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Abstract. This paper provides an extensive analysis of the key characteristics, eﬃciency and overall user-friendliness that stem from the use of
two diﬀerent input methods for the design of High-Level Synthesis (HLS)
reconﬁgurable systems, i.e. C-based and SystemC-based . Each input language has been used within the context of a separate HLS tool that is
especially suitable for the particular input method chosen. The study
has been based on the use of key fundamental computational and data
processing algorithms, while the outlined observations have been drawn
by traversing the full HLS ﬂows. The algorithms address both memoryand compute-intensive modules, which are the main cores for numerous
modern applications. In this way, detailed observations are made not
only with respect to the performance of each approach individually but
also against each other. Hence, this paper provides information on an
extensive list of issues of major interest to modern reconﬁgurable systems design engineers, such as design cycle deﬁnition, time for HLS ﬂow
completion, implementable features, parallelisation, input model complexity and more importantly design eﬀort/time. Moreover, this work
presents detailed results on implementation issues as well as implementation guidelines concerning the presented schemes; these guidelines can
certainly be used as a reference for any designer implementing such
classes of algorithms.
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1

· Reconﬁgurable hardware · C

Introduction

The motivation for this work has been the rapidly developing sub-ﬁeld of Electronic Design Automation (EDA) [1] tools known as High-Level Synthesis (HLS)
[3], especially since they play a key role in the design of reconﬁgurable systems.
Their importance becomes greater by the day, a fact that is clearly demonstrated
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by the number of diﬀerent HLS tools that has currently been proposed and/or
marketed [4]. The strength of HLS is found in the ability to generate productionquality Register Transfer Level (RTL) [5] implementations from high-level speciﬁcations. In reality, this is a task that is constantly performed manually by design
engineers and programmers while HLS promises to automate it, thus eliminating the source of many design errors and accelerating the currently very long
development cycle. This design cycle is also proving to be highly expensive due
to escalating non-recurrent engineering costs.
Additional beneﬁts include a design source that is truly generic and, thus,
more versatile and portable. Working with purely functional speciﬁcations,
details, such as clock frequencies, technology and micro-architecture, are eliminated, allowing for greater and easier reuse and re-targeting of the developed
models and functional Intellectual Property (IP) cores.
Two of the most prominent input methods in HLS reconﬁgurable systems
design are based on using (i) C or C-based variants and (ii) SystemC. They
are both extensively used and constitute the focus of this paper which provides
evaluation insights that are beneﬁcial to the growing number of designers that
resort to their use.
Since the purpose of this study has been to investigate the use of those
two types of input languages in the context of HLS design, the main focus has
been placed towards selecting algorithms that are not overly complicated and
have a fast turnaround in terms of results. The interest here has been to use
algorithms that bring forward key observations related to the two input methods
and their behaviour within the context of a HLS tool. Hence, the use cases include
both compute-intensive problems and memory-intensive ones, namely (i) Mutual
Information [6], (ii) Transfer Entropy [7], (iii) List Manager and, ﬁnally, (iv)
Memory Allocator [8]. The ﬁrst two are characterised as compute-intensive, List
Manager is a memory-intensive algorithm and the Memory Allocator constitutes
a combination of both memory- and compute-intensive characteristics.
Hence, the contributions of this paper are based on the use of two diﬀerent
HLS input modelling languages and convey information related to (i) development time, (ii) Lines of Code (LoC), (iii) latency/performance, (iv) anticipation for mathematical operations, (v) learning curve for eﬃcient modelling, (vi)
robustness of high-level models and, ﬁnally, (vii) parallelisation capabilities.
The paper is organised as follows. Section 2 presents the two diﬀerent
design ﬂows along with their respective characteristics. Section 3 presents a brief
description of the algorithms used in the context of this work. Section 4 has performance ﬁgures and technical information on all RTL designs and for all the
memory- and compute-intensive algorithms. Section 5 presents a thorough comparative analysis based on both the technical results as well as on the qualitative
authors’ experience. Finally, Sect. 6 concludes the paper.

