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ABSTRACT The recent decades have witnessed unprecedented advances in the complexity of digital
hardware systems, yet their design methods are still mostly based on manual register-transfer level (mRTL)
languages such as VHDL and Verilog, introduced in the 1980s. While allowing exact system description,
these languages have low productivity and require special expertise. High-level synthesis (HLS) promises to
increase the productivity of hardware design by allowing system description from abstract, timeless source
code, which is synthesized into optimized RTL code by an HLS tool according to technological constraints.
However, HLS is still seen as somewhat immature technology with a non-consolidated offering of tools with
varying features. Furthermore, the quality of results (QoR) of HLS is seen to be worse than with mRTL
methods. This study sheds light on the status of HLS today. The emphasis is on field-programmable gate
arrays (FPGAs) that allow fast development cycles. The study briefly covers the history of HLS, describes
the HLS design flow, and lists the benefits and remaining challenges. The offering of current commercial
and academic HLS tools is surveyed along with their features. A literature survey covering academic articles
published between 2017 and 2024 on the QoR and productivity of HLS is presented. The results show that a
gap of some margin still exists between the QoR of the HLS and mRTL methods. However, in productivity,
HLS clearly outcompetes mRTL. Based on the study, several recommendations are made for HLS tool
developers to close the QoR gap and accelerate the adoption of the method.

INDEX TERMS Design tools, field programmable gate arrays, high-level synthesis, productivity, quality-
of-results.

I. INTRODUCTION
For decades, the efforts of the semiconductor industry have
upheld Moore’s law, ‘‘cramming more components onto
integrated circuits.’’ The Moore era may now have ended, but
the industry has still found ways to increase the complexity
of digital circuits [1]. This, in turn, has meant that a
corresponding increase in design production volume has
been required. While this can be achieved by hiring more
engineers, the more effective way is to increase productivity,
i.e., useful work done per hour per engineer. One of the
primary ways for this has been to raise the abstraction level of
the designs, allowing a design entry described in less detail,
while electronic design automation (EDA) tools take care of
the low-level features.
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In the 1980s, the introduction of hardware description
languages (HDLs), Verilog, and VHDL, and more advanced
EDA tools increased abstraction to the register-transfer level
(RTL). In RTL, the system is described as a sequence
of register transfers, where data are transformed from one
state-saving register to the next. Despite being four decades
old, the RTL paradigm is still dominant in the semiconductor
industry. The HDLs have seen relatively minor updates over
the years, with the introduction of SystemVerilog as the
successor to Verilog being the largest. Meanwhile, language
development has progressed rapidly in the software domain,
with more expressive, safe, and robust languages coming to
the fore.

High-level synthesis (HLS), also previously called behav-
ioral synthesis, promises to be the next step in increasing
the abstraction level of hardware design [2], [3], [4]. What
counts as HLS somewhat varies from source to source, but
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this work uses the definition from [5]: ‘‘HLS tools transform
an untimed (or partially timed) high-level specification into
a fully timed [RTL] implementation’’, a definition also
supported by, e.g., [6]. To be more exact, HLS can be defined
as a digital hardware design process where the system is
described using a high-level, general-purpose programming
language without the designer having to insert timing or
micro-architecture into the description explicitly. Instead,
the designer provides a timeless, behavioral description of
the system and separately specifies technology constraints,
such as the target platform and clock frequency. The HLS
tool analyzes the algorithm, allocates necessary hardware
resources, and schedules the required operations on different
clock cycles. The output is an automatically generated RTL
description of the system in VHDL or Verilog format.

One can take two views on the benefits of HLS:
The hardware engineer’s view or the software engineer’s
view [7]. The hardware engineer would like to use HLS
to increase their productivity. Compared to manual RTL
(mRTL) methods, time should be saved by omitting the
tedious task of describing the microarchitecture of the
system and designing state machines for the data path.
HLS can also speed up verification by allowing high-level
test benches and faster simulations. Furthermore, exploring
the microarchitecture trade-offs and re-targeting of new
platforms is straightforward. The software engineer, on the
other hand, would like to accelerate all or some parts of their
program on a field-programmable gate array (FPGA) without
having to learn HDLs. For example, compute-intensive loops
could be parallelized on the FPGA while a connected CPU
manages IO and control flow.

Unfortunately, HLS is seen to have weaknesses for both
these target groups [7], [8], [9]. The quality of results
(QoR), mainly the performance and area consumption of
HLS-designed applications, has been perceived as worse than
with mRTL methods, which is undesirable for the hardware
engineer [6], [7], [10]. In addition, a pure algorithm written
with software mindset is rarely a good match for HLS
tools [8], [11]. The designer has to modify the code to use
bit-accurate data types, employ hardware design hierarchy,
insert loop pipelining and unrolling, and consider the very
different memory hierarchies between a CPU based on
von Neumann architecture and an FPGA chip [12], [13],
[14]. These modifications require skills that most software
engineers lack, and they take time in any case.

This paper considers HLS from the hardware engineer’s
point of view. The aim is to shed light on whether HLS as a
methodology is ready for widespread adoption in the digital
hardware industry, where mRTLmethods still dominate [15].
One of three possible results is expected when such a question
is posed: 1) HLS is not mature enough to be of much use
for a hardware engineer, 2) HLS can be used to augment
mRTL flows and for fast prototyping, or 3) HLS is ready
to replace mRTL methods as the primary hardware design
technique. The answer to this question should mainly depend

on the QoR and productivity of the HLS versus mRTL
methods.

One of the contributions of this work is a literature survey
that covers academic papers published between 2017 and
2024 to determine the difference in QoR and productivity
between HLS and mRTL methods. As such, this paper can be
seen as a continuation of our earlier work, which examined
the same question by reviewing articles published between
2010 and 2016 [16]. We also provide a brief survey of
currently available HLS tools along with their main features,
list the main benefits and challenges of HLS, and provide
recommendations for HLS tool developers based on the
findings.

The work is restricted to studying HLS on FPGA
platforms. FPGAs are inexpensive to obtain in small quan-
tities compared to application-specific integrated circuits
(ASICs) that require expensive manufacturing processes
at IC foundries. Furthermore, unlike ASICs, they are re-
programmable, which makes them ideal for rapid prototyping
cycles. For these reasons, most academic literature on HLS
focuses on targeting FPGA platforms, and few studies on
HLS on ASIC can be found. However, it can be assumed that
most of the results obtained for FPGAs can be generalized to
ASICs. For example, the productivity benefits of generating
RTL files for an FPGA project should be similar to those of
an ASIC project. The relative QoR differences also depend on
the generated RTL, and there is no obvious reason to assume
that using an ASIC technology library would hinder an HLS
tool compared to an FPGA technology library. That said, this
work does not make explicit claims about using HLS with
ASIC flows.

HLS has been an area of active research during the
last two decades. For example, the IEEE Xplore database
provides 4,566 results with the search ‘‘high-level synthesis’’
between the years 2004 and 2024, 3,935 results between
2014 and 2024, and 2,434 results between 2019 and 2024,
showing a constantly growing interest. Some prominent
papers that provide a wide view of HLS can be recognized.
Cong et al. survey HLS success stories from the last decade
and identify some remaining challenges and areas for
further research [6]. Sozzo et al. compare HLS with other
methods to program FPGAs and identify their benefits
and drawbacks [15]. Molina et al. survey HLS-related com-
puting models, methodologies, and frameworks comparing
their features and limitations [17]. Schafer and Wang
survey DSE in HLS, observing related opportunities and
challenges [18]. Furthermore, several surveys on existing
HLS tools and frameworks can be found [8], [19], [20],
[21]. However, no previous work covers multiple aspects
of HLS simultaneously, including tools, QoR, productiv-
ity, and challenges, and draws holistic conclusions based
on all of these, which is the main contribution of this
paper.

