corresponding variable. Each unit also forwards only the necessary data to the adjacent units. This helped
simplifying data dependencies in each unit. Although not shown in the block diagram, all units send the needed
data with a single write. If the write has multiple data sets or bytes for the next unit, this data is internally buffered
and then sent in pieces. This helps the HLS tool to pipeline the top-level process in each unit better, as the
there is no need to stall the pipeline for consecutive writes. This also keeps the whole CABAC pipeline fuller as
some units might not write to output per read.

7.3.1 CABAC BIN Arbiter

The CABAC BIN Arbiter unit reads the CABAC BIN #NUM channels in reverse priority. For example, if there is
data available in channel #2 and channel #3, the arbiter first reads all values from channel #3 before reading
the values from #2. Furthermore, there is no internal buffering for the channels #1 and #2 during the clock
crossing, which causes the writes from the corresponding unit to stall. This is to make sure the higher level
binarization commands are made in order and no commands are missed before moving to the higher priority
channel. The stalling of writes prevents the configurations to propagate, which in turn prevents the generation
of new commands to higher priority channels before it is allowed. As the channel #3 generates the most
commands and has the highest priority, there is also internal buffering during the clock crossing to compensate
possible latencies in the data feed. HLS makes it easy to implement arbiter units that include prioritization, clock
crossing, and internal buffering, as the complex functionality is generated by the HLS tool.

7.3.2 CABAC CTX Update

CABAC CTX update is the first unit in the actual CABAC encoding process. When the unit receives the START
command, it reads the CABAC Parameters and initiates an internal initialization process where the CTU ID and
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each parameter is updated to corresponding units in the CABAC pipeline. The vector with the CABAC
parameters propagates through all units in the CABAC pipeline. Similarly, with the STOP command, the unit
initiates a flushing process where each unit of the CABAC pipeline propagates the current corresponding
CABAC parameter through all units in the CABAC pipeline.

The CABAC CTX is read and updated only when the unit receives a command for encoding a single BIN.
This state is not altered with EP_BIN and EP_BINS commands. It first reads the state from the external CABAC
CTX memory according to the CTX and offset field of the command. The state is used for reading the LPS and
the MPS from next state look-up-tables. The state is updated to the external memory with the next LPS state if
the bin is not equal to the first bit of the current state. Next MPS state is written otherwise. The current state is
also forwarded in place of CTX and offset with the original command to the next unit.

7.3.3 Range & Encode Bin/s

The Range & Encode Bin/s unit is responsible for modifying the range parameter according to the state and
command from the previous unit. The range is updated only when the CMD is for a single BIN. With CMDs
EP_BIN and EP_BINS, the range is only used for forwarding data to the next unit.

With the BIN CMD, the range is updated by reading a value from the rangeLPS look-up-table [2] according
to the LPS of the current state and the top two bits of the range. This table allows a multiplication-free
approximation of the product range x LPS. This value is first subtracted from the current range value. If the bin
is not equal to the MPS of the current state, the range is renormalized according to the top five bits of the value
read from the rangeLPS table. This renormalization value is also read from a look-up-table that has 32 values.
The value at index 0 is 6 and the value in the following indexes from 1 to 31 are 6 - (logz(index) + 1). The
previously updated range is forwarded to the next unit with the renormalization value as the number of bits,
after which the range is again updated to the value read from the rangeLPS table shifted left by the
renormalization value. If the range was not renormalized and the previously updated range is less than 256,
one bit zero is forwarded to the next unit. In this case the range is also shifted by one to the left. In addition, the
order in which the low value is incremented and shifted in the next unit depends on if the range is renormalized.
This is identified with the first bit in the forwarded data.

With the CMD EP_BIN, the current range is forwarded to the next unit when the bin is one with a bit size of
one. One bit zero is sent when the bin is zero. With the CMD EP_BINS, the forwarding of data is divided into
two sets according to the number of bins. If the number of bins is greater than eight, the first set of data
forwarded is the 8-bits with the product of bins multiplied with the current range. The second set of data
forwarded is the remaining number of bins with the product of remaining bins multiplied with the range.

7.3.4 Bits Left — Low — Buffering Bytes — Zerocount, Length & Feedback — Write to Bitstream

Bits Left unit is used for generating the bitmask for the Low unit and tracking the number of bits in the low value.
The bits_left variable is updated according to number of bits received from the Range & Encode Bin/s unit. The
bitmask is a 32-bit vector of all-ones, unless the bits_left value drops below 12-bits. In that case the bitmask is
a 24-bit vector of all-ones, shifted right with the number of bits left. The bitmask is then forwarded to the Low
unit, along with the data received from Range & Encode Bin/s unit.

