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A B S T R A C T

Heterogeneous computing devices comprising multiple processing sys-
tems combined with a programmable logic like an FPGA have become
increasingly popular. Developing and runtime managing these het-
erogeneous platform devices, however, still poses multiple challenges.
The programming paradigms for hardware and software applications
fundamentally differ, while the runtime management requires addi-
tional attention. The first steps towards unifying design flows have
been taken by creating high-level synthesis tools. However, these tools
focus on the design process and lack runtime management features.

FPGA operating systems aim to close this gap by providing runtime
management features and build tools. ReconOS, as an example of an
FPGA operating system, allows bridging the hardware-software gap
by integrating hardware-located computation units as threads into a
host operating system, allowing for familiar inter-thread programming
paradigms to be extended to FPGAs.

This thesis presents ReconOS64, a successor and fork of ReconOS,
aiming at modern 64-bit platform systems-on-chip. Besides establish-
ing support for this platform and incorporating new system gen-
eration processes, ReconOS64 provides additional features for both
development and runtime management. By providing a flexible group-
ing mechanism for hardware-located threads, partial reconfiguration
for exchanging individual threads at runtime is simplified. Further
runtime flexibility was achieved by implementing a multi-clock ar-
chitecture, allowing individual groups of threads to be executed at
different frequencies, which can be adapted during runtime with a
low reconfiguration overhead.

In addition, this thesis provides an overview of further development
approaches on various systems based on ReconOS64 and ReconOS.
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Z U S A M M E N FA S S U N G

Heterogene Architekturen, welche aus mehreren Recheneinheiten im
Verbund mit einer programmierbaren Logik bestehen, gewinnen zu-
nehmend an Verbreitung. Die Entwicklungsprozesse sowie die Steue-
rung solcher heterogenen Umgebungen stellen jedoch nach wie vor
eine Herausforderung dar. Die Programmiertechniken für Hardware-
und Software-Anwendungen unterscheiden sich bereits grundlegend;
zudem benötigt die Steuerung zusätzliche Aufmerksamkeit. Die Ver-
wendung von Hochsprachen-Synthesewerkzeugen (High-Level Syn-
thesis) für das Hardwaredesign stellen einen ersten Schritt hin zu
einem einheitlichen Entwurfsprozess dar. Allerdings beschränkt sich
deren Einsatz auf den Designprozess, während das Management zur
Laufzeit keine Berücksichtigung findet.

FPGA-Betriebssysteme versuchen diese Lücke durch die Bereitstel-
lung von Management- und Entwurfswerkzeugen zu schließen. Ein
Beispiel für ein solches System ist ReconOS, welches die Hardware-
Software-Interaktion durch Anbindung von hardwareseitigen Rechen-
einheiten als Threads in einem Host-Betriebssystem ermöglicht. Da-
durch werden die aus der Softwareentwicklung bekannten Methoden
zur Kommunikation zwischen mehreren Threads auf FPGA-Systeme
ausgeweitet.

Diese Arbeit stellt ReconOS64 vor, welches als Ableger von Reco-
nOS auf aktuellen 64-bit Systemen verwendet werden kann. Neben
der Unterstützung aktueller Plattformen sowie der Einrichtung eines
neuen Designprozesses werden durch ReconOS64 zusätzliche Möglich-
keiten sowohl zur Entwicklung wie auch zum Laufzeitmanagement
geschaffen. Durch flexible Gruppierungen von Hardware-basierten
Threads wird die Verwendung partieller Rekonfiguration zum Aus-
tausch einzelner Threads zur Laufzeit vereinfacht. Zudem erhöht
die Entwicklung einer Multi-Taktsignal-Architektur die Flexibilität
zur Laufzeit, da hierdurch einzelne Gruppen von Threads mit unter-
schiedlichen Taktsignalen versorgt werden können, welche zudem zur
Laufzeit mit geringer Unterbrechungszeit verändert werden können.

Zusätzlich werden im Rahmen dieser Arbeit weitere Entwicklungs-
projekte auf verschiedenen Systemen für ReconOS64 und ReconOS
vorgestellt.
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1
I N T R O D U C T I O N

In recent years, the field of computing has seen many changes regard-
ing the type of workloads, the physical location of compute loads –
centralized or at the edge – and ways to handle these tasks.