The remainder of this paper is divided as follows. Section II
provides a brief introduction to HLS, including the history of
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the method. Section III describes the HLS design flow from
both the user’s and tool’s point of view. Section IV lists the
benefits and challenges of HLS compared to mRTL methods
as seen in the previous literature, and Section V surveys the
HLS tools currently available and their features. Section VI
contains the wide literature survey on QoR and productivity
of HLS. Finally, Section VII discusses the findings and
provides recommendations for the further development of the
HLS tools, and Section VIII concludes the work.

II. HLS AS A HARDWARE DESCRIPTION METHOD
Although traditional HDLs have dominated FPGA design
entry generation since the 1980s, viable competitors have
appeared to boost productivity during the last 20 years or
so. These include not only HLS but also modern HDLs and
domain-specific languages (DSLs) [15].

Modern HDLs strive to increase the abstraction level from
traditional HDLs and import features from modern software
programming languages. Some are based on functional
programming languages (e.g., Clash [22], Chisel [23]),
and some on imperative languages (ArchHDL [24], PyVer-
ilog [25]). In contrast, others are extensions of SystemVerilog
(BlueSpec [26], TL-Verilog [27]). They come with tools that
transform the description into VHDL or Verilog, as synthesis
programs do not directly support modern HDLs. However,
they still retain the nature of traditional HDLs by relying on
timed and architecture-oriented design and, therefore, are not
counted as HLS.

DSLs provide a narrower focus, yielding a highly opti-
mized design flow for a target domain. This is their strength,
but also their weakness, as the narrow focus limits their
broader usability. DSLs can be divided into those that focus
on a specific application domain (e.g., Hipacc [28], Halide-
HLS [29]), architectural domain (SuSy [30], Spatial [31]) and
those that provide an intermediate layer between a DSL and
RTL (HeteroCL [32], AnyHLS [33].
This work is concerned with HLS. Whereas the previous

methods primarily aim at hardware engineers to increase
their productivity, HLS also allows software engineers to
accelerate parts of their code on FPGA. This is because HLS
tools use input languages familiar from the software domain.
Another key difference from HDLs is that HLS is at least
partially untimed, that is, there is no explicit clock or other
concept of time in the input code. However, some HLS tools
do accept partially timed input languages, such as SystemC.
In this study, only tools that allow untimed input, at least as an
option, are considered HLS. Tools that require describing the
microarchitectural layout of the system are also considered
non-HLS, as that would make them HDL tools by definition
(even if the source code is in a traditional programming
language). A general-purpose HLS tool must also be domain
independent, unlike DSLs.

The history of HLS can be divided into generations as
Martin and Smith do in [10]: Generation 0 (1970s) is
the prehistory of HLS. The early research laid theoretical

FIGURE 1. HLS design flow. Steps performed by the HLS tool are in italics.

foundations, but this was before the VLSI revolution, and
the EDA technology of the time was not up to practical
applications. Generation 1 (1980s to early 1990s) continued
to create the research foundation of HLS. The first HLS tools
became available, but were ignored by the industry that was
adopting synthesis with HDLs. Generation 2 (mid-1990s to
early 2000s) saw the first HLS tools provided by the major
EDA companies. This generation also failed to gain traction
due to low QoR, obscure input languages, and the focus on
data flow-oriented applications. A significant expansion of
HLS tool vendors characterized Generation 3 (mid-2000s
onward). This was the first generation that saw commercial
success due to improved QoR, the adoption of widely used
input languages such as C++ and MATLAB, and the spread
of FPGAs, which are a good fit for application development
with HLS.

Sozzo et al. view us as residing among the fourth gener-
ation of HLS tools [15]. They define this generation by the
fact that tool vendors now integrate intellectual property (IP)
component development with system-level design flows. The
IPs are designed with HLS and connected with each other,
CPUs, and memories using an integrated design flow. These
fourth-generation tools are called accelerator-centric synthe-
sis (ACS) tools. However, most current HLS tools, as sur-
veyed in Section V, do not belong to this category. Moreover,
since most ACS tools are tied to vendor-specific flows, they
will not completely replace the more generic third-generation
tools.
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III. HLS DESIGN FLOW
Fig. 1 shows in detail the FPGA design flow for HLS.
The flow starts from the behavioral model written for CPU
simulation, which unfortunately cannot be used directly
as input to the HLS tool even if the language it uses is
supported. The QoRwould be poor because of the differences
in hardware architecture between a typical CPU system
and an FPGA. For example, the clock speed of an FPGA
is typically an order of magnitude lower than that of a
desktop CPU system. On the other hand, FPGA allows
massive parallelization of computations, whereas CPUs
execute programs sequentially. The memory architecture is
also quite different.

Typical required modifications include:

• Removal of dynamic memory handling, recursion, and
function pointers as HLS does not support them,

• Conversion of native integer and floating point data
types to bit-accurate fixed point data types,

• Division into hierarchical components with stream-
ing communication channels to enable coarse-grained
pipelining,

• Interleaving, merging, and widening of arrays mapped
to memories to enable multiple data access,

• Implementing explicit caching of data fetched from
off-chip memories and,

• Replacing mathematical functions, such as division,
square root, trigonometric functions, and absolute value,
with iterative and approximative versions more suitable
for FPGAs.

After all these modifications, the algorithm’s IO behavior
should remain unchanged compared to the original model.
This requires implementing a functional verification test-
bench, which sends the same input data to both the original
and the modified models and checks that the output remains
the same. With some algorithms, this is not possible when,
for example, floating-point data types are transformed into
more inaccurate fixed-point data types. Tolerances that can
be tested with, e.g., signal-to-noise ratios, must be set in
these cases. [14] et al. provide a broader overview of the
transformations required for high QoR in HLS.

The verified source code can now be sent to the HLS
tool’s internal analysis flow. The source code is compiled
and optimized, which can be done with any compiler
designed for the source language. The optimizations per-
formed by the compiler can include, for example, constant
propagation, dead-code elimination, and partial-redundancy
elimination [34]. The output is an intermediate representation
(IR) further analyzed by the HLS tool in the control and
dataflow graph (CDFG) generation step. The CDFG is a
directed graph whose edges represent the algorithm’s control
flow (i.e., conditional branches) and nodes the operations
without branches [5]. The CDFG lists the algorithm’s
arithmetic, logical, and data movement operations and shows
their possible execution orders. Thus, some operations can
be done in parallel, whereas others must be sequential as they

FIGURE 2. SCVerify infrastructure.

depend on the results of the previous ones. An example CDFG
for HLS can be found in [3].

In the next step of the flow, the user must specify the
target technology and primary design constraints, the most
important being the clock frequency. The technology is
represented by a library that characterizes a particular FPGA
chip (or ASIC technology). It contains a list of the basic
arithmetic, control, logic, and storage operations available,
their cost in resources or area, and their delay and power
consumption characteristics. Memory models can also be
supplied at this stage. In addition, the provided design
constraints can include mapping of IO to desired resources
(e.g., wire-type interfaces or FIFOs) and loop transformations
(e.g., unrolling and pipelining). The HLS tool then performs
the resource allocation, scheduling, and binding steps based
on the target technology, design constraints, and input source
code.

