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ABSTRACT System-on-Chip (SoC) platforms combining programmable logic (PL) and general-purpose
processors (PS) are increasingly used in low-latency and real-time applications running in edge computing
platforms, thanks to their computing capabilities, low cost, and modest energy consumption. However,
their latency performance is often not fully understood in practical deployments. To address such an
issue, this paper presents an experimental study of latency and throughput performance on a Zynq-7030
SoC system, explicitly targeting communications between PS and PL implemented through AXI DMA.
The analysis is based on measurements conducted on a real hardware platform. By evaluating different
architectural and software design choices, this manuscript provides actionable guidance for designing low-
latency PS–PS or PS–PL communications on SoC devices. The presented results highlight that latency
and throughput can be protocol-limited or hardware-limited, depending on the selected communication
architecture. Finally, we present and evaluate an industrial case study to demonstrate the potential of
the usage of SoC devices in terms of achievable performance. Although the experimental evaluation
is performed on a specific hardware platform, the methodology and conclusions apply more broadly
to heterogeneous SoCs relying on shared-memory DMA and Linux-based and/or real-time execution
environments.

INDEX TERMS Edge computing, system-on-chip, throughput, latency, implementation.

I. INTRODUCTION

IN RECENT years, several applications that take advantage
of the possibility of being deployed in edge computing

systems have been defined and developed. In fact, the strategic
location of the edge allows it to achieve significant benefits
compared to traditional centralized cloud-based architectures,
especially in scenarios where latency, reliability, security and
efficiency are critical. In fact, Edge computing allows (i) local
data processing, thus reducing the time needed to make data
round-trips in the cloud, (ii) sending only a part of the data
considered relevant (e.g., analysis results, not raw data) to
the cloud core, (iii) keeping sensitive data (e.g., biometrics,
videos) on-premise, reducing the risk of breaches, (iv) reduc-
ing the energy spent for data transmission, (v) adapting devices
to specific contexts (e.g., extreme temperatures, vibrations),
(vi) locally managing compliance with data management

regulations, and (vii) reducing operational costs of bandwidth,
storage, licenses and energy consumption.

Broadly speaking, any compute device at the edge of a
networked system can be considered an ‘‘edge system,’’ but
not all are equally effective. The choice of hardware (PCs,
servers, SoCs, GPUs, etc.) depends on functional require-
ments, constraints, and trade-offs. In this paper we focus on
optimizing the edge benefits mentioned above by making
use of highly specialized, compact and low-cost platforms
called System-on-Chip (SoC). In fact, they allow combin-
ing multicore software processing and FPGA-based hardware
acceleration, thus leveraging the strengths of both compo-
nents [8]. Such devices are designed to implement embedded
systems, but they can also serve as edge nodes when they
process local data before cloud transmission and enable low-
latency control [25]. Examples of applications that can be
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framed in this context are industrial monitoring, such as detec-
tion of defects in production, ormaintenance based on the level
of vibrations, intelligent surveillance systems for face and
object recognition, automotive applications that implement
sensor-based control systems, voice recognition, and real-time
monitoring of power grids.

For such applications, the computing cores present in the
platform can be used to deploy different and coexisting oper-
ating systems, such as Linux and FreeRTPS. The use of Linux
is ideal for implementing front-end for managing data flows,
and possibly sending the relevant results to the cloud. The use
of FreeRTOS is ideal for real-time control, especially when
reliability and low latency are required. In addition, since the
kernel size of this operating system is a few tens of kBytes, it is
ideal to be deployed in secondary cores that can be activated
as needed, using an AMP configuration (Asymmetric Multi-
Processing) along with Linux. The simultaneous availability
of FPGAs makes it possible to accelerate operations that are
known to be time-consuming. For example, applications that
include machine learning components, such as convolutional
neural networks [12], data analysis from thousands of sen-
sors, data encryption using AES, SHA-x, and post-quantum
algorithms.

Having all these features available is therefore strategic,
also due to the low energy consumption compared to that of
the computing servers typically available in the cloud core.
However, implementation on these devices is far from simple
in order of take advantage of all their features.

In this paper we present an orchestrated deployment
approach for real-time edge computing services and show
the experimental results based on a Zynq-7030 SoC. This
device integrates a dual core ARM-based processing systems
(PS) with a programming logic (PL) including an FPGA [8].
By the use of this device and different operating systems in
it, we show different implementation strategies characterized,
on the one hand, by bandwidth and latency of interactions
of differentiated intra-SoC components, on the other hand
by different flexibility to changing operating conditions and
deployment times.

The choice of the SoC used for the experimental analysis
was made on the basis of the technical features that guarantee
appropriate flexibility in applying the proposed methodology,
of its low cost, and relatively low energy consumption. The
specific interest of the selected device derives from a series
of competing implementation issues, including costs, clut-
ter of multiple boards in confined environments, the need
to dissipate heat and efficiency of resource usage avoiding
overprovisioning of resources. Therefore, the focus on latency
and throughput, although of great importance in industrial
applications, does not completely cover the complexity of the
problem.

It is also worth noting that the experimental demonstration
based on this platform does not affect the generality of the
methodology, that can be applied to a multiplicity of SoCs
distributed by different vendors, having technical features
comparable or superior to that used, albeit at a higher cost

and larger footprint. This aspect is explored in more detail in
Section III.
The existing literature on this subject, presented in

section III, includes some interesting analyses but has not
allowed us to find the answers to all the questions relating
to the opportunity to use the platform in real contexts and
possibly to the best configuration among those available.
Thus, we produced a comprehensive and structured bench-
marking across Linux ↔ FreeRTOS and PS ↔ PL paths,
covering GPIO, AXI4-Stream, DMA, and OpenAMP/RPMsg
with actionable guidelines that map traffic characteristics
(continuous vs. burst, packet size) to interface choices (GPIO
vs. AXI-Stream, DMA usage), including power and real-time
considerations. Finally, we implemented a concrete industrial
case study demonstrating orchestration (AMP, on-demand
core activation, FPGA reconfiguration) and the translation of
benchmarks into system design choices.

In more detail, our specific contributions are as follows:
1) Detailed workflow for implementing SoC-based

Edge-Computing systems for data-intensive real-time
applications.

2) Experimental analysis of the latency and throughput
performance in intra-SoC communications for different
implementation solutions.

3) Implementation of a case study belonging to the indus-
trial context that captures the effectiveness of the
proposed solution in a challenging environment.

4) Identification of guidelines for selecting implementa-
tion strategies based on the experimental validation.

The paper is organized as follows. Applications for edge
computing are classified in Section II, along with their typical
implementation issues. In Section III, we delve into an exam-
ination of the existing literature within the domain. Moving
on to Section IV, we furnish a comprehensive introduction
to the foundational concepts. The implementation solutions
for investigating the potential of the SoC are detailed in
Section V, along with proof of concept implementations. The
validation outcomes of the analyzed approaches are reported
in Section VI. The key insights of our analysis are shown on
Section VII, along with a sample implementation of an indus-
trial application. Finally, Section VIII includes our closing
remarks and conclusions.

II. PROBLEM DESCRIPTION
Applications for edge computing systems can be classified
according to some key criteria, such as latency, limiting
resources, and traffic statistics. In what follows we report
a classification based on these criteria, including a specific
focus on how the use of SoCs such as the Zynq-7000 family,
or similar SoCs, can be justified as a suitable implementation
platform for each category.

• No Real-Time: Applications with relaxed latency con-
straints, for which response delay in the order of
seconds or minutes is acceptable. For such applications
processing can also be done offline or batch. In this
case, the use of hardware acceleration is not necessary.
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TABLE 1. Classification of edge computing applications by resource that determine
most of latency and SoC component to be used for handling it.

However, the use of low-power CPUs (e.g. ARMCortex-
A9 that can be put in idle mode) can be appreciated to
save energy. In particular, it can be appealing for the anal-
ysis of locally generated data logs, such as temperature
and humidity data.

• Near Real-Time, with moderate latency: In this case,
application response times of the order of 100 ms - 1 s are
required. Tolerance for small delays is also acceptable,
but not excessive so as not to hinder levels of modest
interactivity. For example, the vehicle count in a given
area for a traffic control system falls into this category.
For these systems it is appreciable by the availability
of CPUs with preemptive scheduling capabilities and
the availability of FPGAs for pre-processing (e.g. resize
and/or cross-encoding of images) is convenient for reduc-
ing the load on CPU cores, although not essential.

• Real Time, with critical latency: In this case, a further
classification can be done based on the critical aspect
that needs to be addressed. For these applications, an SoC
equipped with an FPGA is extremely convenient because
the FPGA can be used to accelerate algorithms for
CPU-Bound applications, DMA handles transfers with-
out CPU overhead and RAM-Bound applications can
benefit from this, while highly specialized interfaces can
be used for the transfer from the applications executed by
CPUs and accelerated hardware.