The traditional use of Central Processing Units (CPUs) for computing
and Graphics Processing Units (GPUs) for graphic rendering was one of
the first to be opened to new computing approaches. Many steps into
more heterogeneous systems followed, such as using accelerator cards
for specific workloads. It has become common for mass-market CPUs
to integrate performance- and efficiency-oriented cores into the same
chip, providing a heterogeneous computing environment. Similarly,
adding accelerators for neural networks to mobile processors was a
step in a more heterogeneous direction. The close cooperation or merg-
ers between CPU and Field-Programmable Gate Array (FPGA) vendors
like Intel and Altera or AMD and Xilinx highlight the importance of
extending CPUs by additional types of computation devices.

An example of such heterogeneous computation devices is an FPGA-
integrating Sytem-on-Chip (SoC). These systems integrate a tightly
coupled CPU and FPGA unit, along with additional components, into
a single chip package. However, the sole availability of heterogeneous
systems does not bring a performance benefit for individual applica-
tions. Instead, it poses an additional overhead on the programmer’s
side since the development processes for traditional CPU-targeting
software applications and FPGA-focused hardware designs are funda-
mentally different.

In previous years, there was a separation between application soft-
ware and hardware logic design, which led to mostly separated devel-
opment processes and languages, effectively utilizing the hardware
and software components like two individual systems with a commu-
nication channel in between them.

The first step in the direction of more uniform development pro-
cesses was the introduction of High-Level Synthesis (HLS) tools, which
allowed the generation of hardware design descriptions using tra-
ditional programming languages from the software world, such as
C/C++. Despite the basic concept of HLS being old [47], it took until
the switch from Integrated Synthesis Environment (ISE) to Vivado for
Xilinx before presenting its use for FPGA devices.

1



2 introduction

However, high-level synthesis alone only simplified part of the
hardware-software development gap since it only allowed for describ-
ing algorithms using a programming language familiar to the software
world. The additional development overhead of creating the hetero-
geneous design consisting of FPGA configuration, communication
channels, and management features was still hindering development
processes.

FPGA operating systems such as ReconOS aim to facilitate the
integration of hardware and software development steps into a more
uniform flow. They provide different mechanisms for integrating the
system components from an architectural and programming point
of view, separating the application development for hardware and
software from the underlying system architecture.

The recent changes towards more powerful SoC devices based on
newer architectures posed an additional difficulty by offering high
amounts of logic inventory that can often be shared between multi-
ple individual accelerator designs to achieve high spatial efficiency.
Therefore, throughout this thesis, an integrated solution for the devel-
opment and management of modern heterogeneous systems-on-chip
is presented.

1.1 thesis contributions

The main focus of this thesis is the development of ReconOS64, a
system for the development and execution of multi-threaded hardware-
software designs on modern Multi-Processor System-on-Chip (MPSoC)
platforms. The key contributions include:

• Adaption of the ReconOS concept and its system generation tool
flow to modern 64-bit platforms.

• Flexible resource allocation for an arbitrary number of hardware-
located threads on a multi-threaded system design.

• Runtime adaptable clocking infrastructure for individual groups
of hardware-located threads.

1.2 thesis organization

The following chapters of this thesis focus on individual components
and applications for ReconOS64, moving from a top-level overview to
a more in-depth description.

• Chapter 2 provides general background information and an
overview of other similar and different approaches for heteroge-
neous systems, including the ReconOS concept.



1.2 thesis organization 3

• Chapter 3 focuses on the ReconOS64 system architecture created
throughout this thesis to support modern 64-bit-based heteroge-
neous systems. Besides architectural details and decisions, this
chapter also covers its new build system and partial reconfigura-
tion options. It also presents a runtime performance evaluation
covering multiple aspects of the system.

• Chapter 4 focuses on the build- and runtime-related challenges,
concepts, and approaches ReconOS64 includes to handle partial
reconfiguration and clock management for workload adaptive
system designs.

• In Chapter 5, use cases and projects based on ReconOS and
ReconOS64 are presented.

• This thesis concludes with Chapter 6, additionally providing
a perspective for future development paths of the ReconOS64

system.