In the resource allocation step, the HLS tool selects
a hardware component from the technology library for
each operation in the CDFG. This can be an automated
process or guided by the user. The selected components
are annotated with area and delay information. Time is
inserted into the system in the scheduling step by placing
the operations on different clock cycles according to the
dependencies in the CDFG, clock period, and selected loop
transformation options. An operationmight take several clock
cycles to complete or just one. A state machine that controls
the data path is automatically generated according to the
schedule. The binding step combines resource allocation
and scheduling results, selecting an appropriate hardware
resource for each operation on each clock cycle. It also
maps variables to storage elements and data transfers to
buses. Many HLS tools perform the allocation, scheduling,
and binding steps in this order, but some may order them
differently according to their optimization algorithms [5].
The output of the previous steps is the RTL description

of the system in VHDL or Verilog (or both). The produced
RTL should match the untimed input model’s IO behavior
one-to-one, but there are cases when they may differ. For
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FIGURE 3. A Pareto front for area/throughput (orange dots). Solutions on
the front dominate all other solutions, at least in one of the metrics. For
each solution not on the Pareto front, there is at least one solution on the
front, which dominates it on both metrics.

example, suppose that there is a feedback path on the data
path. In the untimed behavioral model, the feedback data
is available immediately, whereas in RTL, it may have
several clock cycles of latency, affecting the results. HLS
tools often provide a verification environment that pits the
untimed model and the RTL against each other and checks
that they produce the same output with the same inputs. For
example, the Catapult HLS tool [35] enables this with its
SCVerify environment, shown in Fig. 2. A SystemC wrapper
is automatically generated that feeds the input from the
C++ testbench to the RTL netlist simulation. The output
is compared to the output from the C++ source code to
determine whether the models are equivalent.

If there is a mismatch between the input source code
and the RTL models in simulation, the cause should be
identified and fixed in either the input source or the
architectural constraints. Otherwise, the produced RTL can
be studied for quality metrics such as resource and power
consumption and throughput. Usually, the QoR is not close to
optimal on the first synthesis pass, which necessitates design
space exploration (DSE) by inspecting different architectural
choices, such as loop pipelining and unrolling options and
memory architecture solutions. The goal is to find a solution
on the Pareto front with respect to the QoR parameters
(Fig. 3). In practice, this usuallymeans studying the trade-offs
between performance and area. Often, it is enough to change
code pragmas in the input source or GUI options within
the HLS tool when performing DSE, but sometimes more
extensive changes to the source code need to be made. Once a
suitable solution has been found, the design flow can continue
to synthesis and implementation with the downstream tools.
Efficient DSE in HLS is an area of active research. The
interested reader can refer to, for example, [17], [18], or [36].

TABLE 1. Benefits and challenges of HLS.

IV. BENEFITS AND CHALLENGES OF HLS
In the previous literature, many benefits and challenges
compared to mRTL methods have been attributed to HLS.
Table 1 lists the most important ones. A discussion of the
items follows, with benefits first.

A. REDUCED EFFORT IN DESIGN ENTRY
The most obvious benefit in HLS is the reduced design
effort thanks to the higher abstraction level. The three main
aspects of higher abstraction compared to mRTL are related
to timing, data, and interface synthesis [3]. Time is not present
in the HLS source code but is inserted by the HLS tool
based on synthesis constraints. Most HLS tools also support
high-level abstract data types, classes, and structs familiar
from programming languages. Interfaces can be synthesized
from pre-made libraries instead of being expressed explicitly
in the source code. The mapping of variables to memories
or registers and operations to different implementations of
functional resources is also absent from the source code,
allowing a higher abstraction level [2]. Design productivity
improvements on the order of 2x can be expected with
HLS [3], but this is studied further in Section VI.

B. IMPROVED VERIFICATION PROCESS
HLS also improves the verification process in many ways.
First, the higher abstraction level leads to fewer errors related
to manual coding of architectural details [3], [5]. Second,
verification can start earlier in the design process without
waiting for the mRTL coding [3]. Third, simulating code on a
higher abstraction level enables faster simulation speed. The
difference can be orders of magnitude [2].

C. ENABLES DSE
In HLS, microarchitecture is not expressed in the source
code but implemented by the HLS tool. This allows
directing the microarchitecture synthesis by code pragmas
and knobs, allowing efficient DSE to evaluate their effect on
performance, area, and power. The HLS tool is also free to
analyze the CDFG created from the input code using various
transformations to find optimal solutions. This contrasts with
mRTL, where the designer has tomanually create a fixed state
machine and allocate resources [7].

D. EASIER REUSE OF DESIGNS
The higher abstraction level also allows design reuse
to be more efficient for different target technologies
or performance goals [2]. This often does not require
changes to the input source code, as the HLS tool handles
microarchitecture-related details.

E. LEVERAGING OF SOFTWARE TECHNIQUES
The HLS source code is based on software programming
languages. As such, software optimization techniques can be
leveraged with HLS. These include various compiler opti-
mizations and transformations for higher-quality hardware
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and software debugging tools for verification [7]. For exam-
ple, LLVM-based compiler frameworks [37] can be used to
parse the source code into an intermediary representation to
take advantage of a rich set of optimization tools [3].

F. FAMILIAR INPUT LANGUAGES
HLS uses familiar languages from the software domain for
input, and it is still a fact that more engineers know these
languages instead of HDLs. This lowers the threshold for
adoptingHLS compared to themRTL techniques. In addition,
many systems involve both software and hardware compo-
nents, where it is helpful to have a common input language
for both domains [38].
The following challenges are attributed to HLS.

G. POSSIBLY LOWER QOR
Perhaps the most common problem attributed to HLS is the
perceived lower quality of the results compared to mRTL.
A significant gap is claimed to exist between the achievable
clock frequency of HLS and mRTL designs, which favors
mRTL [6]. This is ascribed to the interconnect delays that
HLS struggles to predict and optimize [9]. Another reason
is the expertise required to write quality code for HLS
and efficiently use the pragmas directing micro-architecture
generation.

H. COMPLICATIONS IN VERIFICATION
The design entry in HLS is done at a high level, but the output
of the tool is RTL code. The simulations for the high-level
code run faster, but the RTL output should also be verified
to be correct, as translation errors may occur [39]. This
requires either slower RTL simulations or formal proof of
the equivalence between the source and the output [3].
Research on formal equivalence checking is active but
inconclusive [40], [41], [42], [43].

I. DIFFICULTY IN INCREMENTAL CHANGES
Often small changes are required to a design after it has
been placed and routed. A problem with HLS is that
it is difficult to find a correlation between the abstract
source code and the details of the implemented design.
Furthermore, engineering change orders (ECOs) are often
needed in ASIC designs to change them incrementally
toward the end of a project. This requires incremental
synthesis, which is a complicated process for the HLS
tools [3].

J. LACK OF STANDARDIZATION
There are few to no industry-wide standards on HLS.
The compatibility between the tools is low since they
have significant differences between the supported features,
libraries, and core abstractions [6]. This is in contrast to
mRTL methods, where VHDL and SystemVerilog standards
enable the use of the same source code from the synthesis tool
to the synthesis tool with few modifications needed.

K. LIMITATIONS OF THE INPUT LANGUAGES
The usage of high-level input languages also poses some
problems for HLS [3], [38]. Designing clock-accurate sys-
tems is challenging when there is no explicit concept of time
in the source code [44]. Many languages, such as C++, also
lack the notion of concurrency, so the designer has to express
parallel constructs in some other way using the HLS tool.
In addition, native data types are usually too limited to convey
signals of arbitrary bit widths. The memory model of CPUs is
also quite different from FPGA or ASIC architectures, which
can contain many small memories. Furthermore, legacy
code targeting software architectures usually contains non-
synthesizable constructs, such as dynamic memory handling,
recursion, exception handling, and multi-threading, which
must be removed for HLS [6].

L. TIME-CONSUMING DSE
While HLS enables faster DSE than HLS, it can still be
a time-consuming endeavor [9], [17], [18]. The design
space is usually substantial and multidimensional as at
least area, performance, and power must be optimized
simultaneously. HLS DSE can be performed by changing
global synthesis options, tuning microarchitecture-related
options, or changing the source code. These modifications
take time, and the following synthesis runs consume it as well.

M. LACK OF TRAINED ENGINEERS
The final noteworthy challenge with HLS is the lack
of trained engineers [3]. Acquiring a high QoR with
HLS requires specific knowledge and skills [6]. Software
engineers are commonplace, but current HLS tools require
hardware expertise that they usually lack. Hardware engi-
neers are less common, and most are trained in mRTL
methods instead of HLS.