Table 1 reports a further classification according to types of
resources most responsible of latency issues. These classifica-
tion categories and the SoC components that can be used to
tackle the identified issues follow:

• CPU-Bounded: The FPGA accelerates algorithms (e.g.
matrix multiplication algorithms for implementing AI
technologies).

• RAM-Bounded: DMA handles transfers without CPU
overhead.

• Bandwidth-Bounded: AXI-Stream can maximize
throughput (e.g. for video transfer).

Finally, further classification based on the data generation
process is necessary, as it is directly related to implementation
strategies.

• Continuous Delivery. This class of applications gener-
ate a constant and predictable data flow (e.g., sensors
at regular intervals for data acquisition from industrial
machinery). In this case, the FPGA can be configured for
fixed processing pipelines by making use of specialized
interfaces, such as Advanced eXtensible Interface (AXI)-
Stream, for seamless data transfers.

• Bursted Traffic. This class of applications generates and
send data in intermittent bursts (e.g. data concerning rare
but intense events, such as the recognition of anoma-
lies and related inferences about them). In this case, the
FPGA can be appropriately orchestrated, i.e. dynamically
reprogrammed to handle processing peaks. In that case,
the Block RAM (BRAM) in the SoC is an excellent
choice for absorbing bursts and making data available for
processing by FPGAs.

Clearly, an application can include multiple components
that generate different categories of traffic. In this case each
component can be designed considering its specific nature.

At this point, the problem is to identify implementation
approaches capable of (i) make the best use of the technical
features of the platform used, (ii) take advantage of a software
deployment orchestration strategy in order to optimize the
usage efficiency of the available SoC infrastructure.

To solve this problem, it is necessary to quantitatively char-
acterize the available alternatives and make informed choices
based on this characterization. This is the subject of the activ-
ities described below.

III. RELATED WORK
A. SoC-BASED EDGE COMPUTING SYSTEMS
The importance of FPGA-based hardware acceleration in edge
computing was investigated in recent papers [30], [34]. In par-
ticular, in [36] the authors present EUKL, a Linux-based
unikernel which runs in an RTOS user-space. The presented
solution allows co-existence of Linux and RTOS applications
within an embedded system while preserving RTOS real-time
and reliability features. Moreover, the importance of SoCs
in edge computing systems could be particularly advanta-
geous, depending on the application requirements [18], [21],
[29]. Key advantages includes a restricted space requirement,
as a result of the combination of CPU, memory, I/O, and
often hardware accelerators into one chip, energy efficiency,
thanks to the optimization for low-power usage, making them
suitable for battery-operated or remote edge applications, cost-
effective, because they remove the necessity for individual
components [40].

The results shown in this paper we present are based on
a Zynq-7030 SoC, which belongs to the Zynq-7000 family.
The SOCs in this family share the same processing core,
but the 7030 offers relatively large and high-performance
programmable logic, positioning it as a good choice for
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embedded applications requiring substantial hardware accel-
eration. Furthermore, the methodological approach and most
of the results shown in the paper are extendable to most
popular devices similar to, or sometimes superior to, those of
the Zynq 7000 family, as reported in Table 3.

Some developers using AMD devices make often use of
PYNQ (Python Productivity for Zynq) [5], an open-source
framework that simplifies programming FPGA-based SoCs
devices using Python. For example, the paper [23] shows the
implementation of a cluster, made energy efficient by using
Zynq boards. The experimental results show the achieve-
ment of a gain factor in the range 1.75-85.5 on performance
per watt, compared to a Ryzen server. In [20] the authors
show a framework implementing the so-called FPGA GPU
(FPGU) by using PYNQ for enabling the communication
with a browser-based computing environment. A flexible and
efficient FPGA-based architecture implementing the random
forest algorithm is shown [13]. It turns out to be suitable for
edge computing due to power limitations [22].
The expected advantages of PYNQ includes enabling

FPGA programming using Python. This approach lowers
the entry barrier for software developers without hardware
expertise and simplifies offloading of critical functions to
hardware. Developers also tend to resort to pre-configured bit-
stream files for common tasks as image processing. However,
this tool brings also some disadvantages. Python introduces
computational overhead compared to C/C++ or bare-metal
FPGA designs and is not ideal for ultra-low-latency or high-
efficiency applications. Moreover, pre-made overlays may
lack flexibility for highly customized FPGA designs and
advanced users still need the use of Vivado and Vitis design
tools [6] and HDL knowledge for complex logic imple-
mentation. Moreover, Pynq is designed for Xilinx SoCs,
as Zynq andAlveo, limiting portability to other FPGA vendors
(e.g., Intel/Altera SoC FPGAs). Finally, not all versions of
Vivado and Vitis are compatible with Pynq, including the
most recent 2024 versions at the time of writing. Finally,
even when compatibility is expected, introducing Pynq is far
from straightforward and typically requires a long adaptation
work [4].

For all these reasons, we decided to orchestrate the SoC
using Linux bash commands for activating and deactivating
the cores and hot-changing of the FPGA bitstream configura-
tion file. The code for the FPGA was directly written in the
Verilog language.

B. COEXISTENCE OF LINUX AND FreeRTOS
The coexistence of General Purpose Operating Systems
(GPOS) and FreeRTOS in SoCs has become increasingly
relevant, particularly for applications requiring both real-time
performance and complex operating system features [41].
The GPOS considered in this paper is Linux, deployed by
Yocto [42]. This way, the extensive library support of Linux
can be combinedwith a lightweight real-time operating system
designed for microcontrollers, focusing on delay performance

guarantees. Essentially, Linux can manage high-level tasks,
while FreeRTOS can handle time-critical operations.

Some papers [14], [31], [33] put forward the concept of
ARM trust zone, in order to deploy an RT execution environ-
ment alongside Linux. A traditional RTOS (tRTOS) is used to
execute the secure functions, while a GPOS the other functions
regarded as non-secure.

More recently, this coexistencewas leveraged in [41], where
the authors show implementation solutions by using a Rasp-
berry Pi 4B board. In particular, they build the so-called
compounded RT operating systems (cRTOSs), where a GPOS
and a traditional RTOS run on two virtual machines executed
by a hypervisor.

An interesting proposal for implementing a robot controller
is shown in [38]. This proposal consists of a dual-core GPOS-
RTOS dual operating system controller. The authors do not
show implementation details, but show experimental valida-
tion of real-time performance.

The GPOS-FreeRTOS combination is also useful for space
applications. The paper [17] shows the combination of the
so-called NASA Operating System Abstraction Layer for
FreeRTOS running on an Arm Cortex-M microprocessor.

In [2] the authors analyze the framework OpenAMP
as the basis of the coexistence of Linux and FreeRTOS using
the Zynq UltraScale+MPSoC ZCU102 evaluation board. The
hardware design, shown in the paper, leverages the AXI-GPIO
interface connecting the PS and the PL of the SoC. It is
thus not surprising that the authors noticed some significant
delays for executing some tasks characterized by real-time
constraints. In this paper we show a detailed comparison in
the use of AXI-GPIO and AXI-Stream interfaces to highlight
their suitability for implementing different functions.

In [15], the authors propose a Real-Time RTOS-GPOS
Remote Procedure Call for a dual-OS system. Time pre-
dictable control is achieved through three mechanisms:
Software Generate Interrupt message transforming, interrupt
handler RPC serving, and priority-swapping. After an exten-
sive comparison of the alternatives, they observe a number
of issues in developing an RPC service in a hybrid dual-OS
system.

It is also worth mentioning the doctoral thesis [32] and the
master’s thesis [11] that include an experimental validation
of Asymmetric Multi Processing in dual-core ARM Cortex-
A9 processor, in particular for memory access and PS-PL
interfacing.

IV. BACKGROUND
A. ZYNQ 7000 SOC
The Zynq-7000 series, developed by Xilinx, is a SoC tech-
nology that integrates a dual core ARM-based processing
systems (PS) with a programming logic (PL) including an
FPGAs [8]. This combination allows the creation of flexible
platform suitable for hosting a wide range of applications,
such as ML inference, video processing, software-defined
radio. The internal SoC architecture enables developers
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TABLE 2. Comparative table of SoC FPGAs similar to Zynq-7000.

implementing customized hardware and software solutions,
making it suitable in the evolving landscape of edge com-
puting systems. This versatility supports the development
of applications across various domains, including industrial
automation, telecommunications, and the Internet of Things
(IoT). Furthermore, the platform compatibility with different
operating systems, such as Linux and FreeRTOS, facilitates
integration into other existing systems.