2
B A C K G R O U N D A N D R E L AT E D A P P R O A C H E S

This section aims to provide a general background regarding the
challenges targeting heterogeneous Sytem-on-Chips (SoCs) that consist
of a Processing System (PS) coupled with a Programmable Logic
(PL) component inside a single chip. This tight coupling allows for
fast data transfer and control mechanisms to be established between
system components running on both parts. As a downside, due to the
inherent differences in programming and operation between FPGA
hardware and CPU software, creating a uniform approach for targeting
both components from within a single toolchain is still an ongoing
challenge.

2.1 hardware-software coupling for fpga systems

Multiple authors have presented approaches for FPGA systems to
enable hardware-software coupling. The approaches vary in their
respective perception of the interaction level and their resource sharing
methods. A very early approach to categorizing modes of hardware-
software interactions for FPGAs was made in 1996 by Brebner [21]. In
this work, the author describes two possible methods for interacting
with FPGA-based systems: One option, titled sea of accelerators, is
to integrate individual accelerators as memory-mapped units. The
second approach, titled parallel harness, is described as cooperating
units interacting with each other and the operating system. This
definition summarizes the idea of FPGA operating systems, which aim
at creating a system for coupling hardware and software components
in various ways.

2.2 fpga operating systems

One approach for FPGA operating systems is ReconOS [1] and subse-
quently ReconOS64, which will be covered in detail in Section 2.3 and
Chapter 3. ReconOS, which was first presented in 2007 [41], was one
of the earlier approaches. Its main idea is based upon the concept of
threads, known from the software world, transferring the inter-thread
communication and synchronization methods across the hardware-
software boundary. This is accomplished by forwarding operating

5



6 background and related approaches

system API calls from a Hardware Thread (HWT) located in the PL

to the host operating system running on the PS side. This allows for
cooperative multi-threading by using POSIX-based multi-thread syn-
chronization methods. Later additions include virtual memory access
for hardware-based threads.

Other approaches for reconfigurable systems integrate hardware-
based components in different ways. The following projects are exam-
ples of FPGA operating systems. An overview of multiple FPGA OS
concepts is presented in [26].

An early discussion and implementation of a reconfigurable hard-
ware operating system (RHWOS) is presented in [65], demonstrating
a partially reconfigurable system with variable-sized task frames for
exchangeable user logic tasks on a Virtex-II FPGA.

BORPH [59] or Berkeley Operating system for ReProgrammable Hard-
ware, presented another early concept of adding FPGA hardware
resources to a Linux operating system, conceiving them as hardware
processes and offering certain OS functions to them. The system is
provided as a patch file for the Linux kernel version 2.4. While this
enables a quick application for this specific kernel release, it lacks an
extensible and generalized tooling approach, which is essential for the
development process of heterogeneous applications.

Hthreads [10] presents a concept of hybrid threads utilizing op-
erating system functions from both hardware as well as software
locations. The API calls for hardware and software threads should
be uniform, thus providing an identical interface from an application
programmer’s perspective.

FUSE [31], meaning Front-end User Framework, abstracts hardware-
located elements as tasks in an application running on a PetaLinux-
based system. It aims at runtime flexibility by providing a dynamically
loadable kernel module for interfacing the FPGA tasks instead of the
delegate threads of the ReconOS system.

SPREAD [66] (Streaming-based Partially Reconfigurable Architecture
and Programming Model) focuses on streaming-based hardware and a
thread model supporting switching between software and hardware
execution. Besides an interface to the system bus, each hardware
thread is connected to a shared memory controller.

R3TOS [32, 33], short for Reliable Reconfigurable Real-Time Operating
System, aims at providing a fault-tolerant execution environment for
hardware multitasking. It utilizes a Commercial Off-the-Shelf (COTS)
Real-Time Operating System (RTOS) kernel extended by a scheduler,
allocator, and reconfiguration system aware of hardware defects, avoid-
ing damaged zones when initializing tasks. Communication is estab-
lished via a Network on Chip (NOC).

The Latency-insensitive Environment for Application Programming or
LEAP [28] is built around latency-insensitive communication channels
between individual modules that can span across multiple FPGAs and
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provide an in-order data transfer with a FIFO-based interface towards
the programmer.