The Low unit updates the low variable according to the data received from the previous units. The first bit of
the data received is used to identify range renormalization. If the range was renormalized, the low value is first
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incremented with it, after which the low value is shifted left according to number of bits in the data. If range was
not renormalized, the low value is first shifted and then incremented. Finally, depending on the bitmask, the unit
forwards the leading 9 bits of the low to the next unit and use the bitmask to zero them.

The Buffering Bytes unit is used for forwarding correct bytes according to the CABAC variables buffered_byte
and num_buffered_bytes. The bytes written depends on the buffered_byte, the msb of the leading 9 bits, and
the num_buffered_bytes. If the num_buffered_bytes is zero, the buffered_byte is set with the leading byte, and
the num_buffered_bytes is set to 1 with no data sent. If the num_buffered_bytes is larger than zero, the first
byte written is the buffered_byte + msb of leading 9 bits. The buffered_byte is then updated with the leading
byte. The number of num_buffered_bytes is written next as 0 or 255, depending on the msb of the leading 9
bits. If the leading 9 bits represent a value of 255 only the num_buffered_bytes value is incremented.

The Zerocount, Length & Feedback unit tracks the number of consecutive zero bytes. If the leading 6 bits of
the byte are zero, after two zero bytes, an emulation prevention 3-byte is written to the bitstream before the
actual byte. The length variable is updated according to the number of bytes forwarded to the final bitstream.
When the CABAC Encoding Unit receives the STOP CMD, the CABAC parameters from the previous units
propagate to this unit. The unit stores the CABAC parameters to the external memory according to the CTU ID,
which was specified during the START CMD. The unit also generates a done signal with the CTU ID, to inform
the finished CABAC process.

The Write to Bitstream unit writes the received bytes into the external Bitstream memory one byte at a time.
Because the 3-byte emulation prevention can cause two bytes to be written at once, the bytes are buffered in
this unit and written one at a time. This way, the processing is not blocked in the previous unit by the memory
write.

8 PERFORMANCE EVALUATION OF THE PROPOSED CLOUD ENCODING SYSTEM

Our proof-of-concept prototype was implemented on Nokia AirFrame Cloud Server equipped with 2.4 GHz dual
14-core Intel Xeon processors and two Intel PCle FPGA accelerator cards. The applied FPGA chip was an Intel
Arria 10 10AX115S2F4511SG on Intel Arria 10 GX FPGA Development Kit, which supports both PCle
generation 3 x4 and 40GbE fiber connections. However, these two connections were not compiled together into
a single project, but two compiled images exist for the same Intra Encoding unit, one with the DMA and the
other with Ethernet blocks. The IP for either connection is provided by Intel Quartus Prime IP Catalog.

Figure 12 depicts the proposed system on FPGA. The Arria 10 FPGA can accommodate three Intra Encoding
instances (#1-3). One encoder instance consists of a single Intra Search Core and two CABAC Cores, of which
CABAC Core BTM is used for the bottom 0-7 CTU IDs and CABAC Core TOP for the top 8-15 CTU IDs. Other
functional and memory instances, as well as their connections, are also drawn. Duplicate memories are
illustrated with memory stacks, where the memory count indicates the number of parallel connections to the
unit. Furthermore, some memories are also divided into btm and top instances, that can both store data for
eight CTU IDs used by the respective CABAC Core.

The units implemented with VHDL include the Intra and CABAC config units, DMAs or Ethernet RX/TX for
receiving and sending data, and CTU ID indexers. They are all directly connected to the Avalon bus.
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Figure 12: Proposed Intra Encoding System on FPGA.

8.1 FPGA Area Utilization

Table 7 reports the area utilization of the HW units on FPGA. The results are reported as adaptive logic modules
(ALMs), which have the flexibility to implement 2.5 logic elements (LEs) of a classic 4-input LUT. A single DSP
equals to two 18 x 19 multipliers or one 27 x 27 multiplier, which are automatically inferred by the Quartus
Prime tool from the generated RTL.

A single Intra Encoding instance (see Figure 12) is made up of one Intra Search Core (90k ALMs with DSPs
or 95k ALMs without DSPs in Intra Prediction), two CABAC Cores (22k ALMs), and Surrounding connectivity
(13k ALMs). The area utilization of these modules is detailed in Table 7 (a) - (c), respectively. The sizes of
internal buffers are not separately given, but are included in the total area of each hierarchical module.