2

Tools’ Flows and Characteristics

The main development stages of the two input method ﬂows are shown in Fig. 1,
from the initial algorithm description to bitstream generation.
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Fig. 1. C-based ﬂow & SystemC-based ﬂow

Note that these two ﬂows do not represent the only way that either a C-based
or a SystemC-based HLS design approach can materialise, rather they show the
main stages that constitute the design cycle speciﬁc to this particular work.
The reasons for which these particular ﬂows came about are twofold, (i) they
empirically settled to be the most eﬃcient means for completing a design cycle,
and (ii) they were shaped by the nature of the two HLS tools used. However, in
order to avoid benchmarking complications, the authors have omitted the names
of the tools but are available for clariﬁcations.
In the C-based approach, the process begins with the high-level C code
description. Here, the initial software code, most usually untimed C, is subjected to a series of modiﬁcations of two major types. The ﬁrst type refers to
the satisfaction of a number of requirements that must be met in order for the
high-level model to become compatible with the particular tool’s restrictions and
characteristics.
The second type of modiﬁcation is a function of the programmer’s/designer’s
proﬁciency who develops code optimisations that assist in the extraction of characteristics such as parallelisation and speedup. This is realised in two ways: (i)
through the use of directives that guide the tool to process certain sections of
the code in a certain way and (ii) through re-structuring/modifying the initial
code in certain ways that will make it easier for the tool to translate the high
level model described in C into an eﬃcient low-level equivalent. Consequently,
the high-level design description is combined with the user-selected directives
in order to generate an RTL model that is accompanied by a detailed report,
which points to a number of characteristics of interest, such as, BRAM use, area
utilisation, clock speed and others. This information is taken into account in
order to re-visit the original high-level model description if desired so.
Alternatively, the process moves onto the stage of co-simulation. Here, the
functional and behavioural validation of the RTL-model takes place through the
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juxtaposition of the hardware simulation results against those that correspond
to the original high level description, i.e. untimed C model. This stage also oﬀers
signiﬁcant performance information, in the form of a second report, i.e. Report
#2. It should be noted that performance ﬁgures are only good estimates and
the actual design may have slightly diﬀerent performance.
Finally, the designer studies the performance summary of the RTL-model
and decides whether additional design iterations are required or whether it is
now ready to be processed for bitstream generation. The SystemC-based Flow
is similar in its principle. The high level model is subjected to a number of user
modiﬁcations to assist the compiler, as well as the RTL compiler, achieve the best
possible low-level RTL model. Here, the high-level model can be potentially complemented by a selection of constraints speciﬁc to the targeted hardware located
in a corresponding library ﬁle. The advantage here is that the implementation
constraints are kept separate from the design’s functionality, and, therefore, the
same high-level model can be re-applied to diﬀerent end-products with diﬀerent
requirements and process libraries. Potential low-level model optimisations, such
as parallelism and pipelining, are triggered by specialised HLS directives that
are in eﬀect embedded in the high-level code while they are also imposed by the
high-level code itself. At the end of the RTL Compiler stage, a fully synthesizable model is produced. Here, the designer gets a report of the key performance
criteria. In this way potential additional improvements can be introduced at the
high-level SystemC model and the process is repeated until the designer is satisﬁed. Finally, a co-simulation activity follows, whereby the behavioural operation
of the generated RTL model is veriﬁed against the desired one.

3

Use Cases

Mutual Information (MI) [6] measures the extent to which the uncertainty about
one of the two is reduced through the information known about the other. Subsequently, Transfer Entropy (TE) [7] measures the amount of directed (timeasymmetric) transfer of information between two random processes. Both MI
and TE are correlation metrics fundamental in key applications and scientiﬁc
principles such as biology, astrophysics, image processing, economics and more.
A List Manager (LM) is used for linked list organisation in protocols/algorithms,
such as the MPI and Portals [9]. It performs three basic list operations, search,
insert and delete and each list is implemented by a head and a tail pointer.
Finally, the Memory Allocator (MA) [8] provides ways to dynamically allocate
portions of memory to programs at their request, as well as free it for reuse when
it is no longer needed. The Memory Allocator used here is the Buddy Memory
Allocator [10].