Examples of contemporary approaches targeting the UltraScale+
Multi-Processor System-on-Chip (MPSoC) devices include the Zynq
UltraScale+ framework for OpenCL HLS applications or ZUCL [52]. While
providing partial reconfigurability, runtime management, and a con-
cept of hardware slots, ZUCL focuses on OpenCL kernels implemented
via High-Level Synthesis (HLS) and communicating via hard-mapped
physical memory addresses. In contrast, ReconOS and ReconOS64

focus on enabling regular inter-thread communication and synchro-
nization by hardware threads created via Hardware Description Lan-
guage (HDL) or HLS, including virtual memory access. Support for
virtual memory and data paths exceeding 32 bit were added to its
successor ZUCL2.0 [51]. The FOS or FPGA Operating System project
is based on ZUCL, extending its runtime management features for
different accelerator configurations at runtime [61, 62].

The Xilinx Runtime or XRT [9] is a library that by itself does not aim
at providing a complete operating system solution but gains relevance
as it is a vendor-provided set of components for management and data
transfer on both PCIe-based data center systems as well as Zynq Ultra-
Scale+ MPSoC-based edge devices. XRT is an integrated component
for projects using the PetaLinux-based build process. It can be used for
creating Direct Memory Access (DMA) buffers between software and
hardware using the zocl driver [8], which creates contiguous physical
addresses obtained via the Linux Contiguous Memory Allocator (CMA)
to be shared between the operating system and accelerator. Additional
XRT management functions include bitstream loading and interrupt
handling. The XRT system is also used as a backbone of the Xilinx
FPGA Resource Manager XRM [7] for accessing individual hardware
elements as compute units.

Zynq UltraScale+ MPSoC

Linux Kernel with
MPSoC Driver (zocl)

Libraries
Management and Tools

Application

Hardware

Kernel
Space

User
Space

Figure 2.1: XRT Software Stack. Based on [9].
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Figure 2.1 presents an overview of the XRT software stack, from the
hardware layer to the intermediate Linux kernel layer where the zocl
driver is included. The user space layer offers libraries utilizing the
kernel driver to manage platform components such as the clocking
system or collect measurements.

2.3 the reconos system

The main goal of the ReconOS system is to ease the process of gen-
erating applications for heterogeneous platform systems that include
an FPGA in conjunction with some other general-purpose processing
system. ReconOS offers an interface, a build tool system, and control
mechanisms to the programmer. ReconOS64, the latest development
step and the main product of this thesis, will be described in the next
chapter. In preparation, this section will present an overview of the
system and the history of the ReconOS development.

2.3.1 Overview and Predecessors

The ReconOS system was first presented in [41], targeting the eCos [27]
RTOS and offering a unified programming model for hardware-located
threads on a Xilinx Virtex-II and Virtex-4 FPGA in conjunction with an
IBM PowerPC CPU. It included the concept of an Operating-System In-
terface (OSIF) for communicating between the hardware-based threads
and the CPU. In addition, it introduced an Operating System Finite
State Machine (OSFSM) to synchronize the hardware thread to the OS.

Later development steps included additional components, such as
the Memory Interface (MEMIF) and virtual address translation via a
hardware-based Memory Management Unit (MMU) and the switch to
Linux as its primary host operating system [54]. Further steps provided
switching of the toolset from Xilinx Integrated Synthesis Environment
(ISE) to Vivado and first approaches towards clock configuration using
Phase-Locked Loop (PLL) tiles.

Figure 2.2 presents a timeline of the development process, listing
the primary target operating system, hardware platforms, and CPU
architectures, as well as toolchains used. Additional operating systems
and tool flows have been evaluated, which will be described in later
sections. The FPGA systems and architectures marked green are cur-
rently supported by ReconOS or ReconOS64, while support for the
red platforms has been removed in later versions.

Figure 2.3 presents a high-level architectural overview of the original
ReconOS project’s most recent version as presented in its architecture
description [11]. The parts to the right and left of the reconfigurable
slots resemble the OSIF and MEMIF components, responsible for for-
warding operating system calls and enabling memory access.
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ing ReconOS64. Based on [54].
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Figure 2.3: ReconOS system structure showing PS- and PL-located elements
including connections and system components. Adopted from
[11].