In total, each Intra Encoding unit takes around 125k ALMs with DSPs or 130k ALMs without DSPs in Intra
Prediction. The Arria 10 FPGA can include three Intra Encoding units of which one is implemented without
DSPs in Intra Prediction, so the total area utilization is around (125k + 125k + 130k) ALMs = 380k ALMs as
reported in Table 7 (d).
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Table 7: Area utilization. (a) Intra Search Core. (b) CABAC Core. (c) Surrounding connectivity. (d) Intra Encoding System.

ALMs DSP Blocks ALMs DSP Blocks
Single Intra Search Core 89517 523 Single CABAC Core 10 899 &
Ctrl 7 806 Binarization 8435 2
CTU Initialization 339 Encode Coding Tree 840
Scheduler 871 Demuxer 79
Execution 233 Encode Coding Blocks 1751 2
RDO 1767 Coeff Group Arranging 1232
Reference Border 617 Coeff Group Scanning 2387
Stack Push 1607 Coeff Binarization 752
Stack Pull 1842 Arbiter 211
Intra Prediction 17 909 119 CABAC Encoding 2093
IP Ctrl 469 CABAC BIN Arbiter 439
Prediction blocks’ 9 701 116 CABAC CTXUpdate 100
Mode Decision? 5132 8 Range & Encode Bin/s 221 1
Prediction Push 1791 Bits Left 85
Prediction Pull 612 Low S5i
Transform 63 407 404 Buffering Bytes 310
DCT 26 034 144 Zerocount, Length & Feedback 90
IDCT 26 331 180 Write to Bitstream 74
Quant/DeQuant 5021 64 (b)
Transpose 3675 ALMs DSP Blocks
Coefficient Cost 1025 Surrounding connectivity 12719
Reconstruction 1298 16
"Without DSPs: 14 972 ALMs *Without DSPs: 5 408 ALMs (c)

(a)
ALMs DSP Blocks

Proposed Intra Encoding System
3x Intra Search Core*, 6x CABAC Core, 3x Surrounding connectivity 377 649 1468
*Intra Prediction DSPs are disabled for one Intra Search Core

(d)

8.2 HEVC Coding Speed

Table 8 reports the coding speed of our Intra Encoding System over all 16 4K (3840x2160) test video sequences
obtained from our UVG dataset [50]. The results are given for the base QP values of 22, 27, 32, and 37 as well
as for ten different depth ranges of the HEVC quadtree. The depth ranges were denoted as “Amin-hmax”, where
hmin and hmax equal the minimum and maximum depths, respectively. For example, only 32 x 32 blocks (N =
32) are encoded with range “1-1” whereas N € {4, 8, 16, 32} with “1-4”. The average frame rate values are color-
coded for clarity: dark green denotes 120 fps or more, light green 60 - 120 fps, and orange below 60 fps.

The depth ranges of “1-3” and “2-3” highlighted in orange and blue comply with the fast and ultrafast presets
of Kvazaar [5], [6]. With these presets, our system is able to encode 4K video over 80 fps in the worst case
(QP=22) and over 100 fps on average. Respectively, the coding speed with the entire depth range (“1-4”)
exceeds 30 fps in each test case and is 85 fps on average.

The real-time presets of Kvazaar have intensively been optimized for speed [51]. In addition, the sum of
absolute transformed differences (SATD) and accurate bin counting through CABAC were excluded from this
proposal for simplicity. These optimizations add some overhead to coding efficiency, e.g., when compared with
the HEVC reference encoder HM 16.23 [52] that implements practically all HEVC coding tools. With the UVG
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Table 8: Encoding speed with the proposed Intra Encoding System (with the PCle interface and two Arria 10 FPGAs)