V. CURRENT HLS TOOLS
This section summarizes existing HLS tools, both academic
and commercial. Several previous tool surveys can be found
in the literature, for example, [8], [15], [19], [20], [21].
However, the evolution of the tools is rapid. To illustrate this
point, the number of commercial tools available decreased
from 13 to 9 between the surveys of 2016 ([20]) and
2020 ([8]). This section aims to determine whether this
HLS tool market consolidation has progressed further. It also
surveys the input and output languages that the tools use,
what kind of target platforms are supported, and makes other
observations about the tools.

A. LIST OF CURRENT HLS TOOLS
A brief survey of academic and commercial HLS tools that
have ongoing or recent support follows. Tools that have
not received updates since 2020 are considered abandoned
and are omitted. The survey is based on Web searches
and previous surveys. Some HLS tools may have been
missed because references to them are difficult to find. Such
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TABLE 2. List of current HLS tools.

tools would likely be academic tools with few publications
related to them. A comparative evaluation of user experience,
productivity, and QoR between the different HLS tools would
be of interest, but goes beyond the scope of this study.

As the hardware engineer’s point of view of HLS is taken
here, tools that are only aimed at software developers to
accelerate parts of their code on FPGA are omitted (e.g.,
Hastlayer [45] and CacheQ [46]). HLS tools developed as a
hobby project or without access information are also ignored
in this survey (e.g., PipelineC [47] and Kanagawa [48]).
Domain-specific HLS tools are not included either (e.g.,
OpenHLS [49] for deep neural networks or Hipacc [50] for
image processing kernels) since the focus is on tools that
can replace mRTL in all application domains. Finally, the
so-called HLS code generation tools are omitted, as they do
not provide RTL output, but code intended as input for actual
HLS tools (e.g., Hot & Spicy [51]).
Table 2 lists the tools found in the survey that satisfy the

previous criteria. The tool’s owner, license type, input and
output languages, and supported target platforms are listed.
Further details and observations are given in the tool-specific
paragraphs.

1) BAMBU
Bambu [52] is an open source HLS tool, part of the PandA
hardware-software co-design framework by Politecnico di
Milano. Its inputs are a C/C++ source code file and an
XML configuration file, and the output is available in Verilog
and VHDL. Bambu has an automated bit-width analysis tool
to reduce register area, and it can automatically generate
a testbench for C/RTL co-simulation to validate that the
generated RTL is functionally equivalent to the source code.
Selected AMD, Intel, and Lattice FPGAs are available as
synthesis targets, and a few OpenROAD [53] ASIC libraries.

2) CATAPULT
The Catapult HLS [35] by Siemens can target both AMD
and Intel FPGAs and various ASIC libraries based on the
C++ or SystemC input, producing Verilog and VHDL

output. Code-inserted pragmas and GUI options can specify
parallelism, throughput, andmemory architecture. Additional
features include a value range analysis tool for fixed-point
variable width optimization, a Gantt chart schedule viewer,
cross-probing between source code and generated RTL, and
power optimization. Verification is supported by source/RTL
co-simulation, a coveragemetric tool, and formal equivalence
checking.

3) CYBERWORKBENCH
The NEC CyberWorkBench HLS [54] accepts C/C++ and
SystemC input and producesVerilog andVHDLoutput. It can
target any ASIC technology and AMD and Intel FPGAs. The
tool supports power optimization, multiple clock domains,
a C property checker, and C/RTL cosimulation. However, the
current support for CyberWorkBench is uncertain, as themost
recent documentation available for the software on its Web
page is from 2018.

4) DYNAMATIC
An academic, open-source HLS tool developed at EPFL,
Dynamatic [55] is based on the MLIR compiler infrastruc-
ture. It takes a C/C++ input and can produce a Verilog
and VHDL output. The generated RTL takes the form of
a dataflow circuit. Only AMD FPGAs are supported as
synthesis targets. A unique feature of Dynamatic is the ability
to generate dynamically scheduled circuits. Compared to
static scheduling, this can increase throughput in cases where
the taken data path operations depend on run-time control
decisions.

5) HDL CODER
The HDL Coder [56] by MathWorks takes MATLAB func-
tions and Simulink1 models as input and produces Verilog,
SystemVerilog, and VHDL output that can target AMD, Intel,
and Microchip FPGAs and ASIC libraries. The HDL Coder

1Simulink is not considered HLS in this work as it uses a model-based
design flow.
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can also generate SystemC output, which is designed to serve
as input to the Cadence Stratus HLS design flow. The HDL
Coder design suite includes tools for converting MATLAB
floating-point values to hardware-friendly fixed-point val-
ues, MATLAB/RTL functional equivalence checking, and
libraries for common functions in deep learning, wireless
communications, and signal processing domains.

6) HLS COMPILER
The Intel HLS compiler [57], included in the Quartus Prime
Design Software Pro Edition installation, takes untimed
C++ as input and produces RTL Verilog as output. Only
Intel FPGAs can be targeted for synthesis. C++/RTL co-
simulation is supported. The Intel HLS compiler is planned
to be discontinued in 2024 [58] to be replaced by the fourth
generation Intel oneAPI DPC++/C++ Compiler [59],
which can target not only FPGAs but also CPU, GPU, and
custom hardware systems.

7) KIWI COMPILER
The Kiwi Compiler [60] was jointly developed by the Uni-
versity of Cambridge Computer Laboratory and Microsoft
Research Limited. Unique among HLS tools, it uses C# as its
input language. The output is in Verilog, and AMD and Intel
FPGAs are possible targets. Kiwi supports multi-dimensional
arrays, threading, file-server IO, and limited recursion in
its source code, which are usually forbidden by other HLS
tools. Even more interestingly, it allows dynamic allocation
of objects and object pointer manipulation that are ubiquitous
in software programming but are banned by most HLS tools.
The most recent update to the file repository was two years
ago, and the status of the web pages suggests that the Kiwi
Compiler may not receive updates in the future.

8) ONEAPI
The Intel oneAPI toolkit [59] allows to deploy code on CPUs,
GPUs, and FPGAs based on a unified framework, which uses
SYCL-based C++ language extensions. Maintained by the
Khronos Group, SYCL is a cross-platform abstraction layer
that allows algorithms to switch between target platforms
without changing the source code [61]. OneAPI supports
FPGA synthesis by allowing a C++ testbench-based RTL
simulation on the Questa-Intel simulator. OneAPI is set to
replace the HLS Compiler as the only HLS tool provided
by Intel. The features of oneAPI make it a fourth-generation
ACS tool.

9) SMARTHLS
Formerly known as LegUp [62], which originated as an
open-source academic tool, it was acquired by Microchip
and renamed SmartHLS [63]. SmartHLS accepts C/C++

as its input code and produces Verilog output meant
to be synthesized with Microchip’s Libero SoC design
suite and programmed on a Microchip FPGA. Source/RTL

co-simulation is supported with the Siemens ModelSim
simulator [64].

10) STRATUS
The Cadence Stratus HLS [65] accepts as input C, C++,
SystemC, and MATLAB functions and produces Verilog
output. The tool is based on Forte Design System’s Cyn-
thesizer (acquired in 2014) and Cadence’s own C-to-Silicon
compiler. Both FPGAs and ASIC are targetable. Stratus ships
with a library of commonly needed functions implemented
in SystemC, such as connectivity interfaces, mathematical
functions, and multi-clock design utilities. Source code/RTL
co-simulation is supported, and the tool can also create ECO
patches for existing designs.

11) VITIS
The AMD Xilinx Vitis HLS [66] is perhaps the most
popular HLS tool, at least in academia (based on the survey
in Section VI) thanks to the popularity of AMD FPGAs
and Vitis shipping with their development tools. It was
originally developed by AutoESL under the name AutoPilot
but was acquired by Xilinx in 2011. It was renamed Vivado
first and Vitis later. It accepts C/C++ as input language,
produces Verilog and VHDL output, and can target only
AMD FPGA devices. Vitis heavily depends on pragmas to
enable parallelism and pipelining from the sequential source
code and to control the memory architecture. C/RTL co-
verification is supported. Vitis HLS is now part of the AMD
Vitis Unified Software Platform, which can be used to create
designs that target ARM processor subsystems, AI engines,
and FPGAs [67]. This makes it a fourth-generation ACS tool.