The basic concept of the hardware thread-based ReconOS execution
model is enabled by the presence of lightweight Delegate Threads (DTs)
for all hardware threads, shown within the CPU. A delegate thread
works as a representative of the HWT facing the remaining software sys-
tem. Towards the operating system, it acts like a regular thread, which
means it can perform OS calls and is a member of the application
tasks’ virtual memory mapping. This mechanism sets the ReconOS
approach apart from other approaches, which use programmable
logic as accelerators. In ReconOS, user logic within the FPGA can
equally participate in the cooperative multi-threaded environment.
Despite creating one software delegate thread per hardware thread,
the delegate thread is not executing any actual data processing. It is,
therefore, consuming only small amounts of system resources for its
interrupt-triggered delegate actions. Table 2.1 lists available ReconOS
OSIF calls for inter-thread communication, including a message box
system, mutexes, semaphores, and condition variables. The available
calls are presented with their software-sided signature. The param-
eter list of each call includes a resource pointer *rp to identify the
respective entry within the list of resources defined within the project
configuration file.

Imposing thread-like interfaces to hardware-mapped application
components creates the ability to interact between threads using stan-
dardized communication and synchronization methods known from
the software world for a long time, such as POSIX-based API calls. En-
abling synchronization primitives like mutexes or semaphores across
the hardware-software boundary allows for tight cooperation between
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Table 2.1: Inter-thread operating system calls delegated by ReconOS. Each
resource is referenced by a resource pointer *rp. Based on [12].

ReconOS Call POSIX Call Block-
ing

int mbox_put(*rp, uint32_t in) similar to mq_send no

uint32_t mbox_get(*rp) similar to mq_receive yes

int mbox_tryget(*rp, *output) similar to mq_receive no

int mutex_lock(*rp) pthread_mutex_lock yes

int mutex_unlock(*rp) pthread_mutex_unlock no

int mutex_trylock(*rp) pthread_mutex_trylock no

int sem_wait(*rp) sem_wait yes

int sem_post(*rp) sem_post no

int cond_wait(*rp, *mutex) pthread_cond_wait yes

int cond_signal(*rp) pthread_cond_signal no

int cond_broadcast(*rp) pthread_cond_broadcast no

those SoC domains, both from an execution and a development point
of view. The ReconOS library offers API calls for its supported func-
tions for implementations based on software as well as using HLS and
HDL definitions, allowing for a more unified development flow for
hardware and software.





3
R E C O N O S 6 4 : D E S I G N A N D I M P L E M E N TAT I O N

Due to the constant change of FPGA-based systems with the ten-
dency towards bigger, more complex heterogeneous architectures
incorporating multiple different processing and logic elements, FPGA
operating systems have to be adapted and extended to enable target-
ing such platforms. This chapter focuses on ReconOS64 as a successor
of the ReconOS project as described in Section 2.3. While keeping the
general concepts and functionality in place, ReconOS64 enables com-
patibility and extended features to meet the requirements for modern
system-on-chip architectures of the Zynq UltraScale+ Multi-Processor
System-on-Chip (MPSoC) series.
The following sections start with an overview of the new target plat-
form before focusing on individual development details. After describ-
ing the memory management, the build system, and partial recon-
figuration features, the later sections of this chapter present runtime
evaluation measurements for various aspects of the overall system
performance as well as its hardware utilization.

3.1 overview and development

ReconOS64 is based on the previous ReconOS [1] system, developed
to implement new platforms and build toolchains while keeping most
of the compatibility with applications from previous versions intact.
However, due to multiple architecture-based modifications, with some
of them introducing breaking changes to the system and its build
process, a new name was chosen to represent the new and modern
target architecture of 64-bit-based systems.

Figure 3.1 presents a more in-depth topology of a ReconOS64 sys-
tem on a Zynq UltraScale+ MPSoC device. The left side reflects the
Processing System (PS) running the host Linux system, separated into
the kernel space running the ReconOS64 kernel driver for accessing
hardware components and interrupts on the one hand and the user
space running the main application embedding the ReconOS64 run-
time together with all software and delegate threads. The user space
application is similar to a regular multi-threaded software application
with an added ReconOS64 runtime environment. It provides calls to

13
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Figure 3.1: Detailed ReconOS64 system layout showing Processing System
(PS) and Programmable Logic (PL) components including control,
data and interrupt signal flows. OSIF components are shown in
green, and MEMIF components in orange. Extended version of
Fig. 2.3. First presented in [25].
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control the hardware-located components, so besides the ability to
spawn a software thread, the application receives the added capabil-
ity to spawn a thread located in hardware. In addition, the runtime
library provides methods for setting individual clock frequencies for
hardware slot groups, which will be described in a later section.