A block diagram of the PS portion of a Xilinx Zynq
System-on-Chip (SoC), which combines ARM processors
with programmable logic is shown in Figure 1. The key com-
ponents shown in the figure are

• The I/O Subsystem, that includes the Bank0 MIO (Mul-
tiplexed I/O) pins (15:0), the Bank1 MIO pins (53:16),
various I/O peripherals (SPI, I2C, CAN, UART, etc.) the
Flash memory interfaces including Quad SPI and the
SMC (Static Memory Controller) timing calculation.

• The Central Processing System, including a Dual ARM
Cortex-A9 CPUs with L2 cache, On-Chip Memory
(OCM) with 256KB SRAM, DDR memory controller,
and Various interconnect buses.

• The System Services, including Clock generation
and reset control, DMA channels, Security modules
(AES/SHA), and Debug components (CoreSight, DAP).

• The Programmable Logic Interface, with Extended MIO
(EMIO) for connecting to PL, PS-PL clock ports, and
AXI interfaces for high-bandwidth communication.

Software implementation on the Zynq-7000 family poses
several challenges, that particularly concern the mutual inte-
gration of the available hardware components of the SoC
and the software components that regulates their behavior,
including debugging and dynamic deployment.

Developers must typically navigate these hurdles to fully
harness the SoC capabilities, highlighting the need for a
comprehensive understanding of both hardware and software
design principles. The complexity of the Zynq-7000 architec-
ture, along with the rapid pace of technological advancements,
has spurred ongoing discussions within the developer commu-
nity regarding best practices and methodologies for effective
deployment [19], [35], [37].

For the hardware configuration and programming of the
SoC, the main tools designed for this purpose were used,
namely Vivado and Vitis [6]. Both are tools developed by
Xilinx (now AMD) for the design and development of FPGA
and SoC (System-on-Chip) based systems.

Vivado is an integrated design environment (IDE) that pro-
duces the synthesis of the hardware design by translating HDL
code (VHDL/Verilog/SystemVerilog) into a configuration file
for the FPGA. It produces configurations optimized for
speed, and power consumption. It also supports pre-synthesis
and post-synthesis simulation to verify design behavior and
advanced debugging using an Integrated Logic Analyzer
(ILA) and VIO (Virtual Input/Output) for real-time monitor-
ing and control of signals. Vivado also includes a library of
pre-configured IP (Intellectual Property) blocks. An IP block
is a pre-designed and reusable hardware module, which imple-
ments a specific functionality, such as a processor, a USB
interface, and a memory space. Vivado also includes the pos-
sibility to create custom IPs by the so-called IP Integrator tool.
Regarding the SoC used in this work, the IP of the Processing
System of the Zynq 7000 family is shown in Figure 1.

Vivado is typically used in conjunction with Vitis, a devel-
opment platform for accelerated applications on FPGAs and
SoCs, which combines software for the CPU and hardware
configuration of FPGAs. Vitis supports C/C++/OpenCL to
develop hardware-accelerated kernels and allows integration
with Vivado HLS (High-Level Synthesis) to convert C/C++
code to RTL. Therefore, using Vitis it is possible to realize
joint development of firmware (PL) and software (PS) for
SoCs, such as the Zynq-7030 used in this work. We should
also highlight the support for bare-metal, RTOS and Linux,
which have been used for the experimental implementation.

B. ASYMMETRIC MULTIPROCESSING AND OpenAMP
Multiprocessing is a technique that enables a computer sys-
tem to utilize multiple processors to improve performance
and reliability. There are two categories of multiprocessing,
Asymmetric Multiprocessing (AMP) and Symmetric Multi-
processing (SMP). The key distinction between them lies in
how tasks are distributed in a coordinated manner among
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FIGURE 1. Vivado IP of the programmable logic of the Zynq 7000 SoC.

processors and how they communicate. In AMP, one proces-
sor, referred to as the master processor, oversees the other
processors, which assume the role of slave processors. In this
setup, all operating system functions and task scheduling
are managed by the master processor. Differently, in SMP
all processors have equal access to the system and memory
resources. Each processor operates independently while per-
forming tasks and interacting with the operating system.

In this work we used AMP to achieve process isolation and
guaranteed real-time. In fact, inAMP, FreeRTOS has exclusive
control over one core, avoiding interference from Linux, that
is not real-time. Furthermore, the Zynq-7000 family and simi-
lar platforms provide efficient mechanisms for inter-process
communication (IPC) in AMP, such as Shared Memory
(DDR or On-Chip Memory - OCM) for data exchange and
interrupts for notifications (e.g. from FreeRTOS to Linux).
These mechanisms are easier to manage in AMP than in
SMP, where synchronization would require a unified kernel.
In particular, we utilized the OpenAMP (Open Asymmetric
Multi-Processing) open-source framework [27]. It includes the
software components required to implement software appli-
cations for AMP systems. By using this framework, different
architectures that permits AMP applications to take advantage
of the multicore intrinsic parallelism can be deployed.

OpenAmp is composed of several libraries and modules:

• Libmetal, which provides a low-level API for accessing
hardware (memory, interrupts, devices).

• RPMsg (Remote Processor Messaging), which is a
communication protocol based on message passing.
It uses shared memory and interrupts for message
exchange between cores and supports virtual channels
(VirtIO) for communication between operating sys-
tems, described below. OpenAMP implements RPMsg
via shared memory utilizing a ring buffer. It makes
use of VirtIO devices as abstraction layer at system
level [26]. Fig. 2 illustrates that the entire communi-
cation implementation, that can be divided into three
distinct layers - Transport, Media Access Control, and
Physical layer. Each of these can be implemented
independently.
– Physical Layer: The basic setup requires a single

interrupt line for each communicating core. It should
be noted that there is no requirement for inter-core
synchronization hardware elements like inter-core
semaphore or queues. This is due to the behavior
of the virtqueue process, which employs single-
writer-single-reader circular buffering, described in
the subsequent layer. The utilization of interrupts
by the ring buffers is not mandatory and can be
disabled. Nevertheless, both cores must query these
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FIGURE 2. RPMsg protocol layers: The OpenAmp RPMsg functions can be
separated in three different layers, namely transport, media access control and
physical layer.

ring buffers for any new incoming messages, which
might not be the most efficient approach.

– Media Access Layer - VirtIO: This layer is a crucial
component of the architecture, since it eliminates the
requirement for inter-core synchronization. This is
accomplished through a method known as single-
writer single-reader circular buffering, called Vring,
a data structure that allows multiple asynchronous
contexts to exchange data. The Vring includes three
components, namely the buffer descriptor pool, the
available ring buffer, and the used ring buffer. All of
them are located in the shared memory. Every buffer
descriptor includes a 64-bit buffer address, its length
represented as a 32-bit variable, a 16-bit flags field,
and a 16-bit link to the subsequent buffer descriptor.

– RPMsg Header Definition: An RPMsg message is
included within a buffer in the shared memory,
pointed by the address field stored in the Vring
buffer descriptor. The initial 16 bytes of this buffer
are utilized internally by the RPMsg Transport layer.
The first 32 bits represent the address of the source
endpoint, while the following 32 bits indicates the
receiver endpoint. A reserved field is present just for
16-bytes alignment purposes. The following 16 bits
specify the length of the payload and other 16-bit
flags field ends the header. The user payload is
placed after the RPMsg header [28].

• OpenAMP Lifecycle Management, which manages the
start/stop of remote cores (e.g. how to start FreeRTOS on
Core 1 while Linux runs on Core 0).

• Proxies & Remoting, which allows to call remote func-
tions (e.g. a task in FreeRTOS can invoke a function in
Linux and vice versa).

V. SOLUTIONS FOR DATA EXCHANGE
The flexibility of the Zynq 7000 SoC allowed us to explore
different implementation alternatives for designing services.
Given the emphasis placed in this paper on the real-time nature
of applications, it is necessary to have a complete picture of
the communication capability between the components of the
SoC.

For the sake of completeness, we considered applications
based on the coexistence of different operating systems in
the SoC and the parallel availability of hardware acceleration.
For this reason, before showing the implementation solutions
it is necessary to characterize the possibilities of interaction
between the PS cores and between PS and PL. In particular,
the characterization is carried out considering the achiev-
able latency and throughput, depending on the size of the
exchanged packets.

For this characterization, the following test scenarios are
analyzed.

• LINUX ↔ FreeRTOS
• LINUX ↔ FPGA
• FreeRTOS ↔ FPGA

A. DATA EXCHANGE BETWEEN LINUX AND FreeRTOS
This section illustrates the operating procedure starting from
the hardware design to the implementation of the application
software distributed on the two cores of the Cortex A9 pro-
cessor. This procedure includes resource partitioning (memory
and peripherals), booting of secondary cores fromLinux, load-
ing FreeRTOS on the secondary core, data exchange between
Linux and the secondary core through RPMsg, and concur-
rency management.

The hardware project for this first analysis is shown
in Figure 3. The project essentially includes the PS Zynq
7000 shown in Figure 1 and the minimum peripherals for
interacting with the external.