4

Results

The results of this work have been categorised into three major types, i.e.
(i) Lines of Code (LoC) & Development Time, (ii) Latency and (iii) Area Utilisation. Furthermore, the platforms used for evaluation purposes have been
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(i) an Intel Xeon E5620 operating at 2.4 GHz and with 16 GB of RAM for the
software execution of the original C and SystemC code (single core and single
thread) and (ii) the Virtex-7 XC7VX690T FPGA as the target reconﬁgurable
hardware implementation device in both the C-based and SystemC-based ﬂows.
In addition, the Mutual Information (MI) and Transfer Entropy (TE) results are
based on a data size of 20K samples and a number of MI and TE iterations of
100 and 10 respectively; these are typical values in order to get results of high
accuracy. Finally, the List Manager (LM) and Memory Allocator (MA) analysis has been based on two diﬀerent testbenches. The LM testbench performs
128K insert, 128K search and 128K delete operations with a 20 byte header size.
On the other hand, the MA testbench contains 1,024 allocations and 512 free
operations. Finally, all generated RTL models are in Verilog.
4.1

Development Time and Lines of Code (LoC)
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This section oﬀers a quantiﬁable insight on the gains that a designer ought to
anticipate when using either of the C-based or SystemC-based ﬂows for reconﬁgurable system design according to results related to LoC and total development
time; two metrics that are indirectly linked to productivity. LoC results are
presented in two ﬁgures, Fig. 2 for MI and TE and Fig. 3 for LM and MA.

Transfer Entropy

Fig. 2. LoC for Mutual Information (MI) & Transfer Entropy (TE)

The information in both ﬁgures refers to the (i) original C code, (ii) modiﬁed
HLS C code and (iii) HLS SystemC code as percentages with 100% corresponding to the description with the highest LoC number. Hence, Fig. 2 reveals that
SystemC requires the longest descriptions for the MI and TE implementations.
The reason for this has been twofold, i.e. apart from the necessary SystemC
adaptations so that is passes the compiler stage, we also had to account for
the support of standard mathematical functions, which are quite common in
compute-intensive problems. Hence, the designer has had to not only code-in the
description of the target design, but also, develop the code for the mathematical functions required, thereby generating additional code overhead. In terms
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Memory Allocator

Fig. 3. LoC for List Manager (LM) & Memory Allocator (MA)

of actual numbers, MI requires a SystemC maximum of 510 lines from which
55.4% is the description of the algorithm itself and an additional 44.6% is due to
the mathematical function that had to be developed. In contrast, the C-based
approach requires 27.7%, i.e. 116 LoC, for a ready-to-be-transformed model.
Similarly, the SystemC TE model is described in 580 lines out of which 61.2%
is the model itself and 38.8% is the overhead due to the mathematical functions
that are missing. Once more, the modiﬁed C-based model remains close in size
to the original untimed C model thereby underlining a clear advantage of the
C-based approach over the SystemC-based approach. Note that even if the additional lines of code for mathematical operations where excluded, SystemC LoC
remains greater compared to the C-based description. With respect to LM and
MA, Fig. 3, the picture does not change drastically although a distinguishable
diﬀerence exists. This time, the SystemC approach is not burdened by mathematical function overheads, however, it remains the longest in terms of LoC. For
LM, the C-based approach remains noticeably closer to the original untimed C
model length, however, in the MA case, C and SystemC are very close and both
drift away from the original model’s LoC. Finally, although not shown since it
has been an anticipated result, the LoC for all developed HLS models is radically, shorter compared to the RTL tool-generated models. In terms of overall
development time, results are shown in Table 1 and it becomes apparent that the
C-based ﬂow provides the shortest in all four cases. Speciﬁcally, it oﬀers synthesisable models for the two compute-intensive algorithms (MI & TE) in less than
1/4 of the time needed by the SystemC model description whereas the diﬀerence
in the memory-intensive and memory- & compute-intensive algorithms (LM &
MA) between the two ﬂows is over 50%. Quite notably, SystemC requires the
longest development time even without the need for manually developing mathematical functions for compute-intensive problems, as clearly demonstrated for
the memory-intensive cases of LM and MA. Finally, all development times presented have been derived by the same engineers in each use case and the reasoning
behind those diﬀerences is analytically given in Sect. 5.
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Table 1. C-based & SystemC-based design time for all four algorithms
Tool