The right side of Figure 3.1 shows the Programmable Logic (PL) with
n+ 1 reconfigurable slots 0, 1 and n. The content of the reconfigurable
slots can either be exchanged via Partial Reconfiguration (PR) or can
be defined statically. Each slot has a different Hardware Thread (HWT)
A, B, or Z placed inside, including its respective Operating System
Finite State Machine (OSFSM) for synchronizing software and hardware
thread procedures. The OSFSM is a user-defined state machine that
handles the cooperation between software and hardware threads.
Figure 3.2 presents two different examples. While the left one is a
simple FSM only separating data input, data processing, and data
output phases, the right example is a more complex state machine
with additional states for acquiring synchronization clearances for
reading and writing via semaphores or mutexes, respectively.

READ DATA

PROCESS

WRITE DATA

READ DATA

LOCK

SEM_WAIT

PROCESSWRITE DATA

UNLOCK SEM_POST

Figure 3.2: Two examples of ReconOS Operating System Finite State Ma-
chines (OSFSMs) of varying complexity. Based on [1].

Each HWT within its respective slot is connected to both Operating-
System Interface (OSIF) and Memory Interface (MEMIF) structures,
decoupled by first in, first out (FIFO) buffers each. Regarding the hard-
ware design implementation, the FIFOs are each again split into two
different unidirectional buffers, one of which contains data originating
from the hardware thread while the second FIFO contains data target-
ing the respective thread. Since both of those buffers act as a single,
bidirectional FIFO from a logical perspective, they are condensed into
a single buffer in figures and descriptions. The buffers operate asyn-
chronously, thus acting as a decoupler between the global system’s
and the independent thread’s clock domain.

The green OSIF components to the left of the hardware threads
in Figure 3.1 enable the exchange of messages and operating system
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calls, including their return values between the delegate and hardware
threads, as shown by the black arrows. The purple interrupt lines
are gathered within the OSIF interrupt controller, and an interrupt is
forwarded to the CPU once a hardware thread initializes an OS call.
The interrupt-based delegation of calls allows for a low overhead since
the delegation mechanism is only invoked from its waiting state once
a call is signaled from within the PL.

The dotted black arrows represent hwt_signal signals that can be
sent to each hardware thread for user-specific implementations. For
example, they can indicate a yield signal to a hardware thread in
an environment where partial reconfiguration can be invoked. Since
these signal lines are outside of the regular OSIF message-passing
mechanisms, they can evade blocking or queued-up calls within the
OSIF FIFOs, thus reducing the reaction time of a hardware thread
to this specific signal. An additional component related to runtime
management is the clock hardware block, providing clock signals for
all ReconOS64 components as well as all slot groups. A set of multi-
ple independent, runtime-reconfigurable clocks can be generated and
controlled via the ReconOS64 runtime system. A detailed description
of the reconfigurable clocking resources will be provided in Section 4.2.

The orange components to the right of the reconfigurable slots of
Figure 3.1 represent the MEMIF system for memory access using
virtual addresses. Hardware threads issue read and write requests
through the respective MEMIF FIFO, referring to the memory location
by a virtual address from the application’s context. The first com-
ponent arbitrates different threads’ requests in a round-robin way
without prioritizing individual threads. One request and all related
data to this transaction is then forwarded to the ReconOS64 Memory
Management Unit (MMU), where the virtual address is replaced by the
respective physical memory address, which is either retrieved from
the Translation Lookaside Buffer (TLB) if it has been looked up before
and has not been overwritten since then, or the physical address is
generated via a multi-step page table lookup. The steps required for
translating virtual addresses, as well as details regarding the target
platform memory configurations, are described in Section 3.3.

The MMU has an additional signal path to the proc_control compo-
nent, representing both the communication for the translation table
base address as a starting point of the page table walk as well as signal-
ing failed translation steps as page faults. The final MEMIF component
is the memory interface and burst generator block. The burst genera-
tor translates the ReconOS64 read and write requests into Advanced
eXtensible Interface (AXI) burst accesses. AXI accesses can span over
multiple consecutive bursts from consecutive addresses, thus reducing
the need to issue individual requests. Utilizing the maximum pos-
sible consecutive burst length for longer transactions ensures high
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throughput, thus reducing the overhead of individual transactions.
An evaluation of the MEMIF system is described in Section 3.7.