Through the hardware project, a file in xsa (Xilinx Support
Archive) format was generated using Vivado. It includes basic
information on the project hardware configuration, along with
address maps for the PS and driver information. This xsa
file was used by the software developed to interact with the
hardware environment, identify the system peripherals and the
memory address map.

The software architecture is based on the use of inter-
rupts and shared memory. The Libmetal library includes
APIs that can be used to access devices, handle device
interrupts, and request memory in different operating envi-
ronments. Using Libmetal, it is possible to create an AMP
solution for packet exchange. In particular, the used Ope-
nAMP library provides a framework for remote processor
management and inter-processor communication using key
lifecycle management and inter-processor communication
features for managing remote compute resources. Further-
more, it provides a standalone library for use with FreeRTOS
and baremetal software environments, and compatibility with
upstream Linux remoteproc, rpmsg, and VirtIO components.
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FIGURE 3. Hardware design for analyzing interactions between cores running Linux and FreeRTOS.

FIGURE 4. Communication model between Linux and FreeRTOS. Dashed arrows
indicate logical relationships.

The latter point is fundamental because it represents the basis
of exchange between Linux and FreeRTOS operating systems.
In particular, the OpenAMP VirtIO library implements the
VirtIO standard for shared memory management. VirtIO is a
virtualization standard for network and disk device drivers in
which only the driver on the guest device is aware of running
in a virtual environment, with the hypervisor. remoteproc pro-
vides the functionality for managing the lifecycle of remote
processors. This library, using the information published via
the remote processor firmware resource table, allocates system
resources and creates VirtIO devices. The RPMsg API allows
IPC between processes running on independent cores in AMP.
The resulting architecture is sketched in Figure 4.
The basic steps of the implementation on the Linux side,

which acts as the logic controller for setting up the OpenAMP
channel for message exchange, is shown in Figure 5. The
following steps are executed:

• Definition of a firmware resource table. The resource
table defines the firmware entries required for the

OpenAMP application. This is a list of the system
resources required by remoteproc.

• Creation of the remoteproc structure using the resource
table.

• Definition of RPMsg callback functions.
• Creating the RPMsg VirtIO device.
• Creation of an RPMsg endpoint and association of the
RPMsg device with callback functions.

• Usage of the system call write() by Linux to send a
message and the rpmsg_send() API by FreeRTOS to send
the echo back to the remote processor.

After the environment is initialized, the flow of the Ope-
nAMP application consists of the RPMsg channel which acts
as communication between the master and the remote proces-
sor via the RPMsg I/O and send() callback functions.

The steps illustrated have been implemented in a programs
written in C language. Although the detailed description of the
implementation of the long and complex C programs used for
this analysis in much beyond the scope of this paper, we both
provide some details in order to give interested readers a view
of the basic steps of the implementation and in we have set
up a URL from which the programs used in the analyzed case
studies can be downloaded [1].

The Linux program acts as a client, while the FreeRTOS
program acts as a server, which has to be previously loaded
by Linux. The program has been implemented by integrating
the Vitis template echo-test [7]. The essential steps related
to sending packets from Linux to FreeRTOS are depicted in
the flow diagram shown in Figure 6. The application begins
execution in user space on the Linux processor. It dynamically
loads the rpmsg_char kernel module, ensuring the avail-
ability of the character device interface required for RPMsg
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FIGURE 5. Steps for setting up the OpenAMP channel between Linux and FreeRTOS with sample C functions.

communication. It then verifies the presence of the specified
RPMsg device within the system sysfs hierarchy. To route
communication through the rpmsg_char interface rather than
a default handler, the application explicitly binds the RPMsg
device to the character driver using the driver_overridemech-
anism, followed by a manual write to the bind file in sysfs.
Once the device is bound, the application opens the character
device associated with the RMPsg control channel. It then
creates an endpoint via ioctl() call on the character device.
This endpoint is used to establish a logical connection with a
corresponding endpoint on the FreeRTOS side. Next, memory
is allocated for transmit and receive payload structures. The
core loop of the application iterates over the configured num-
ber of test rounds. Within each round, the time is calculated
with timestamps captured at the beginning and end of the
inner loop. The nested loop performs the actual data exchange,
sending a predefined number of payloads. Each payloads is
initialized with a repeating generic pattern (0xA5 in our exper-
iments) and transmitted using the write() system call. After
each transmission, the application enters a read loop to receive
the echoed response. Upon receiving the response, the payload
integrity is validated by checking each byte of the data buffer
for any corruption. Once all payloads have been processed, the
application calculates and prints the total elapsed time. Finally,
the application frees all allocated memory and cleanly closes
the file descriptors. The program then exits, returning control
to the shell.

The part of the logic executed by FreeRTOS corresponds
to that of the echo-test application [7], which, for the latency
measurement, did not need to be modified.

The application used for evaluating performance consists of
executing 1000 iterations, each with a minimum packet size
of 1 byte, plus another 8 bytes due to additional fields inserted

in the Linux-side payload, 4 bytes to identify the packet with
a sequence number, and another 4 for the packet size itself.
This is because the user-space Linux application cannot access
the RPMsg protocol headers, which are managed at the kernel
level, so part of the payload is used to create an additional
application header.

B. DATA EXCHANGE BETWEEN LINUX AND FPGA
This section describes the procedure implemented in the
application used to evaluate the data transmission bandwidth
between the Linux system in the PS and the FPGA present in
the SoC. In this specific case, the FPGA was configured to
perform a simple NOT logic operation, in order to verify the
correct functioning of the system without requiring significant
processing time capable of significantly altering the estimates.
In this way, the measured time is that related to the data trans-
fer from the Linux system to the FPGA and the transmission
of the processed data in the opposite direction. In the Xilinx
Zynq-7000 SoC series, the Processing System, which includes
the dual-core ARM Cortex-A9, can communicate with the
PL (including the FPGA fabric) through different interfaces,
which differ in complexity of use and performance. In this
analysis we focused on the two extremal solutions, relate to
the GPIO (General Purpose Input/Output) Interface and the
AXI4-Stream. The former is designed for general purposes,
i.e. for controlling and reading simple digital signals between
the PS (ARM cores) and the PL (FPGA) or external devices.
It is easier to configure and requires low resource usage. For
this reason it is considered suitable for basic I/O tasks. Dif-
ferently, the AXI4-Stream interface is hardware-accelerated
and supports efficient transfer of bulk data. Although the
mentioned features can be guidelines for application design,
an experimental analysis is necessary to rigorously frame the
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FIGURE 6. Linux-side flow diagram of the C program used for latency and
bandwidth estimation between cores.

possibilities offered by the two alternatives and make the
optimal choice based on the application characteristics.

In both cases, a hardware project must be prepared to use
the various interfaces and associated modules.

The hardware design for using the GPIO is shown in
Figure 7. As shown in the figure, a custom FPGA block
implementing of the NOT function is used. The PIs related

to the GPIO ports are used to send data to the FPGA and to
receive data from the PI of the PS of the Zynq-7030 SoC. The
other PIs in the figure have only a physical interconnection
role to the bus.

A C language program was written to send a 32-bit hex-
adecimal value to the FPGA for a total of 1000 iterations,
in order to calculate the average throughput and latency.
Figure 8 shows the flow diagram of the program, such
as memory management for the GPIO interfaces and data
exchange. The program implements a bidirectional communi-
cation loop between a Linux-based processor and the FPGA
using AXI GPIO peripherals. It begins by accessing phys-
ical memory through /dev/mem, mapping the AXI GPIO
regions responsible for both input and output channels. Once
mapped, the GPIO directions are configured: The output
channel is set to transmit data to the FPGA, while the input
channel is configured to receive responses. The execution
timing is measured by capturing timestamps at the begin-
ning and end of the transmission loop. The core processing
loop iterates a specified number of times, transmitting a
fixed bit pattern via output GPIO and immediately reading
back the corresponding data from the input GPIO. This pro-
cess emulates a simple hardware handshaking mechanism.
After all iterations, the total elapsed time is computed and
reported. The program concludes by unmapping the mem-
ory regions and closing the device, ensuring proper resource
cleanup.

Regarding the use of the AXI4-Stream interface, it is nec-
essary to access the High Performance (HP) ports of the SoC,
to obtain high-speed data transmission between the PL and
the operating system. The use of the HP ports, designed to
support high-bandwidth communications between the PL and
the system DDR memory, allows the FPGA to directly access
the system memory via a DMA (Direct Memory Access)
controller. In the specific case of the hardware implementation
for this application, two HP 64-bit interfaces were enabled,
referred to as HP0 and HP1.