Algorithm
MI
TE

C-based
SystemC-based (math)

LM

MA

8 hrs 10 hrs

7 hrs 14 hrs

20 hrs 20 hrs -

-

SystemC-based (design) 19 hrs 32 hrs 22 hrs 31 hrs

4.2

Latency

The latency results of this section have been reported in HLS co-simulation using
speciﬁc reconﬁgurable hardware speciﬁcations that gave the optimal results.
Hence, in the case of MI, the best suited Virtex-7 clock frequency for the
SystemC-based ﬂow was 115 MHz whereas for the C-based ﬂow was 110 MHz.
For TE, the SystemC-based HLS ﬂow clock frequency was 115 MHz whereas for
the C-based ﬂow it was 100 MHz, and, ﬁnally, for the LM and MA implementations, 303 MHz and 416 MHz, respectively. Table 2 shows the latency for each of
the algorithms addressed in this work and presents the corresponding speedup
when compared to the software execution on the CPU listed in the beginning
of Sect. 4. In addition, the latency/speedup results for LM and MA have been
split between the individual operations that each algorithm entails. It is clear
that all HLS implementations oﬀer speedups when compared to the latency on
a 2.4 GHz CPU, even though the resulting netlists are expected to work at 100
to 400 MHz.
Table 2. Latency results for Intel Xeon (Software), SystemC and C (Hardware)-based
approaches
Algorithm

Software (µs) SystemC (µs) C (µs) Speedup
SystemC C

MI

2105

1225

980

1.71x

2.15x

TE

892

857

510

1.04x

1.75x

LM Insert
Search
Delete

0.054
6.877
7.169

0.022
0.248
0.282

0.035
0.598
0.661

2.45x
27.7x
25.42x

1.54x
11.5x
10.8x

0.371
0.594

0.974
1.605

33.3x
22.5x

12.6x
8.32x

MA Allocation 12.363
Free
13.367

The speedup ranges considerably and at the lowest end comes that of SystemC development for MI and TE, which is 1.71x and 1.04x respectively. At the
other end of the spectrum, however, SystemC development triggers a speedup
for LM and MA which can be up to 33.3x for certain operations. Hence, it
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becomes obvious that the very vast majority of the HLS implementations signiﬁcantly over-perform their software counterparts since they are all well above
one. Based on the results of this section, two major conclusions can be drawn
and are analytically discussed in Sect. 5.
4.3

Area Utilisation

Area utilisation is another important indicator of how the input method used
for model description aﬀects the eﬃciency of the RTL model that an HLS tool
will generate. Hence, Table 3 shows how the SystemC-based and C-based modelling methods behave in terms of RTL model area utilisation. These results has
been based on the same target FPGA device speciﬁed in Sect. 4. The results are
split into Look-Up Table (LUT) and DSP utilisation. Subsequently, the C-based
ﬂow generates RTL models that utilise the most hardware resources in all four
cases. Overall, LUT utilisation is greater for the two compute-intensive algorithms, which also employ DSPs for their mathematical operations. It should
be noted that LM and MA, which are memory and compute/memory-intensive
algorithms, do not use ﬁxed-point mathematical operations and as a result do
not require any DSP processing as part of their implementation.
Table 3. SystemC-based & C-based ﬂow area utilisation
Algorithm SystemC-based C-based
LUTs DSPs
LUTs DSPs

5

MI

22098 135

33703 134

TE

25063 160

27273 196

LM

1051

0

1324

0

MA

3995

0

4952

0

Comparative Analysis

This section oﬀers explanations on why certain aspects of the results came to be
the way they did and, also, a concise set of advice as to what the advantages and
disadvantages of the two input methods are, from a qualitative point-of-view.
5.1

Results-Based

First, the LoC and latency, i.e. productivity related, results make a very
strong statement that, both in terms of code length as well as overall development time, the C-based approach always performs better compared to
the SystemC-based input method. This, primarily has to do with the fact that
transitioning from an untimed C model to an HLS tool-friendly C model is easier