12) XLS
XLS [68] is an open-source HLS tool developed by Google.
It uses the Rust-like DSLX language to produce synthesizable
designs for FPGAs and ASICs. XLS is described as a ‘‘mid-
level’’ synthesis tool that provides an HLS-like experience
and allows for controlling low-level details such as pipeline
stages and worst-case throughput. At the same time, both
software models and synthesizable (System)Verilog code can
be generated from the same source. XLS is stated to be an
experimental and rapidly developing project that Google does
not officially support.

B. OBSERVATIONS ON CURRENT HLS TOOLS
Twelve existing HLS tools were found to satisfy the criteria
defined at the beginning of the section. Nine of the tools
are commercial, and three are academic. Intel HLS Compiler
will be discontinued in 2024 in favor of Intel oneAPI, which
brings the number of commercial tools to eight. Compared
to the 2020 survey by Numan et al. [8], the number of
commercial tools has decreased by one (by 11%) and the
number of academic tools by four (57%). The number of
commercial HLS tools provided appears to be stabilizing, but
interest in academic tools is waning. As commercial tools
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mature and become more complex, academia may see less
room for providing attractive free alternatives.

All the tools except HDL Coder, Kiwi Compiler, and XLS
support pragma-annotated C/C++ as an input language, with
some tools supporting SystemC. The Kiwi Compiler supports
C# and HDL Coder MATLAB functions and Simulink
models, but these choices can be seen as the background
companies’ intentional support for languages developed by
themselves. Tool vendors without vested interest in a specific
language tend to favor C/C++, which was explored as an
HLS language in [69].

Co-verification between the untimed source and generated
RTL, based on the behavioral testbench, seems to be a
common feature of modern HLS tools. Most of the surveyed
tools mentioned support for this property. This is a positive
state of affairs, as reusing the behavioral testbench for RTL
verification saves verification effort in general and allows
validation that the tool-generated RTL corresponds to the
source code on a behavioral level.

All tools support Verilog as an output language; six of the
twelve also support VHDL. The missing VHDL support in
some tools is not a significant omission since practically all
commercial synthesis tools accept Verilog input, and the HLS
tool-generated output is not intended to be human-readable
in any case. The target platform support is more varied. All
tools provide support for FPGA synthesis, but it depends on
the tool whether the support is vendor-independent or not.
For example, Intel HLS Compiler, Microchip SmartHLS, and
AMD Vitis provide support only for their parent company’s
FPGAs. Other commercial tools provide broader support,
but academic tools are more limited, likely due to smaller
developer resources. Finally, half the tools include ASIC
synthesis support. Most of these tools are from vendors that
do not manufacture FPGA chips, so the tools are intended to
be more generic than only backing the company’s FPGAs.

VI. LITERATURE SURVEY ON QOR AND PRODUCTIVITY
OF HLS
This section is a continuation of [16] by Lahti et al.,
which explored the QoR and productivity gaps between
HLS and mRTL methods based on a literary survey. That
paper surveyed 46 scientific articles published between
2010 and 2016 that compared the development effort and
QoR of applications developed with both HLS and mRTL
methods. The conclusion was that, while manual methods
tend to produce better performance and lower resource
consumption scores than HLS, the increased productivity of
HLS compensated for this, making the choice between the
methods dependent on the priorities of a project.

This work extends that study. The range of surveyed years
has been shifted from 2010-2016 to 2017-2024 to focus on
the quality of HLS tools and methods during the last years
and to see if any new trends are visible. The updated survey
is based solely on the literature, whereas the older one was
partially based on a test group study. However, the relatively

TABLE 3. List of surveyed papers.

inexperienced test group of students was not likely to reflect
the actual ability to leverage either design method.

This updated survey aims to answer the following
questions:

1) What is the difference in productivity betweenHLS and
mRTL?
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2) What is the difference in achieved performance
between HLS and mRTL?

3) What is the difference in resource consumption
between HLS and mRTL?

4) Can differences in the previous be detected based on
the HLS tool?

As an aside, the survey also observes the popularity of
different HLS tools, at least in academia.

A. QUALIFYING PAPERS
Scientific peer-reviewed articles were searched from various
online databases. These included IEEE Xplore, Google
Scholar, ACM Digital Library, Scopus, Springer Link,
asXiv.org, EBSCOhost, and Science Direct. Papers that
included ‘‘high-level synthesis’’ in the title or abstract were
searched and sorted by relevance. A paper was chosen
for a closer study if the title or abstract suggested that
it could contain comparisons between HLS and mRTL
implementations of the same application. The searches
returned thousands of papers, but thanks to the sorting, the
density of interesting papers dropped enough to stop the
inspection of a given database after a certain point. The search
was restricted to articles published between 2017-2024.

A paper was accepted for inclusion in this survey if it met
the following conditions: 1) It included a comparison of one
or more FPGA applications implemented in both HLS and
mRTLmethods, and 2) it reported at least one of the following
for both implementation methods:

• Development effort expressed in either development
time or lines of code (LoC),

• performance expressed in execution time, latency,
maximum clock frequency, or similar metric, or

• FPGA resource consumption.

Another interesting metric is power consumption, but too
few papers reported on it to make reliable generalizations.
This study also ignored ASIC implementations (and there
were few in any case), except for development effort
comparisons, as the paper topic is on FPGAs.

Some articles considered tools such as BlueSpec [120]
or Chisel [23] to be HLS, but this work uses the definition
of [15], which excludes such hardware description tools as
well as domain-specific tools. Those articles were therefore
rejected from the survey. Another common reason for the
disqualification of a paper was that the synthesis based on
HLS and mRTL was done on different FPGA chips. As chips
vary in resources, implementation technology, and timing
capabilities, this comparison is unfair. This was common
in papers that compared their HLS implementation to a
referenced mRTL solution. Otherwise, both the authors’ self-
made and referenced mRTL comparisons were accepted for
this survey.

Table 3 shows a summary of the articles accepted in the
survey. It lists the publication year, the HLS tools used,
the algorithms implemented, and the number of applications
in the paper. A summary of the data year by year can be

TABLE 4. Number of survey papers and applications by year.

TABLE 5. Metric occurrence frequency in reviewed papers.

found in Table 4. Fifty-one papers were found, enough for
a numerical analysis of aggregate data. However, there are
not enough papers year by year to draw reliable conclusions
about possible trends that might emerge in the data over
time on that resolution. The table also shows the number of
applications in the qualified papers by year. An application is
defined as either a separate algorithm or a variation of some
relevant parameter. It was counted as its own application if
the same algorithmwas synthesized with different HLS tools,
micro-architectural options, or on different FPGA platforms.
Each such application became its own data point in this
survey, as presented in the following sections. On average,
each paper contained 1.8 different applications. Note that a
single HLS-mRTL pair of the same application counts as one.

B. METRICS BREAKDOWN
Table 5 lists the investigated metrics from the surveyed
papers and their frequency of occurrence. The table lists
how many papers accepted to the survey reported on a given
metric and how many applications the metric was mentioned
for. The metrics are related to the HLS tools used, the
development effort, the performance of the application, and
the consumption of FPGA resources.

More than 90% of the articles listed the HLS tools used.
This should be mandatory information in any HLS-related
paper, but the omitting papers probably left the information
out due to license reasons forbidding bench-marking. Devel-
opment effort in terms of LoC or development time was listed
in only 24% and 16% of the papers, respectively, which is
disappointing as this information is crucial when comparing
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TABLE 6. HLS vs. mRTL performance comparisons.

the productivity of the different methods. 69%of the surveyed
articles used a self-made mRTL reference for comparison,
and at least in these cases, the development effort for both
flows should have been known. However, most authors were
only interested in comparing the QoR.