Next, it was necessary to integrate two instances of
the AXI DMA block into the Block Design in Vivado.
These two blocks play a fundamental role in establish-
ing a high-performance bidirectional communication channel
between Linux and the FPGA, leveraging the AXI4-Stream
interface and the newly enabled HP ports. In particular:

• The first AXI DMA block was configured to receive data
from the Linux system through the HP0 port, transferring
it from the DDRmemory to the FPGA logic block via the
MM2S (Memory-Mapped to Stream) channel.

• The second AXI DMA block, instead, was set up to
send the data processed by the FPGA to Linux, using the
HP1 port and the S2MM (Stream to Memory-Mapped)
channel, which allowswriting directly to the systemDDR
memory.

Both AXI DMA blocks are configured to support 64 bits
data transfer. To enable the connection between the HP0
and HP1 ports of the PS and the AXI DMA modules, AXI
SmartConnect modules have been included in the hardware
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FIGURE 7. Hardware design based on the use of GPIO interfaces.

design. The resulting hardware configuration is shown in
Figure 9.

The Not_TEST_AXI module is designed to receive data
through an AXI4-Stream interface and apply a logical NOT
operation on the received data. The module has an architecture
based on two main AXI4-Stream communication channels,
one input and one output. The input interface (AXI4-Stream
Slave) receives data from the system, while the output inter-
face (AXI4-tream Master) sends the processed data.

To develop the C code for data exchange, it was necessary to
program the AXI Stream protocol control signals to regulate
and synchronize the data transmission between the master and
the slave. Specifically, when data is received by the module,
it is read via the s_axis_tdata signal. The module checks
whether the input data is valid (via the saxistvalid signal) and
whether the output is ready to receive it (via them_axis_tready
signal). When both of these conditions are met, the module
performs the logical NOT operation on the received data and
stores the result in the m_axis_tdata signal, which represents
the data to be sent out. Once the data has been processed,
the module ensures that it can be transmitted correctly. The
m_axis_tvalid signal is set to 1 to indicate that the processed
data is ready to be sent. However, the module will not send
the data if the target system is not ready to receive them,
as indicated by the m_axis_tready signal. If the target system
is ready, the data is sent, and them_axis_tlast signal is used to
signal that the sent data packet is the last one in the flow. The
s_axis_tready signal is set to indicate that the module is ready
to receive new data only when the output is ready to send them.
This avoids conflicts between receiving and transmitting data,
ensuring that the module does not receive new packets until it
has finished sending the previous ones.

Figure 10 shows the flow diagram of the code regulating
data transfer, highlighting the principal phases of the logic
implemented. The program implements a high-throughput
data transfer routine using AXI DMA. It opens the /dev/mem
device to enable direct access to physical memory regions,

mapping both MM2S and S2MM DMA control register as
well as a contiguous DDR memory segment used as the trans-
mission and reception buffers. Following memory mapping,
the transmit buffer is initialized with a predefined data pattern,
while the receive buffer is cleared to zero. Both DMA channels
are reset, configured with appropriate source and destination
addresses and then enabled for operation. Themain processing
loop iterates over a user-defined number of payloads, updating
the transmit buffer at each iteration and launching DMA trans-
fers by writing to the appropriate length registers. Completion
is monitored through polling of the DMA status registers.
Upon completing all transfers, the receive buffer is validate
against the expected data to ensure data integrity. Execution
time is measured by capturing timestamps at the beginning
and end of the transfer loop. Finally, the program outputs
performance metrics and releases all allocated resources.

C. DATA EXCHANGE BETWEEN FreeRTOS AND FPGA
As for measuring the performance in the communication
between FreeRTOS and the FPGA, again implementing an
error checking mechanism, both the hardware model and the
Verilog code used for programming the FPGA shown above
have been reused. However, for what concerns the C code,
some modifications were required in terms of programming
logic, libraries, and hardware interaction. FreeRTOS operates
in a bare-metal model, in which static allocation is preferred
and memory coherence must be controlled manually when the
FPGA makes use of the shared memory.

Whilst Linux abstracts hardware using sysfs files for GPIO
and kernel drivers for DMA, FreeRTOS requires programming
registers. For example, the XGpio driver is not a kernel module
but a library and its functions are called directly. To read a
GPIO it is necessary to invoke XGpio_DiscreteRead , which
pokes the register itself. DMA is managed through a sequence
of register writes, orchestrated via Xilinx XAxiDma library.
Also the interrupt managements becomesmore complex, since
interrupts cannot be triggered by kernel-managed handlers and
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FIGURE 8. Flow diagram of the Linux-side C program used for GPIO interfacing and
data exchange with the FPGA.

their management is deferred via semaphores or task notifi-
cations. Time and scheduling management is also different.
FreeRTOS treats time as a quantifiable resource that must be
directly managed.

For the experimental analysis, two sub-case studies can be
identified for the data exchange between PS and PL, namely
the one related to the use of the GPIO interface and the one
related to the use of AXI4-Stream.

The exchange between FreeRTOS and FPGA via GPIO
is a logically similar approach to that of communication
between Linux and the FPGA. The communication time
between FreeRTOS and the FPGA was measured using the
xTaskGetTickCount() function, which returns the number

of system ticks that have passed since startup. The value
obtained is then divided by the frequency of system ticks,
thus allowing the time to be expressed in seconds. Since
FreeRTOS is a real-time operating system, time management
occurs through a tick timer, which is a periodic inter-
rupt generated by a hardware timer. The timestamp thus
obtained was recorded in the instant immediately preced-
ing the sending of the first value to the FPGA and in
the instant immediately following the sending of the last
value.

In the case of using the GPIO interface, at startup the
application initializes three main peripherals:

• UART (XUartPs): used for sending log messages and for
printing the test results on the terminal.

• GPIOTX (XGpio): configured as an output channel, used
to transmit data from the processing unit to the FPGA.

• GPIO RX (XGpio): configured as an input channel, used
to receive the data returned by the PL.

On the FreeRTOS side, the main component of the applica-
tion is the xTaskCreate library function, which is used to run
a loop for a predefined number of iterations, corresponding
to the number of exchanged packets, which is 1000 for this
analysis.

During this loop the following steps are executed:

1) An incremental value txCount is transmitted via the
outgoing GPIO.

2) The value is read from the incoming GPIO channel.
3) The received value is checked to be the bitwise comple-

ment of the sent value.
4) The counters for received packets and any comparison

errors are updated.

For evaluating performance, the xtime_l.h module is used,
which provides the elapsed time in ticks. The start and end
time of the test is recorded via XTime_GetTime, and the
throughput is calculated by dividing the total volume of data
transmitted by the total time, thus obtaining the transmission
throughput.

In the case of using the AXI-Stream interface, the main
peripherals initialized at application startup are:

• UART: used to send log messages and test results to the
terminal;

• DMA TX and RX: used to transmit and receive data
between the main memory and the FPGA through an
AXI-Stream interface.

The memory regions used for the transmission and recep-
tion buffers are predefined via macros (TX_BUFFER_BASE
and RX_BUFFER_BASE) and must reside in a portion of
memory accessible by both the processor and the DMA. This
portion can be checked within the project in Vivado. The main
task of the application performs a transfer cycle repeated for a
defined number of iterations, 1000 for this analysis.

In each iteration:

1) The data in the transmission buffer is updated;
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FIGURE 9. Hardware design based on the use of AXI-Stream interfaces.

2) The cache is managed to ensure consistency between
memory and peripherals (flush for the TX buffer,
invalidate for the RX buffer);

3) The RX transfer is started, followed by the TX transfer;
4) The systemwaits for both DMA operations to complete;
The overall execution time is measured using the FreeRTOS

tick counter, from which the throughput is calculated.

D. CONFIGURATIONS DETAILS
For what concerns the detailed configuration of the exper-
imental platform, we used the default system configuration
(e.g., in PS main clock value and relevant peripherals,
see also [10]), unless changes were strictly necessary. For
instance, we did not use CPU pinning and isolation, except
in experiments related to the communication between Linux
and FreeRTOS, where both CPU cores was initially allocated
to Linux, and then CPU core1 was dynamically allocated
to FreeRTOS at runtime, leaving the Linux system with just
CPU core0. In this regard, the complete configuration of
the RPMsg protocol is shown in documents available in the
supporting material [1]. For instance, we used vring0 for
the communications from Linux to FreeRTOS, and vring1
for the reverse direction. Their size is 16 KB, whereas the
pool for the RPMsg buffer is 1 MB. Finally, the memory
reserved for the whole firmware is 16 MB. We used interrupts
for synchronization operations. The policies for the usage of
the DMA can be found in the Vivado logs [1]. Finally, we used
the suggested values for compiler flags, such as those reported
in OpenAMP documentation [7].