QP22 QP27
4K Sequence [50] | 1-1] 1-2 [4=8] 1-4 | 2-2 [[298]] 2-4 | 3-3] 3-4|4-4] 1-1 | 1-2|4-8] 1-4 | 2-2[2%3] 2-4| 3-3] 3-4 |4-4
Beauty 105 99 89 43 92 82 47 61 45 35169 150 105 48 152|129 53 99 50 54
Bosphorus 149 155 110 56 171 140 63 126 58 59|184 173 120 73 169 155 86 133 72 60
CityAlley 171 129,105 51 160 132 58 120 54 59|170 162 122 85 180 155 102 133 80 60
FlowerFocus 171 156 105 46 161 130 51 102 48 56/188 163 123 89 184 158 111 133 83 60
FlowerKids 174 160 108 56 165 126 64 114 59 59|177 159 120 77 179,150 91 131 75 60
FlowerPan 135 115 86 41 113 88 46 73 46 42|170 156 98 48 160 125 54 109 52 60
HoneyBee 136 131 97 43 128 108 47 82 46 46/173 161 107 62 169 141 72 131 64 60
Jockey 170 153 103 46 144 125 50 96 48 52| 178 174 114 76 182 149 91 133 74 60
Lips 108 101 93 43 93| 84 47 63 46 35173 164 106 46 156 132 51 101 49 56
RaceNight 115 108 91 42 104 93 46 79 46 40|166 164 107 55 176 134 62 129 57 59
ReadySteadyGo | 158 155/103 52 156125 58 112 55 58|181 170/115 65 183 146 76 128 66 60
RiverBank 142 122 94 49 129 102 55 91 54 47159 137 111 58 155 137 65 123 59 59
ShakeNDry 120 111, 90 41 112 96 45 77 45 43|163 134 101 49 157,129 55 118 52 59
SunBath 167 148 119 76 160 136 90 124 75 59|153 162 126 95 132 158 118 124 89 59
Twilight 176 156 107 53 167 133 60 124 56 60|184 162 134 97 174 160 119 132 87 60
YachtRide 149 161 102 52 164 129 59 119 56 59| 182 161 114 66 176 146 77 132 68 60

Average fps| 147 135 101 50/139 115 56 98 53 51|174 160 114 69 168 144 81 125 68 59

QP32 QP37
4K Sequence [50]| 1-1] 1-2 [4=8] 1-4 | 2-2 [[258]] 2-4 | 3-3] 3-4|4-4] 1-1 | 1-2|4-8] 1-4 | 2-2|2%8] 2-4| 3-3] 3-4 |4-4
Beauty 155 167 121 91 178 148 112 131 84 60[188 177 175 167 181,175 162 133 116 60
Bosphorus 187 173 132 97 186 171 119 133 88 60|187 182 145 125 175 172 157 133 105 60
CityAlley 186 175 142 110 181 175 137 131 95 60| 187 169 155 137 173 174 153 133 108 60
FlowerFocus 188 174 158 141 168 166 169 131 107 60|188 178 170 158 169 175 174 128 120 60
FlowerKids 181 175 133 94 171,160 114 133 85 60|190 170 148 114 170 168 135 131 97 60
FlowerPan 176 147 108 63 177 140 74 132 66 60|185 157 114 82 167 156 102 133 83 60
HoneyBee 184 165 124 95 167133 119 133 87 60|181 177 122 118 180 175 149 132 102 60
Jockey 188 173 142 121 184 162 153 130 98 60| 189 167 157 154 183 177 160 133 113 60
Lips 186 166 133 114 165 173 140 133 95 60|175 177 162 179 181 167 165 131 116 60
RaceNight 187 170 132 100 182 161 119 131 86 60| 186 173 149 123 181 147 149 130 101 60
ReadySteadyGo | 185 169/117 81 183155 97 128 78 60| 167 175/135 102 182 169 124 133 92 60
RiverBank 157 173 121 68 166 145 78 131 66 60|186 165 135 86 178 163 102 132 79 60
ShakeNDry 128 151 109 66 156 144 77 128 67 59|175 165 112 87 147,139 105 126 83 59
SunBath 174 166 132 116 168 161 145 125 100 59| 169 153 138 134 166 151 158 130 110 59
Twilight 188 177 140 127 173 175 145 134 102 60| 189 178 135 136 179 179 175 133 114 60
YachtRide 186 161 125 83 175 162 100 131 79 60| 188 164 134 105 145 119 130 132 93 60

Average fps| 178 168 130 98 174 159 119 131 87 60184 171 143 126 173 163 144 132 103 60
Fast preset Ultrafast preset fps > 120 60 < fps <120 fps < 60

dataset, HM Intra encoder achieves 19% better coding efficiency (BD-rate [53]) over the proposed system with
“1-4” depth range. However, our solution is also 5832x as fast as the single-threaded HM. Furthermore, the bit
rate penalty does not stem from the HLS approach, but the coding tool optimizations performed in the source
code.

Table 9 compares the average performance and resource consumption of our solution with the existing
HEVC encoders on ASIC and FPGA. The results show that the proposed system consumes more resources
than the respective FPGA approaches, but it is also able to attain higher performance with most depth ranges
as shown in Table 8. The performance of our system could also be further scaled up by adding more FPGAs.
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Table 9: Performance comparison with related work

Miyazawa [28] Atapattu [29] Zhang [30] Zhang [31] Ding [32] Tsai[33] Zhu [34] Huang [35] Pastuszak[36] Xu[37] Proposed