The middle rows of the table show performance metrics
that can be categorized as maximum clock frequency, latency,
execution time, and data rate, even if individual papers
used slightly different names for these. The maximum clock
frequency refers to the achievable clock frequency of the
application when synthesized on an FPGA. Latency refers
to the time taken for a sample to propagate through the data
path of the system, expressed in clock cycles or seconds.
Execution time means the running time of the application
for one complete set of inputs, and the data rate expresses
how many discrete outputs the synthesized application could
produce per second. Forty-two papers listed at least one of
these, representing 82% of the total.

The final rows show FPGA resource consumption in
look-up tables (LUTs), D flip-flops (DFFs), AMD FPGA
slices, DSP blocks, and BRAMs. The main FPGA fabric
consists of LUTs and DFFs programmed and connected to
perform arithmetic and logical functions. Consumption of
these elements was usually reported in the surveyed papers,
but some papers listed the usage of slices instead. These
are FPGA construction blocks specific to AMD FPGAs that
contain a few LUTs and DFFs, the details depending on
the exact FPGA model. Most FPGAs also contain pre-built
DSP blocks dedicated to multiply-accumulate operations and
on-chip random access memory elements (block RAMs,
or BRAMs), which are also included in the table, as many
applications utilize them.

C. QOR COMPARISONS
Table 6 aggregates the values related to the performance of
the application from the survey data. Performance metrics
are as reported in Table 5, with an additional row for
combined performance, explained in the next paragraph. The
second column gives the number of applications reported
for the metric. The third column shows the geometric mean
of the ratios of the HLS score vs. the mRTL score for a
given metric, and the fourth column is the corresponding
geometric standard deviation. Finally, the fifth column shows
the percentage of applications for which the HLS score was
better or equal to the mRTL score. Geometric mean was used
rather than arithmetic average, as the data deals with ratios
and because of the large variability between the data points.

FIGURE 4. HLS to mRTL performance by application.

TABLE 7. HLS vs. mRTL Basic FPGA resource usage comparison.

FIGURE 5. HLS to mRTL basic FPGA resource usage by application.

The geometric standard deviation should be interpreted so
that most data points lie within the range from ‘‘mean divided
by std. dev.’’ to ‘‘mean multiplied by std. dev.’’ For example,
for the maximum clock frequency, most data lie between
0.59 and 1.60, with 0.97 being the mean.

The data show that HLS does not achieve as high
performance as mRTL by geometric mean. This holds for all
four performance metrics. Note that for latency and execution
time, a ratio larger than one is favorable for mRTL, as one
wants tominimize the values for thosemetrics. The additional
metric, labeled performance, combines the data from all the
other four metrics by selecting for each surveyed application
the reported performance metric using the following priority:
1) data rate, 2) execution time, 3) latency, 4) max. clock
frequency. In other words, if many performance metrics
were reported for a single application, the one with the
highest priority was used for the combined performance
score. Reciprocals of latency and execution time ratios were
used for the combined score to make a larger ratio favorable
to HLS in all cases.
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TABLE 8. HLS vs. mRTL DSP block and BRAM usage comparison.

FIGURE 6. DSP usage by application.

The numbers show that in roughly 40% of the cases, the
performance achieved was better with HLS than with mRTL,
with the geometric mean of the ratios being 0.67. Another
way of looking at the data is shown in Fig. 4, which depicts
the combined performance ratio application by application,
sorted from lowest to highest. An approximate observation
can be made that in one third of the applications, the HLS
performance was clearly worse than the mRTL performance;
in one third, it was more or less equal and in one third, it was
somewhat better.

Table 7 shows the relative usage of basic FPGA resources
reported in the surveyed articles for each application.
An aggregate metric basic FPGA resources was developed
to combine the different values into one number. If Xilinx
slices were reported, that value was used as a slice contains
both LUTs and DFFs. Otherwise, the number of used LUTs
and DFFs was summed to give the total consumption of
basic FPGA resources. The table shows that HLS tends to
use more of these basic resources than the same application
implemented with mRTL, but the difference is slightly less
pronounced than with performance metrics. A third of HLS
applications fared better than mRTL in basic resource usage.

Fig. 5 shows the basic FPGA resource usage ratio
application by application, sorted from lowest to highest.
Note that application indices do not correspond to the same
applications as in Fig. 4. Proportionally, a smaller number
of applications have a large ratio favoring mRTL. Still,
otherwise, the diagrams are quite similar after discounting
that a large ratio now favors mRTL, whereas, in performance,
it favors HLS.

Table 8 shows the DSP block and BRAM usage averages
calculated for applications that reported using them. The
geometric mean could not be used here because the data
included zeros. Therefore, arithmetic averages of absolute
values were used instead of calculating geometric means of
ratios. Two outlier data points containing values on the order
of magnitude larger than others were removed from the DSP

FIGURE 7. BRAM usage by application.

block and the BRAM average calculations to prevent them
from skewing the results. For BRAMs, most papers reported
usage in the number of BRAMs and some in kilobits. For
simplicity, only the data for the number of BRAMs was
used. DSP and BRAM usage data are further visualized in
Figs. 6 and 7, which compare the DSP consumption and
BRAM consumption application by application. The sorting
of applications from left to right is in the order of increasing
mRTL resource usage consumption. The few empty places
contain data where both HLS and mRTL usage is 1.

It can be seen that the difference in DSP block and BRAM
usage is not significant between themRTL andHLSmethods.
The usage ratios are close to one, and even application-by-
application the usage differences do not seem significant
on average. Thus, it appears that although HLS seems to
consume more basic FPGA resources than mRTL, there is no
notable consumption difference in DSP blocks and BRAMs.

Performance and resource usage are typically trade-offs to
each other. To increase performance, resource consumption
usually needs to be increased by, e.g., adding parallelization.
On the other hand, folding loops and increasing sharing
reduce resource consumption at the cost of performance.
Therefore, the two metrics should not only be compared
separately but also combined for each application. Figs. 8
and 9 show the HLS to mRTL performance against the basic
resource usage for each application for which both values
were available. Here, performance and basic resources are
defined as in tables 6 and 7. Note that DSP blocks and
BRAMs are not included in the basic resource usage, even
though many applications utilize them. Unfortunately, there
is no feasible way to combine all the FPGA resources in a
single metric, similar to the area on an ASIC. For example,
the implementation of a DSP block varies between vendors
and different FPGA families, and it is not trivial to convert
a DSP block into an equivalent number of LUTs and DFFs.
Nevertheless, the figure should give an indication of relative
performance and resource consumption, especially since the
difference in DSP and BRAMusage betweenHLS andmRTL
was noticed to be not significant.

Fig. 8 shows the ratio of HLS to mRTL performance
against the ratio of HLS to mRTL basic resource usage
by application. Each ‘‘X’’ in the figure corresponds to one
application. Break-even lines, where the ratios are 1, are
emphasized. The area to the right and below the lines is
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FIGURE 8. Relative HLS to mRTL performance to basic resource usage by
application.

FIGURE 9. Absolute HLS and mRTL performance and basic resource usage
by application.

where HLS has worse performance and higher resource
consumption thanmRTL,whereas the upper left corner favors
HLS in both aspects. The large blue ‘‘X’’ indicates the center
of gravity of the marks by geomean. It can be seen that
the center of gravity favors mRTL in both performance and
resource usage, but not by a significant margin.