When carrying out measurements, we set a number of initial
warm-up iterations equal to 50, then we collected latencymea-
surements for the following 1000 iterations. We recorded the
timestamp immediately before and after each communication
exchange. As for the time resolution, in Linux we used the
CLOCK_MONOTONIC_RAW, equal to 1 ns, and in FreeR-
TOS we used a high-resolution timer based on a frequency
of 666 MHz, thus with a resolution of 1.5 ns. In fact, the base
timer (tick) is equal to 10 ms (100 Hz) and thus not suitable
for the accuracy needed in the measurement campaign.

VI. EXPERIMENTAL RESULTS OF TEST SCENARIOS
The experimental results on latency and throughput between
Linux, FreeRTOS, and the FPGA in the Zynq-7000 is critical
for edge computing applications to fully take advantage of the
SoC capabilities.

In Table 3 we report the latency values evaluated through
experiments. It is important to note that the minimummessage
payload used to evaluate the minimum latency also mini-
mizes the throughput, confirming the known trade-off. Higher
throughput values are achievable by using larger payloads.
In what follows we will delve deeper into the analysis of the
throughput.

The performance differences are not due to a single factor,
but rather the combination of the communication path and
the mechanism used. These factors determine the overhead at
every level of the stack.

As for the latency measurement between Linux and
FreeRTOS, these are by far the slowest paths by a signif-
icant margin. A minimum value of 1 byte of the RPMsg
payload was used, to include the minimum transit time in
the endpoints in the measurement. Given the experimental
setup, the measurements were quite stable. Therefore, it was
possible to estimate the average latency of the round trip
time of the inter-core Linux → FreeRTOS → Linux com-
munication in about 69 µs. These values are due to the fact
that the data exchange between different cores makes use of
a protocol RPMsg designed for control and low-bandwidth
data, not high-speed streaming. OpenAMP is a framework
for managing inter-processor communication, using shared
memory. The protocol stack, including packetization and
error-checking, adds significant overhead. We point out that
these latency measurements required an extended warm-up
procedure compared to all the other experiments carried out
in our test campaign. Quantitative details of the measurement
setup are reported in Figure 11 and Figure 12. As shown in
the first figure, both the average latency value and the cor-
responding standard deviation become stable only when the
fraction of warm-up samples is at least 20%, i.e. 200 samples.
For smaller values, corresponding to the typical configuration
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TABLE 3. Throughput and latency in Zynq-7000 communication paths via shared memory: average values are provided with standard deviation, evaluated on 1000 samples.

used for other measurements, the standard deviation is very
high, reaching approximately twice the average value.

Additional insights can be obtained from the boxplot
reported in Figure 12. While the interquartile range and the
median remain constant across all configurations, the number
andmagnitude of outliers are very high in the first 200 samples
and then progressively decrease. This behavior significantly
affects the standard deviation and, to a lesser extent, the
average latency, which becomes stable and significantly lower
after the warm-up phase.

These results provides us with a first important result in the
design of the architecture of the applications implemented in
the SoC. Essentially, if a friendly user interface is needed, and
it is implemented by using a full fledged operating system as
Linux, the price to be payed is a significant latency if data
have to be transferred to FreeRTOS. In addition, although the
transfer is largely stable in terms of average latency, occasional
outliers may occur, likely due to internal Linux mechanisms
involved in the RPMSG protocol. These mechanisms make
this type of communication interface suitable for exchanging
control commands between Linux and FreeRTOS, but not
for high-volume data transfers. Therefore, it is preferable to
transfer data directly to the FPGA. In addition, these latency
values are particularly significant when compared to those
of all the other test scenarios. In fact, every other scenario
that includes data exchange with the FPGA, both from Linux
and FreeRTOS, shows lower latency values even by orders of
magnitude.

The Linux ↔ FPGA experiments produced a significant
performance improvement because the physical interconnect
is much faster. The communication Path is based on a faster
bus, thus the raw physical layer is capable of much higher
speeds. Also, the GPIO is a parallel bus that allows the CPU
to directly access the FPGA memory.

The FreeRTOS ↔ FPGA experiments provided the fastest
exchange. Data moves over dedicated bus on the chip. This is
the fastest possible connection, with minimal physical delay.
In fact, AXI is a high-performance on-chip bus protocol. Both
ends have direct, low-latency access to the same memory
block. TheDMAcontroller is implemented in the PL, allowing
data to move between the memory and the AXI streamwithout
any CPU involvement.

As mentioned above, to evaluate the latency in the various
test scenarios we used the minimum usable information units.
However, to facilitate the comparison, in the cases related to

the use of the GPIO we also included experiments with longer
packets, to compare the result with that obtained using the
AXI4-Stream interface. This allows us to identify two other
interesting results. First of all, if the data to be transmitted
is highly fragmented into small blocks, the AXI4-Stream is
not very efficient, since it requires the use of stuffing bits to
obtain packets with the minimum length. Furthermore, even
if from the latency point of view the various test scenarios
show comparable results, significantly different results can
be seen from the throughput point of view. In fact, it clearly
appears that the use of the GPIO interface allows achieving
significantly higher values.

However, this result is only partial, because it refers to the
exchange of relatively short packets. To analyze a scenario
in which large files need to be transferred, such as images,
we performed experiments using longer packets. In this case,
the emphasis on latency decreases, as the transfer time is
dominant. However, the importance of throughput increases.

Fig. 13 shows the throughput achievable in the packet
exchange between Linux and FreeRTOS for different payload
size. The two graphs shown in the figure refer to two differ-
ent situations. The first one, referred to as Linux-FreeRTOS
with ack, consists in estimating the bandwidth of the Linux
→ FreeRTOS → Linux interaction in the Linux → FreeR-
TOS direction only, using 1-byte response packets that act as
ACKs. The transmission of the acknowledgment packets is not
included in the bandwidth calculation. The second approach,
referred to as Linux-FreeRTOS with full echo, consists in
estimating the bandwidth of a bidirectional exchange, in which
the same packet, with a variable payload, is sent both in the
Linux → FreeRTOS direction and in the reverse direction.
Clearly, in this case the transported payload bytes are double
compared to the case with the single ACK. The confidence
intervals are shown in the figure, although their small value
are difficult to appreciate at the scale of the graph.

As expected, the throughput increases with the packet
length in both cases. However, it is noticeable that the trend
is almost linear up to the maximum packet length. It was
not possible to use longer packets due to the limits imposed
by the RPMsg protocol. The fact that no saturation effect is
observed indicates that the communication capacity between
the two cores is not fully exploited by RPMsg, despite having
been used in the kernel configuration in Linux. In fact, the
absence of a plateau (saturation) in the throughput graph as
packet length increases, interrupted only by the maximum
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FIGURE 10. Flow diagram of the Linux-side C program used for AXI-Strem
interfacing and data exchange with the FPGA.

limit imposed by RPMsg, indicates that the bottleneck is not
in the transmission channel, but in the protocol. The system is
therefore not operating at its maximum transmission capacity,
which remains unexplored due to the protocol constraint.

Figure 14 shows the achievable throughput between PS and
FPGA using GPIO. Again, in Figure 14 throughput exhibits

FIGURE 11. Measured latency for Linux → FreeRTOS → Linux (ACK): average and
standard deviation as a function of the percentage of warm-up samples. The number
of used samples is 1000.

FIGURE 12. Boxplot of measured latency for Linux → FreeRTOS → Linux (ACK) as
a function of the percentage of warm-up samples. The number of used samples is
1000. The inset plot focuses on inter-quartile ranges.

FIGURE 13. Measured bandwidth of the communication between Linux and
FreeRTOS. ACK is not counted for throughput estimation. Number of iterations is
equal to 1000.

an increasing trend, with response times that resulted almost
independent of input and output size. The two graphs shown
refer to PS applications deployed in Linux and FreeRTOS,
respectively. The maximum values obtained by using the
Linux application, referred to as Linux-FPGA with GPIO,
doubles the average throughput values recorded for the
Linux-FreeRTOS exchange (Linux-FreeRTOS with full echo).
The maximum packet size shown in the figure is due to the
maximum parallel bit transfer capacity of the GPIO. The
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superior performance obtained using the FreeRTOS endpoint
compared to the Linux endpoint is evident. In particular, the
use of FreeRTOS in the PS allows the throughput that was
observed in the Linux-based case to be tripled. This provides
interesting implementation opportunities when it is essential
to limit the effort and time of application development, since
by using the GPIO interface the complexity of the code is
appreciably lower than using the AXI Stream. The packet
size, as in the case between Linux and the FPGA, does not
depend on the RPMsg protocol, but is determined by the length
allowed by the GPIO, which varies from 1 bit to 32 bits. These
observations are a key aspect for making design decisions.
Also in this case, the absence of a plateau in the throughput
graph is due to the limited number of bits that the GPIO can
handle. Due to the significance of the case study, including the
PL, in Figure 15 we also show the latency values of the two
solutions. It turns out that the latency values when the FreeR-
TOS endpoint is used are approximately one third compared
to Linux endpoint, with a constant behavior as the number of
bits exchanged in parallel through the GPIO interface varies.
This confirms the advantage of using FreeRTOS for industrial
applications where throughput and latency are key require-
ments.