Comparing C and SystemC Based HLS Methods

467

due to the inherent similarity between the two models. This is in contrast to the
SystemC-based input method, a C-based language with, nonetheless, signiﬁcant
deviations from standard C, such as template class deﬁnitions for all processing
functions.
Regarding LoC, it is notable that for compute-intensive applications, the
SystemC high-level description is burdened further by the lack of mathematical operations, which the designer had to develop from scratch. For instance, in
the case of MI, what would originally be a 282 (55.4%) LoC description, eventually, increased to 510 due to this disadvantage. Nevertheless, this has been
a tool-induced problem and it must not be assumed that this shall always be
the case. At any rate, even without the LoC overhead due to the mathematical
operations, the SystemC description remained signiﬁcantly longer compared to
the C-based description. Naturally, the original C models are always the shortest compared to the rest of the HLS-friendly models and this is due to the
fact that synthesisable C requires a lower level of micro-architecture directives
as well as that it does not support certain C features such as pointers. Furthermore, it has been emphatically reaﬃrmed that the LoC size of both HLS
models is always radically shorter than that of their RTL counterparts. This is an
anticipated observation, which, however, acquires signiﬁcance when taking into
account published documentation [11,12], which argues that HLS-generated RTL
models are comparable (or even shorter) in size to those that can be achieved
through a handwritten/handcoded approach.
With regard to the zero mathematical code overhead in the LoC results for
LM, this is because it does not use mathematical operations since it is mainly a
memory-handling scheme. The MA model also does not have a similar overhead
since its computational operations are not ﬁxed-point and can, therefore, be
handled as is by the SystemC-based ﬂow’s tool. One last remark in regard to
the LoC results is that both model descriptions, C-based and SystemC-based,
where performed by proﬁcient designers and the diﬀerence in the very nature of
the two languages meant that no experience from describing one algorithm in C
could be brought in its SystemC description or vice versa. This means that the
design process for all four algorithms can be thought of as independent since no
experience in, for instance, C-based coding for TE could be taken advantage of
during its SystemC description to the extent of having an impact in reducing
both the LoC or the development time. Subsequently, judging by the latency
results of Table 2, it becomes apparent that, in addition to the considerable code
length reduction over a direct RTL implementation, the HLS methodology has
the potential for speedups over a software approach whilst maintaining a
comparable code size to the original C code that is executed on a conventional
processor. This is something that has been proven in its entirety in this work. In
addition, the compute-intensive applications oﬀer greater speedup when
processed by the C-based ﬂow whereas the memory- and memory and
compute-intensive applications are faster in the case that the SystemCbased ﬂow is used. Second, the margin that separates the two approaches diﬀers
considerably between the compute-intensive and memory-intensive cases, i.e.
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the C-based ﬂow is slightly faster compared to the SystemC ﬂow for MI and
TE, however, the latter is significantly faster compared to the former for LM
and MA.
5.2