Another way to look at the same data is depicted in Fig. 9,
which shows the absolute performance and basic resource
usage values for all HLS and mRTL applications separately.
Each blue ‘‘+’’ indicates anmRTL application, and an orange
‘‘x’’ is an HLS application. The larger ‘‘+’’ and ‘‘x’’ signs
show the centers of gravity of both clouds. The right way to
look at this figure is not to concentrate on the values as such
but on the shape and position of the two clouds relative to each
other. It is easy to see that the clouds largely overlap, and the
centers of gravity are not far apart. This confirms that mRTL
outperforms and saves more basic FPGA resources than HLS
in most cases, but only by a relatively small amount in
both.

D. DEVELOPMENT EFFORT COMPARISONS
Table 9 shows the relative number of LoCs, development
time, and development effort for HLS versus mRTL. Again,
the geometric mean is used because the surveyed applications

TABLE 9. HLS vs. mRTL development effort comparisons.

FIGURE 10. HLS to mRTL relative development effort by application.

varied in LoC from tens to more than ten thousand and
in development time from a few hours to several months.
The aggregate metric development effort was formed using
development time if available and LoC otherwise. The
values show that, on average, using HLS significantly saves
development effort compared to mRTL. A saving of 50% to
75% can be expected.

Fig. 10 shows the development effort data, which depicts
the HLS to mRTL development effort ratio application by
application, ordered from lowest ratio to highest. In roughly a
third of the cases, the development effort is 25% or less with
HLS compared to mRTL, in another third, it is between 25%
and 50%, and in the final third between 50% and 100%. Only
one outlier case shows clearly higher development effort with
HLS than with mRTL.

These figures verify the expectation that HLS should have
a significant advantage over mRTL in the development effort.
As an additional observation, a slight negative correlation
was seen in the data for the relative development effort
as a function of the absolute development effort. In other
words, the larger the project, the less the HLS development
effort tends to be compared to the mRTL development effort.
Regarding LoC, the correlation coefficient was −0.24 and
development time −0.35. This might be because in a small
project the overhead of using HLS absorbs some of the
benefits of employing it.

The development effort is tied to productivity, which can
be defined as how much useful work is achieved per hour.
‘‘Useful work’’ does not have an established definition in
the context of IC design. Still, one place-holder metric
could be related to the performance of the finished and
verified application. This should be compared with the
development effort to get the productivity, for example,
by dividing the performance by the development effort. The
same productivity definition is used, for example, in [121] in
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FIGURE 11. HLS to mRTL relative productivity by application.

FIGURE 12. HLS to mRTL relative productivity histogram.

the software context. Figs. 11 and 12 show the productivity
defined in this way for applications for which data on
performance and development effort were available. Fig. 11
shows the relative HLS to mRTL performance divided by the
relative development effort for 21 applications, while Fig. 12
shows a histogram of the same data. A large range of relative
productivity from 0.1 to 9.6 can be observed, but in most
cases higher productivity can be achieved with HLS. The
variances could be caused by many factors, including the
used HLS tool, the type of application, and the designers’
experience, but this cannot be resolved from the available
data.

E. OBSERVATIONS ON HLS TOOLS AND LANGUAGES
The data in the surveyed papers also present opportunities
to see what HLS tools and languages are used today,
at least in academia. Table 10 shows the breakdown of
the applications by the HLS tool used to develop them.
It is immediately apparent that Vitis HLS (formerly Vivado
HLS) by AMD dominates here, with 69% of applications
developed with it. The popularity of AMD FPGAs probably
explains this, and the Vivado/Vitis HLS tool comes with
the Vivado synthesis package. It is also based on C/C++

languages familiar to many hardware developers, making
adoption straightforward. The other tools on the table receive
more scattered usage, with only HDL Coder receiving more
than five mentions. The table also shows that C-based
languages dominate in HLS. Note that some tools in
the table are no longer available (e.g., Altera OpenCL,
LegUp).

Table 11 collects the language usage by application. 82%
of the applications for which the data was disclosed were

TABLE 10. HLS tool breakdown in reviewed papers.

TABLE 11. HLS language breakdown in reviewed papers.

TABLE 12. Comparison of Vivado/Vitis HLS to other HLS tools.

developed with either C or C++, confirming the high
prevalence of these languages in HLS. OpenCL, SystemC,
and SYCL are also based on C++ but have built-in
features for parallelism. This leaves only 12 percent of the
applications developed with non-C-based languages.

The popularity of Vivado/Vitis HLS allows for comparing
results obtained with it to other HLS tools. Table 12
shows performance, basic FPGA resource usage, DSP block
usage, and development effort geomeans against mRTL for
Vivado/Vitis HLS compared against other tools. There does
not appear to be difference in performance, but Vitis seems to
infer more DSP blocks to save in basic FPGA resources than
other HLS tools. On the other hand, this may be a property
of the Vivado FPGA synthesis tool. The lower development
effort might be because Vivado/Vitis uses the familiar C++

language, unlike many other tools, lowering its learning
curve.

It would also be interesting to compare the QoR and
development efforts of the other HLS tools against each other,
but their limited usage makes this impossible with the survey
data.
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VII. DISCUSSION
A. QOR AND PRODUCTIVITY OF HLS
Based on 93 applications surveyed, it was found that in 59%
of the cases mRTL achieved higher performance than an HLS
implementation of the same application. The geometric mean
of the relative HLS to the mRTL performance was 0.67.
Thus, it seems that higher performance can usually be reached
with mRTL methods. Similarly, it was found that in 67% of
the cases, an application implemented with mRTL methods
consumed fewer basic FPGA resources than an HLS version
of the application, with the mean relative consumption of
HLS to mRTL being 1.36. Smaller differences were seen
between the DSP block and BRAM consumptions, and there
was no clear dominance for either method. Figs. 8 and 9
showed these data application by application, where the
observation was that while mRTL favorably dominates HLS
in both performance and the use of basic FPGA resources,
the difference is relatively small. Power consumption was not
compared due to the low amount of data, although it is also a
significant quality metric.

The reason for the difference between the QoR of the HLS
and mRTL methods is not apparent in this research. The two
leading explanations are probably the optimization abilities
of the HLS tools and the users’ experience. Finding a high-
quality micro-architecture from an abstract source code is a
non-trivial task an HLS tool must perform. In addition, there
is a gap between the higher-level model of the HLS tool and
the considerations required to place and route a design on an
FPGA [9]. On the other hand, it is commonly reported that
HLS tools cannot produce a good QoR from an algorithm
written with a software mindset, and many optimizations
related to data widths, memory architecture, IO behavior,
and concurrency are required [6], [122]. In line with this,
a Siemens field application engineer with extensive HLS
background reported in an interview that, with solid support,
customers using Siemens Catapult HLS achieve at least as
high QoR as with mRTL. However, without experienced
engineers and vendor support, the results can be poor [123].
It would be invaluable if the papers surveyed in the

previous section had information on the level of HLS
expertise of those implementing the applications. This would
allow HLS-mRTL QoR differences to be analyzed based on
different experience levels, and perhaps this would emerge
as the most significant factor explaining the differences in
the results. Nevertheless, it is a limitation in HLS that high
expertise is needed.

HLS is seen as a faster way to develop FPGA applications
than mRTL. 88% of the projects had fewer LoC with HLS
than with mRTL for the same application, with the relative
LoC mean being 0.47 in favor of HLS. Likewise, in all
100% cases, the development time of the HLS project
was lower than the development time of the mRTL, and
the mean relative development time was 0.24. In more
than half of the cases, the overall HLS development effort
was half or less of the mRTL development effort. The
Siemens field application engineer interview confirmed

TABLE 13. Comparison between 2019 and 2024 study results.

that with experienced engineers, a project time reduction
of roughly 50% can be expected with HLS [123]. The
lower development effort can be attributed to a higher
abstraction level in design entry, eliminating the need to
code for details related to clock, microarchitecture, and
interfaces [3]. In addition, HLS enables faster verification
due to less room for bugs to live at a higher abstraction
level, by using software verification methods, higher sim-
ulation speed, and left shifting of the overall verification
process.