The bandwidth measurement for Linux-FPGA communi-
cation using the AXI4-Stream protocol, shown in Figure 16,
highlights appreciable improvements compared to using
GPIOs for data transmission. GPIOs, although useful for
simple applications that require the exchange of modest
volumes of data, have limitations due to the overhead of syn-
chronization operations and the reduced bandwidth. Instead,
the plateau effect in Figure 16 shows that the adoption
of the AXI4-Stream protocol, designed for continuous and
high-speed data transfer, allows exploiting the actual capabil-
ities of the FPGA. In this case the presence of a plateau in
the throughput graph as the length of the packets increases
indicates that the bottleneck is in the transmission channel,
which is stressed by excess traffic, and that the system is there-
fore operating at its maximum transmission capacity which
can therefore be considered determined. Also in this figure the
intervals of confidence are included in the figure although they
are difficult to appreciate at the scale of the graph.

The test was performed with packets of increasing size,
from 8 Bytes to 8192 Bytes, to observe the impact of the
payload size on the achievable throughput. The results indicate
that the average bandwidth increases progressively with the
increase of the payload size. The two graphs shown in the
figure refer to the use of Linux and FreeRTOS, respectively,
in the PS. Similar to what was observed in the use of the GPIO,
when the exchange end-point in the PS is implemented with
FreeRTOS the performance is significantly better than when
using Linux. The difference in throughput is very significant,
approximately 4 times. This difference provides a clear imple-
mentation guideline that was used in the implementation of the
case study illustrated below. Also in this figure the intervals of
confidence, although included, are difficult to appreciate in the
figure at the scale of the graph.

FIGURE 14. Measured bandwidth of the communication between PS and FPGA
using GPIO. The FPGA implements a simple binary NOT function. ACK is not counted
for throughput estimation. Number of iterations is equal to 1000.

FIGURE 15. Measured latency of the communication between PS and FPGA using
GPIO. The FPGA implements a simple binary NOT function. Number of iterations is
equal to 1000.

FIGURE 16. Measured bandwidth of the communication between Linux and FPGA
using AXI-Stream. The FPGA implements a simple binary NOT function. ACK is not
counted for throughput estimation. Number of iterations is equal to 1000.

Being this experiment the one providing the best through-
put performance, also in this case we depict the latency for
payload transfer, for both Linux and FreeRTOS endpoints,
in Figure 17. As expected, the message transfer latency
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FIGURE 17. Measured latency of the communication between Linux and FPGA using
AXI-Stream. The FPGA implements a simple binary NOT function. Number of iterations
is equal to 1000.

increases almost linearly with the payload size, with a lower
slope and intercept value when FreeRTOS is used.

VII. DISCUSSION AND SAMPLE APPLICATION
A. KEY INSIGHTS FOR EDGE COMPUTING
Using the results of the previous section we can draw conclu-
sions regarding the service categories presented in Section II.

For Real Time applications, for which latency is the critical
factor, it is necessary to limit data exchanges between the two
cores of the SoC. If this must be done, either to ensure a
friendly user interface or for the easy use of results, it should
be limited to a single exchange. Otherwise, it is best to refer to
the FPGA, using either theGPIO interface or theAXI4-Stream
Interface.

• Linux ↔ FreeRTOS: Variable latency > 60 µs. Core
isolation is not sufficient to further decrease latency.
These values represent a significant decrease in the pro-
cessing time available to implement applications with
strict latency limits.

• FreeRTOS ↔ FPGA: ≤ 1µs latency using GPIO,
up to 32 bit payload size, and transfer time ≤ 4µs
for AXI4-Stream up to 32 byte payload size. Using the
AXI4-Stream interface, latency increases nearly linearly
until 8196 bytes (about 105µs), producing a significant
throughput, around 80 MB/s. This solution is suitable
for implementing safety systems, such as autonomous
driving.

• Linux ↔ FPGA: In this case the considerations are
completely similar to that of the exchange between Linux
and FPGA, but with a bit increased latency and thus
decreased throughput. This allows additional freedom to
design the application logic and dictate the path the data
should take internally to the SoC.

To sum up, our measurement campaign shows that it is
possible to distinguish between protocol-limited communi-
cation throughput (e.g., RPMsg, which does not exhibit a
clear throughput plateau) and link-limited throughput (e.g.,
AXI4-Stream, which exhibits a well-defined plateau). There-
fore, the communication architecture plays a decisive role in

determining where the bottleneck lies, i.e., in the protocol or
in the communication channel.

The arrival process of the information units to be exchanged
requires additional considerations.

• Continuous Delivery: In this case, given the possibility
of creating packets of the desired size, the desired trade-
off on latency and throughput can be obtained using the
AXI4-Stream interface.

• Burst Traffic: If it is necessary to transmit small packets,
as happens in some IoT applications, given the measured
efficiency values, it may be preferable to use the GPIO
interface. If the length of the packets increases, even if
of variable value, then it would be advisable to use the
AXI4-Stream again.

Trade-offs specific in edge computing applications for
real-time applications are summarized in Table 4.

For what concerns power consumption, the use AXI DMA
for bulk data instead of CPU-driven transfers is effective
to reduce active power. It is possible to put idle cores in
low-power states (e.g., WFI - Wait For Interrupt) for this
purpose. A possible pitfall is that sharedmemory polling keeps
CPUs active, wasting power. An alternative solution is to Use
interrupts (IRQ) to wake cores only when needed.

For obtaining hard Real-Time, the optimal solution is to
leverage FreeRTOS ↔ FPGA via AXI4-Stream or AXI-Lite
for message exchange. In fact, AXI registers allow sub-10
µs access and interrupts (IRQ) ensure immediate response.
A possible pitfall is that Linux is non-real-time and even with
the use of the well-known kernel patch PREEMPT_RT [16],
latency can exceed 100 µs. It is therefore necessary to reserve
a core for FreeRTOS.

For maximizing throughput, the suitable solution is to use
AXI DMA (Linux ↔ FPGA), since it supports 64-bit bursts
(up to 6 GB/s in Zynq-7000 bus), thus offloading data move-
ment from CPUs.

In terms of flexibility, the usage of Linux is suitable for
protocols as TCP/IP, MQTT, USB). FreeRTOS can be used
for real-time control (motor PWM, sensor sampling). In this
case, a possible pitfall is that FreeRTOS lacks dynamic fea-
tures. In particular, no virtual memory is available and limited
multi-threading is supported. Overloading it with complex
tasks risks deadline misses.

B. SAMPLE INDUSTRIAL APPLICATION
We applied the results found in an edge computing sample
application that can adequately demonstrate them. This appli-
cation is of industrial nature, and consists of a manufacturing
defect monitoring and alarm system. The schematic workflow
of the application is shown in Figure 18.
This application uses a camera to capture video of the man-

ufactured components passing on a conveyor belt, analyzes
the individual frames of the components and searches for any
manufacturing defects by scanning the individual frames with
a trained deep convolutional neural network. When a defect is
identified, an alarm is generated and the defect is framed in red
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TABLE 4. Edge requirements for real-time applications vs. solutions.

FIGURE 18. Schematic workflow of the sample application.

FIGURE 19. Example of a manufacturing defect framed in red by the FPGA. The
Verilog code used for implementing this frame processing is reported in APPENDIX.
The logs generated by Vivado with detailed view of the parameters illustrating the
system behavior are included in the repository [1].

in the video. The repository [1] includes the detailed structure
of the deep neural network used.

The application was designed by making use of the hard-
ware design shown in Figure 9, modified by two custom
IPs programming the FPGA. One of them makes use of the
AXI4-Lite interface to send the box edge coordinates to the
FPGA. The other one implements the Verilog code used to
draw the box. When implemented in the FPGA, the function
that draws the box around the defect requires a Look-Up
Table (LUT) utilization of 4.39% and a Block RAM (BRAM)
utilization of 1.13%.

Figure 19 shows an example of detected and highlighted
manufacturing issue. In order to give the interested reader an
example of the resulting code for the FPGA the Appendix
reports the Verilog code used for drawing the red box.

From an implementation point of view, it emerged during
the experiments that the most challenging component is the
addition of the red box around the defect for each single frame.

If this operation is not done with a timing compatible with the
frame rate, the resulting video is not smooth. We developed a
Linux application using the open source WebRTC (Web Real-
Time Communication) technology, which allows real-time
communication between web browsers, without the need for
plugins.

We considered the default frame rate, which is 30 fps.
Therefore, in the case of identifying a defect, it is necessary
to notify FreeRTOS to report the alarm and pass 30 frames
every second to the FPGA to introduce the box in the defect
position.