3.2 zynq ultrascale+ target architectures

The switch from the previous 7-Series Zynq devices to the 8th gener-
ation or Zynq UltraScale+ device family changes the underlying PS

architecture. Previous Zynq Sytem-on-Chip (SoC) devices included a
Central Processing Unit (CPU) based on the ARMv7-A Instruction Set
Architecture (ISA) (aarch32) like the ARM Cortex-A9 processor.

Processing System (PS)

Programmable Logic (PL)

Application Processing Unit (APU)

Real-Time Processing Unit (RPU)

ARM Cortex-A53
CoreARM Cortex-A53

CoreARM Cortex-A53
CoreARM Cortex-A53

Core

ARM Cortex-R5
CoreARM Cortex-R5

Core

Graphics Processing Unit (GPU)
ARM Mali-400 MP2

Platform Management Unit (PMU)

Configuration & Security Unit (CSU)

Clocks, Timers, Watchdogs, DMA, …

IO 
Connectivity

Ethernet
USB

UART
CAN
PCIe

…

IO 
Connectivity

PCIe, GTH
…

AXI 
Connectivity

Figure 3.3: Zynq UltraScale+ MPSoC architecture overview displaying PS and
PL components. Based on [5].

Starting from the 8-Series Zynq UltraScale+ devices, the main pro-
cessor, referred to as Application Processing Unit (APU), changed to
an ARM Cortex-A53 quad-core processor based on the ARMv8-A
architecture, interchangeably denoted as aarch64. Additional heteroge-
neous units, such as the embedded ARM Mali-400 Graphics Processing
Unit (GPU) or the ARM Cortex-R5 Real-Time Processing Unit (RPU),
are not described in detail since they are currently not used for the
ReconOS64 system.

Figure 3.3 presents an overview of the individual heterogeneous
components. The top region represents the processing system, includ-
ing the APU, RPU, GPU, and platform management units, besides
examples of available external interfaces. The lower section shows the
FPGA region together with its external interfaces and internal data
ports. Depending on the specific MPSoC series, additional components
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are included in either region.

The ARMv8-A architecture defines the available protection layers as
individual Exception Levels (ELs) with increasing privileges, ranging
from the most unprivileged EL0 to EL3 [20]. Figure 3.4 presents the
available layers with increasing privilege from top to bottom. The
Linux implementation for aarch64 uses EL0 for user space applications,
while the more privileged EL1 is used for kernel code [45]. Exception
levels EL2 and EL3 can be used for Virtual Machine (VM) scenarios
to provide hypervisor level above the individual guest kernels, with
enhancing additions introduced to later architecture revisions, but
none of them are used in ReconOS64 since it is executed in a non-
virtualized environment.

Application 1
(User)

Application 2
(User)

Operating System
(Kernel)

Hypervisor or
Virtual Machine Monitor

EL0

EL1

EL2

EL3 TrustZone Monitor /
Secure Monitor

inc
re

as
ing

 p
riv

ile
ge

SVC
Supervisor Call

HVC
Hypervisor Call

SMC
Monitor Call

Figure 3.4: ARMv8-A exception levels including Linux kernel and user space.
Based on [20, 45].

A significant change caused by the architecture switch to 64-bit from
the perspective of ReconOS is the extension of the addressing space.

ARMv7-A systems offer a virtual address space of 0x00000000 to
0xFFFFFFFF or 32-bit, thus limited to 4GiB [16, B3]. Despite offering an
additional Large Physical Address (LPA) extension for 40-bit physical
addresses [14, p. 22.4], the 32-bit addressing remained the default
for this architecture and was used, for example, by ReconOS. With
the introduction of the ARMv8-A architecture, the virtual address
space got extended beyond 32-bit addresses [58], allowing for virtual
addresses of up to 48 bit. This change results in increased sizes for
void* and, in consequence, all other data type’s pointers from 32 to
64 bit [15, Tab. 8-1] for aarch64 applications.