In Subsection VI-D, a productivity metric was used
that combined QoR in the performance achieved and the
development effort. In roughly 75% of the cases an equal or
higher productivity was achieved with HLS than with mRTL.
It therefore seems that even though it appears to be more
difficult to achieve high performance with HLS, the lower
development effort tends to more than offset this.

B. COMPARISON TO EARLIER STUDY
Table 13 compares the results of the previous [16]HLS survey
to this one. The 2019 survey was based on years 2010-2016,
while the current one is based on years 2017-2024. The
metrics compared are shown aswell as theHLS toRTLmeans
for each metric. The numbers in parentheses are the N for the
metric for each study. The final column shows the ratio of
the means between the studies, with green indicating better
numbers for the new study and red worse.

It can be seen that both development effort metrics
have changed favorably, but this does not show directly in
productivity, which has gone slightly down between studies.
This may be due to performance metrics that have not
changed as favorably. While data rate and maximum clock
frequency metrics favor the new study, latency and execution
time favor the older one. No significant changes can be seen
in the FPGA resource usagemetrics, except for BRAMusage,
where the older study showed remarkably good results for
HLS. In summary, it seems that while the HLS development
effort relative to mRTL seems to be decreasing, there has
been no clear improvement in QoR in recent years. Therefore,
the previous study recommendation still holds that mRTL
methods should be considered when the highest QoR is
required, but otherwise HLS is a competitive method thanks
to its favorable productivity.
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Compared to the previous study, Vivado/Vitis has gained
more popularity. In the 2019 article, it was used in 34%
of the cases, while now it was used in 69% of them. The
consolidation of HLS tools can also be seen in that the
previous study reported the use of 19 different HLS tools,
while the current one has only 12.

C. RECOMMENDATIONS
Fig. 1 showed the workflow used by most current HLS tools.
The two most time-consuming steps in the flow are the
‘‘modification for HLS’’ and the ‘‘design space exploration,’’
as the other steps are already largely automated or related
to the behavioral model, which must be made regardless of
whether HLS or mRTL flow is used. Therefore, HLS tool
developers should concentrate on these two steps to further
reduce the HLS development effort and also to increase
the QoR. Ideally, both steps should be largely automated,
whereas they are now done manually.

In more detail, at least the following actions related to
‘‘modification for HLS’’ should be automated as far as
possible:

1) Removal of dynamic memory handling and recursion.
Querying the user for static limits could replace these
with static equivalents. Pointers and system calls
should also be removed or replaced with input from the
user.

2) Replacing heavy mathematical operations such as
division, sqrt, and trigonometric functions with
hardware-friendly versions from pre-made libraries.

3) Likewise, replacing common functions from hardware-
friendly libraries, such as those for sorting, searching,
and linear algebra.

4) Inlining or mapping to the hierarchy of function calls
according to optimization goals.

5) Optimizing parameter and variable bit-widths based on
automated value range analysis.

6) Code refactoring to expose parallelism.
The design space exploration step involves inserting

code pragmas or otherwise tuning the design for 1) loop
pipelining and unrolling, 2) assigning arrays to registers
or memories, 3) widening, splitting, and interleaving of
memories, and 4) mapping IO to interface resources. This is a
multidimensional optimization problem with a vast space to
explore. Still, automation is possible, and heuristic algorithms
concentrating on intermediate Pareto-optimal designs should
be able to find adequate solutions. Approximate computing
could also be used to prune the design space if a slight
degradation in numerical accuracy is acceptable [124].

Even with the suggested automation, some actions will
probably have to be performed manually. For example,
the coding for clock-accurate design ( [44]) and inserting
feedback pipeline registers ([125]) seem operations that
cannot be easily automated due to requiring an understanding
of the behavioral properties of the application.

As seen in the previous section, most HLS tools use
C++ as their primary input language. This is positive,

as pragma-annotated C++ is well suited for HLS and has
advantages in portability and popularity. It has also been
shown in a previous article that development effort can be
reduced, and thus productivity increased by adopting modern
C++ as opposed to the old, more C-like 98/03 standards,
which most HLS tools suggest to use in their tutorials and
examples [69]. The study showed that at least two major
C++-based HLS tools already have broad support for at least
C++17. HLS tool vendors are encouraged to solidify support
for modern language features and adopt them quickly as
standards progress. In addition, hardware-friendly implemen-
tations of the Standard Template Library constructs should
be provided to make source code translation from software
model to hardware description more straightforward.

Finally, efforts should be made to add standardization to
HLS flows. Even though most tools use C++ as the common
input language for HLS, the different tools accept slightly
different subsets of the language and can infer different
hardware structures from the same source. Furthermore,
tool-specific pragmas and libraries make porting HLS code
from one tool to another laborious. It would accelerate the
adoption of HLS if tool vendors developed and accepted
an industry-wide standard of C++ for HLS. The standard
would determine the synthesizable subset of C++ and
define simulation and synthesis guidelines for different code
constructs. A standard set of most widely needed pragmas
should also be defined. This would allow HLS tool vendors
to compete with quality of results, usability, and additional
features while avoiding vendor locking customers.

VIII. CONCLUSION
This work studied the status of modern high-level synthesis
for FPGAs from several perspectives. A survey of current
HLS tools found 12 existing tools that take abstract, timeless,
high-level code as input and produce RTL output based
on technology and architectural constraints. Three of the
tools were academic and the rest were commercial. It was
noted that the number of HLS tools with ongoing support
is slowly decreasing. C++-based HLS tools were found to
be the majority. Platform support is diverse, with some tools
targeting only vendor-specific FPGAs, some being vendor
independent, and some being able to target ASICs.

A survey of published scientific articles from 2017 to
2024 comparing FPGA applications implemented with HLS
and manual RTL (mRTL) methods examined HLS’s QoR
and productivity. The survey revealed that, on average,
mRTL acquires somewhat better performance. HLS also
consumed slightly more basic FPGA resources. However,
a clearly lower development effort was observed with HLS
and somewhat better overall productivity as well, calculated
as the performance attained divided by the development
effort.

The conclusion of the QoR/productivity survey is that,
when a fast development process is needed, HLS is a
competitive method. In contrast, mRTL should be considered
when high performance and low resource consumption are
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paramount. To achieve a QoR equivalent to that achievable
by mRTL methods requires expertise and effort, reducing
the productivity benefits of HLS. This emphasizes the need
for HLS-trained engineers who understand the principles
of hardware design but are also familiar with the input
languages initially from the software domain. It seems
unrealistic to expect that someone with a pure software
background can use HLS as a jumping-pad to hardware
design and expect a high QoR. HLS-related courses are
therefore recommended for university computer engineering
curricula.

Several suggestions were made to increase HLS productiv-
ity and QoR. First, HLS tools should be augmented with auto-
mated code refactoring tools to transform abstract software
models into hardware-aware HLS input. Second, to make
design space exploration faster, the tools should include
automated exploration features to find solutions on the Pareto
frontier. Third, the HLS tools should fearlessly adapt modern
features from the software languages they are based on
to reap the benefits that come along. Hardware-friendly
implementations of commonly used software libraries should
also be made available. Finally, standardization is suggested
to draft a commonly accepted subset of C++ for HLS-based
simulation and synthesis to enable better source code
portability and production of vendor-independent utility
tools.

The survey left open the question of what causes the
variability in the QoR of HLS versus mRTL. The reason
might lie in the differences between the HLS tools, the
engineer’s experience, or the type of application. A factor
analysis is suggested as future research to find the underlying
reasons. The survey also revealed that there is little research
on the suitability of HLS for ASIC-based design, where
awareness of the physical layout becomes more critical.
Further research on this area is needed. Finally, while it
was not a focus of this study, more research seems to
be required on the effectiveness of verification in HLS.
Although cosimulation between the abstract source and
generated RTL is a standard feature of HLS tools, RTL
output also requires independent verification. The availability
of formal equivalence checking between the input and
output of HLS would accelerate the overall verification
process.
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