The central element of the application is the orchestrator.
In fact, the flexibility of the Linux interface can be exploited
through bash commands that, when necessary, activate the
core slave, run the alarm management program in FreeRTOS,
and configure the FPGA by loading the required bitstream
file. Furthermore, the frames and the position of the defect
are sent to the FPGA that takes care of realizing the most
computationally expensive component of the service. The data
exchange with the PL takes place through the AXI4-Stream
interface.

Given the demanding and continuous image transfer,
to demonstrate the feasibility of the application we only mea-
sured the number of frames that can be processed using the
FPGA and the AXI4-Stream interface. Results are reported
in Table 5 where different resolutions are considered for the
transferred frames.

It is also important to note that in the absence of defects,
which hopefully happens most of the time, core 1 and the
FPGA are usable for other purposes. If we imagine a sce-
nario of using a stack of SoCs for different application needs,
this dynamicity allows the orchestrator to leverage statistical
multiplexing to maximize the efficiency of using the available
resources and minimize power consumption.

The results show that in the case of 640 × 480 image size,
the latency specifications are largely satisfied. In the case of
1280 × 720 images we are at the limit of the specifications
and there is no margin to use the FPGA for other purposes.
For 1920 × 1080 images it is not possible to respect the
necessary latency values. In addition, we have also done a
comparison with a software-only edge node. The experiments
have been carried out on a Thinkpad PC, equipped with
an Intel® Core™ i9-11950H @2.60GHz processor (8 cores,
16 threads) and 128 GB of RAM, using the cv2.rectangle()
function of OpenCV library to draw a rectangle for defect
framing. Although we used well-sized hardware, obtained
results were not satisfactory at all, also for small frames,
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TABLE 5. Latency performance of defect framing by FPGA and CPU-only solution: average values with standard deviation (in ms), evaluated on 1000 and 200 samples for FPGA
and CPU, respectively. Also achievable frame rates (in frame/s) are reported.

as can be appreciated by values reported in Table 5. In fact,
also for small images (640 × 480 pixels), the achievable
frame rate is well below the target of 30 fps, which makes
a software-only solution difficult to apply, even with more
performing hardware.

This example allows it to critically analyze the obtainable
performance. Indeed, the limitation for the relatively cheap
SoC used in image processing has been highlighted. This also
makes evident the trade-off between the cost of the device and
the performance that can be achieved even if applying best
practices in application implementation.

The results we have obtained will also be used for an
ongoing activity aimed at creating a control system for indus-
trial burn-in systems, which presents even more challenging
aspects than those we faced.

VIII. CONCLUSION AND FUTURE WORK
In this paper we present implementation solutions for creating
real time applications for edge computing. The basic assump-
tion of the work is the use of a SoC belonging to the AMD
Zynq 7000 family. This choice is due to the possibility of
creating applications on a single chip, using two operating
systems and an FPGA simultaneously. Specifically, we loaded
the Linux and FreeRTOS operating systems, each into one
core of the SoC. The former ensures we use user interface
friendly libraries, the latter ensures real-time control. In this
way, by also being able to use the hardware acceleration
provided by the FPGA, we can create Real Time service
architectures at reasonably low costs, with small footprint and
reduced energy consumption.

To identify the best implementation strategies, we carried
out a certain number of experimental tests to measure the
latency and flow rate of data exchanges between the cores
and between each core and the FPGA. In particular, for the
data exchange between the two operating systems we used
the RPMsg protocol, while we made use of the AXI GPIO
and AXI4-Stream interfaces as extremal solutions for data
exchange between the operating systems and the FPGA. This
experimental analysis allowed us to identify selection criteria
in the design of applications. We used these criteria to create
an industrial application which showed the real functionality
of our findings.

As future work, we plan to investigate the impact of Linux
real-time tuning on communication latency with FreeRTOS
and/or the PL, as latency is jointly determined by PS schedul-
ing behavior, PL data paths, and the interaction between DMA
engines and interrupt handling. Real-time kernel tuning there-

fore represents a complementary approach to further reduce
latency variability and improve determinism.

For instance, the adoption of a PREEMPT_RT-enabled ker-
nel is expected to directly affect the latency observed at the
PS–PL boundary. On the Zynq-7030, AXI DMA completion
interrupts generated in the PL are served by the ARM Cortex-
A9 cores in the PS. Under a standard kernel, non-preemptible
sections and hard IRQ handling may delay the execution of
DMA completion handlers or user-space wake-ups, poten-
tially increasing latency, as observed in some experiments.
In contrast, PREEMPT_RT converts most interrupt handlers
into preemptible kernel threads and shortens non-preemptible
regions. As a result, it is expected to reduce worst-case latency
and jitter without significantly affecting themean value, which
is dominated by AXI transfer and PL processing times.

The use of full tickless operation (nohz_full) on
application-dedicated cores is particularly relevant for Zynq-
based systems, where a limited number of CPU cores (only
two on the Zynq-7030 SoC) has to simultaneously handle
user-space real-time tasks, kernel threads, and interrupts gen-
erated by the PL. Periodic scheduler ticks can introduce
regular timing noise that is comparable in magnitude to
the communication latencies measured between PS and PL.
Suppressing scheduler ticks on specific core(s) is therefore
expected to reduce periodic jitter components in latency
measurements, especially in steady-state streaming scenarios
driven by the AXI DMA. CPU isolation techniques fur-
ther extend this approach by preventing non-essential kernel
activities from executing on cores responsible for real-time
interaction with the PL. On the Zynq-7030 SoC, isolating one
Cortex-A9 core for high priority tasks, such as DMA control,
interrupt handling, and time-critical user-space threads, and
assigning background tasks to the other core, is expected
to improve both average communication latency and its
variability.

Finally, by aligning IRQ affinity with CPU isolation,
DMA-related interrupts can be handled on a core dedi-
cated to real-time processing (as in the Zynq-7030 SoC)
or intentionally separated from the main application thread,
depending on the number of available cores. This approach is
expected to further reduce latency variability due to interrupt
handling.

APPENDIX A
VERILOG CODE FOR SAMPLE APPLICATION
This appendix reports the Verilog code of a custom
Vivado IP that we created to implement the indus-

VOLUME 7, 2026 1181



Cuccagna et al.: Dynamic Deployment of Real Time Services in Edge Computing Systems

trial sample application that we illustrated in the paper.
In particular, this code can draw a red box in video
frames in the position where an implementation defect is
detected.

LISTING 1. Verilog code for programming the FPGA in the sample application.

APPENDIX B
SYSTEM CONFIGURATION FOR SAMPLE APPLICATION
Our SoC (Zynq-7030) integrates the PS with an AXI DMA
v7.1 instance configured in simple mode. The DMA is

LISTING 1. (Continued.) Verilog code for programming the FPGA in the sample
application.
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LISTING 1. (Continued.) Verilog code for programming the FPGA in the sample
application.

instantiated with memory-to-stream (MM2S) and stream-to-
memory (S2MM) support enabled, scatter-gather function-
ality disabled, and a 64-bit AXI memory interface. This
configuration is representative of many image-processing
and data-streaming applications where data flows from DDR
memory in the PS to the PL. In this context, explicit cache
maintenance on the PS is mandatory. The Cortex-A9 data
caches in Zynq-7000 devices are not hardware-coherent with
AXI masters in the PL, including the AXI DMA. Thus, any
data buffer written by the CPU and subsequently accessed
by the DMA must be explicitly flushed from the data cache
to main memory before starting the transfer. Otherwise, the
DMA may read stale data from DDR, since modified cache
lines may not yet have been written back. In the MM2S-only
configuration, the correct software sequence therefore consists
of (i) populating the transmit buffer in DDR, (ii) performing a
cache flush over the corresponding address range, (iii) pro-
gramming the DMA source address and transfer length,
and finally (iv) starting the DMA engine. We disabled the
the Scatter-Gather feature in both DMA instances, namely
axi_dma_0 (MM2S) and axi_dma_1 (S2MM), by setting the
C_INCLUDE_SG parameter to 0. As a result, the DMA
engines operate in Direct Register mode rather than using a
descriptor ring. In this mode, the software initiates transfers
by writing the physical address of the buffer directly to the

SRCADDR (for MM2S) or DESTADDR (for S2MM) regis-
ters, followed by the transfer length in bytes to the LENGTH
register.

Synchronization between software and the DMA engine
is implemented through polling. This approach avoids the
complexity of configuring the generic interrupt controller and
simplifies control flow, at the cost of increased CPU resource
consumption. In practice, the software continuously reads
the DMA Status Register (DMASR) and check the IOC_Irq
(Interrupt on Complete) bit. When this bit is asserted, the
transfer is complete. The software then can clears the bit by
writing a ’1’ back to it before initiating the next operation.
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