Technology | FPGA/System FPGA  FPGA/ASIC FPGAASIC FPGA  ASIC  ASIC ASIC FPGAASIC  ASIC  FPGA/System
Intra/Inter XIX X/- X/- X/- X/- XX X/- X/- X/- XIX X/-
FPGA 1080 1080p 1080p 1080p 1080p 1080p 4K
performance @601fps @30fps @45fps @45fps  @60fps B ) i @601ps ) @601ps
System/ASIC 8K 4K 4K 8K  1080p  1080p 4K 4K 8K
performance @60fps ) @30fps @30fps 3 @30fps  @44fps  @60fps @30fps @?30fps @30fps
Cells . . . 195883 63450 . . i 93 184 . 377 649
ALUTs LUTs ALUTs ALMs
1244 721 481 1468
DSPs . . . DSPs  DSPs . . - DSPs . DSPs

Table 10: System, FPGA, and single CABAC Unit performance measured with the worst-case sequence

QP22
11 12 13 14 22 2-3 24 33 34 44
Mbins/s | 4234 5240 5941 3371 4804 5189 3475 3745 3210 2316
bins/c 159 197 223 127 181 195 131 141 121 87
Mbins/s | 2117 2620 2971 1686 2402 2594 1738 1872 1605 1158
bins/c 80 98 112 63 90 98 65 70 6.0 44
Mbins/s | 353 437 495 281 400 432 290 312 268 193
bins/c 13 16 19 11 15 16 11 12 10 07

4K Sequence Beauty

2x FPGAEncoding System

1x FPGA Encoding System

Single CABAC Core

8.3 CABAC

To the best of our knowledge, this is the first work that has implemented HEVC CABAC with HLS. Therefore,
the results are separately given for CABAC processing in Table 10 by reporting the achieved throughput in
Mbins per second (Mbins/s) and bins per cycle (bin/c). The selected test sequence and QP represent the worst
case in Table 8. The performance averages 4152 Mbins/s and 15.6 bins/c for the 2x FPGA Encoding System,
2076 Mbins/s and 7.8 bins/c for a single FPGA, and 346 Mbins/s and 1.3 bin/c for a single CABAC Core.

Our previous work [54] showed that the use of Ethernet connection decreased coding speed by 13% over
an equivalent PCle system. The reduction was mainly caused by the limited 20GbE connection on the host
server. The work also used an earlier version of the Intra Search Core, and CABAC was still performed on CPU.
Therefore, the coefficients (12 288 bytes) were transferred from FPGA, which accounted almost 2/3™ of the
payload. A fully functional Intra HEVC encoder on FPGA and 40GbE enabled server would achieve the same
performance as listed in Table 8, with scalability of adding virtually unlimited number of FPGAs to the network.

8.4 HLS Productivity

The HLS approach speeded up the HW implementation significantly over manual RTL coding and proved to
work in such a highly complex system, from data-intensive coding tools like intra prediction, discrete transforms,
and quantization to more control-oriented tools such as CABAC. The HSL part of the codebase includes 5 major
versions, the total number of repository commits is 480, and the number of code lines exceeds 48k LoC of which
C/C++ HLS code accounts for 41k LoC. Furthermore, the Verilog RTL generated from the HLS code exceeds
505k LoC, but it was not included in the repository. Manually written RTL takes up 7.5k LoC, which was only
needed for instantiating and connecting the generated RTL (5.5k LoC) and VHDL units (2k LoC).

Altogether, we executed the RTL synthesis from Catapult over 10k times, i.e., the development included
thousands of iterations and refinements. We estimate 21 person months effort was spent on the HLS
implementation. Our conclusion is that without HLS it would have been very challenging to manage the project
schedule and the overall design complexity.
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9 CONCLUSIONS

This paper presented the architecture and HLS implementation of an embedded real-time 4K HEVC intra
encoder. The HLS design approach made it possible to meet several design objectives at the same time:
scalability as the number of server CPUs, accelerator FPGA boards, and HW encoder instances per FPGA as
well as the flexibility to switch execution between SW and HW. The latter was found very beneficial at design
time in protocol and interface verification as well as in developing the HLS synthesis and CPU SW
simultaneously. The HLS synthesis took time to learn, but it speeded up the design iterations significantly. The
productivity increase is challenging to justify, and HLS typically helps to improve the QoR more than absolute
performance. However, our results show competitive video coding performance over related work, which
indicate that the HLS tool was able to translate behavioural source code to structural RTL and optimize it
efficiently. In particular, the implementation of CABAC is not trivial even with handwritten RTL. The HEVC
encoder with its parallel HW instances is very complex as a whole and manually controlling all task allocations
and scheduling would have been very laborious. This work proves that the shorter development time and better
complexity control does not come at a cost of coding performance.
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