Qualitative

The information presented in this sub-section is mainly based on the extensive
use of the two ﬂows by several experienced hardware designers. First, the HLS
tool used in the SystemC-based ﬂow oﬀers a characteristic/feature of significant importance. This is the ability to pre-specify the level and extent of
functionality the designer expects to be executed within a given clock
cycle. On the contrary, such feature was not available by the tool of the C-based
ﬂow, which, therefore, lost on the ability to deﬁne explicitly the design functionality that is to be executed on speciﬁc and pre-determined cycle intervals. With this
speciﬁcation, the operations executed at every state of the control ﬂow should
be explicitly deﬁned either in source code or in terms of micro-architecture speciﬁcations during the scheduling phase. Moreover, the control ﬂow was described
by inserting wait statements that represent the clock registers separating the
combinational logic. Also, each function was triggered during every clock cycle
and thus certain signals had to be added in order to mimic the software’s control ﬂow such as a 4-phase handshake. Benchmarking reasons forbid the authors
to disclose the tools’ names, however, they are available to discuss their work
further. Subsequently, in the C-based ﬂow, the elimination of functionality speciﬁcation and 4-phase handshaking leads to an automated transformation from C
to RTL code without special intervention from the designer (except from some
directives).
A second discernible characteristic that diﬀerentiates the two input methods is that of the level of experience needed for eﬃcient model descriptions.
Here, the C-based method is the one with the shortest time required to
attain a satisfactory level of proﬁciency in eﬃcient high-level design modelling.
On the other hand, SystemC is more particular and, therefore, poses a steeper
learning curve to a designer. A direct consequence of this is that high level
description with a C-based ﬂow becomes much more economical, i.e. signiﬁcantly
fewer lines of code, since it is closer to the original untimed-C model of an algorithm, which is almost always the case. Hence, at the early stages of HLS usage,
a C-based ﬂow can be considerably faster in completing the process of starting
with a high-level model and generating a working low-level RTL equivalent, compared to a SystemC-based ﬂow. The downside for the former, on the other hand,
is that what SystemC lacks in modelling speed makes it up in thoroughness,
making its models more robust and comprehensive. Once again, this is due
to the level of designer expertise required for high-level modelling when using
this language. Hence, as soon as a capable level of expertise has been attained, a
SystemC-based ﬂow becomes a much more attractive candidate for HLS reconﬁgurable systems design. Moreover, it is a risk of some probability, as was in this
case, that the SystemC-based ﬂow’s HLS tool may not oﬀer a library for any
kind of mathematical operation such as math.h in synthesisable code. This
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Table 4. SystemC-based & C-based ﬂows
Characteristic

SystemC-based C-based

Deﬁne functionality per cycle

Yes

Not available

Input modelling learning curve

Steep

Smooth

Eﬀort for input model description Hard

Easy

Level of expected expertise

High

Moderate

Input model modiﬁcations

High

Moderate

Input model abstraction level

Medium

High

Math libraries

Weak

Strong

Parallelisation & speed

Linear

Non-Linear

Input model code length

Worse

Better

can be a serious burden in the high-level description of a system and, speciﬁcally
for the needs of the systems addressed here, the designers had to develop two
diﬀerent mathematical operations from scratch. These have been a ﬁxed-point
division and a logarithmic operation on base 2, which is performed with the same
latency as in a C++ software implementation, i.e. two cycles. Notably, this has
been achieved with the same precision as that met in software. Hence, in the
event of selecting this type of input method, the designer must investigate the
capabilities of the HLS tool that will be selected as part of the ﬂow. In addition, the SystemC-based method required that the model underwent heavy
modiﬁcations and adaptations in order to be compatible with the HLS tool’s
requirements; for instance, the function of every class must be implemented as a
thread and each thread is then executed concurrently which brings up the need
for handshaking in order to be able to emulate the function’s series of operation.
Another notable observation has to do with parallelisation issues. Speciﬁcally,
the SystemC-based ﬂow is much more eﬃcient in parallelising a design
and this is a direct consequence of the more detailed description of the SystemC
models. Hence, doubling the area of a design lead to half the execution time
while this did not apply to the C-based input method. In general, it is always
the case that SystemC needs more lines of high-level code compared to a C-based
method in order to describe the same design. The signiﬁcant diﬀerence between
the two is mainly due to the code inserted for modularity purposes, e.g. template
class deﬁnitions for all data structure processing functions, wait statements etc.
Finally, Table 4 summarises the main points outlined in this sub-section.

6

Conclusions

This paper presents a concise and thorough investigation and comparison
between two of the most popular HLS model description input methods, i.e. Cbased and SystemC-based, for reconﬁgurable systems design. This is achieved by
analysing the design process for four diﬀerent compute- and memory-intensive
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popular schemes. The paper compares the two methods whilst going through
their respective ﬂows, starting from a high-level model description all the way to
a low-level RTL equivalent. Finally, this work unfolds an in-depth account on how
the two input methods along with their respective design ﬂows compare against
one another. This account is based both on the technical results as well as the
accumulated experience from their extensive use, thereby creating a foundation
on which a designer can base their attempts on transforming popular computing
algorithms to their RTL equivalents for rapid prototyping/implementations for
reconﬁgurable systems.
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