Since the ReconOS system’s mode of communication heavily de-
pends on passing pointers to memory locations via OSIF messages
before accessing them via MEMIF commands, ReconOS64 introduces a
new default data type size of 64-bit for all communication messages,
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thus allowing to fit the required pointer length into its message box
system to exchange virtual addresses between hard- and software.
All ReconOS system calls listed in table 2.1 that feature any input or
output data have therefore been designed to use uint64_t as parame-
ter and return types for ReconOS64. This structural change impacts
both the OSIF communication since the message payload size was
increased to 64-bit, as well as the MEMIF memory accesses, which
also transfer 64 bits of data and use addresses exceeding 32 bits. To
ensure aligned accesses, byte-addressed pointers for MEMIF transfers
are aligned to 8 bytes by truncating the least significant three bit and
replacing them with zero values.
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Figure 3.5: Zynq UltraScale+ memory map showing address ranges and
minimum required address lengths. Adapted from [3, Fig. 10-1].

The Zynq UltraScale+ address map includes several ranges of ad-
dresses for system and flash memory as well as internal and external
interfaces ranging up to 40-bit addresses, thus allowing for an ad-
dressable range of 1TiB. Addresses are extended to 48-bit, which is the
address size used for the APU of the processing system [3, Chap. 10]
and therefore also the physical address size used in ReconOS64. Fig-
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ure 3.5 shows the memory map, including the cluttered DDR memory
addressing, resulting in the lower 2GiB being addressable by 32-bit,
while the remaining memory needs at least 36-bit physical addresses.

3.3 reconos64 memory system

3.3.1 ARMv8 Memory Architecture and Linux Addressing Modes

Bringing the ReconOS64 memory system to the new 64-bit hardware
platform and architecture requires multiple aspects regarding address-
ing and virtual memory layout to be considered.

The ARMv8-A memory model used on the ReconOS64-supported
systems allows for four main modes of address translation, depend-
ing on the virtual address length and page size, while the size of a
physical address is fixed to be 48-bit [17, App. K7]. Additional ARMv8-
A modes for backward compatible accesses structured similarly to
ARMv7 exist but are out of the scope of ReconOS64 since the develop-
ment aims at using the current capabilities of the architecture without
imposing limitations caused by backward compatibility layers. In ad-
dition, further address translation modes specific to VM hypervisors
on ELs of higher privileges than EL1 were added to later ARMv8-A
extensions starting with ARMv8.2 but are out of scope as well since
the Cortex-A53 CPU found in the Zynq UltraScale+ systems is limited
to the ARMv8.0 architecture [19].

The four address translation modes are used by the architecture-
specific implementation of the Linux host operating system [46] and
should, therefore, be entirely supported by the ReconOS64 MMU. In
order to keep compatibility with the default 4kiB page size that has
been common for Linux operating systems, the first supported mode
consists of 4kiB pages, referred to by a 39-bit virtual address, which
will be translated into a 48-bit physical address using a three-step
address lookup. This corresponds to the default memory mode used by
PetaLinux-generated Linux systems for UltraScale+ targets. Figure 3.6
presents an overview of the address translation process for a user
space virtual address on this configuration.

The second address translation option allows for using the longer
virtual address format of 48 bit for 4kiB pages. The remaining two
options allow for increasing the page size from 4kiB to 64kiB, thus
resulting in 42-bit or 48-bit virtual addresses. Allowing for all com-
binations regarding page size and long or short addressing results
in four implemented MMU designs that can be selected within the
ReconOS64 configuration file. Figure 3.7 presents an overview of the
various address formats as supported by the ReconOS64 MMU. Ad-
dress components VALn represent individual address bit ranges used
during the translation at level n within the process.
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Figure 3.6: ARMv8-A page table walk example for a Linux user space address
translated via a three-step lookup from a 39-bit virtual address
on 4kiB pages. The Translation Table Base Register (TTBR) is fixed
to TTBR0 for user space addresses. Adapted from [15, Fig. 12-8].
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Figure 3.7: ARMv8-A virtual address translation formats of 4kiB and 64kiB
pages with long and short addresses as supported by the Re-
conOS64 MMU. Based on [17, App. K7]

3.3.2 Memory Management Unit

The ReconOS64 MMU enables the address translation between the
virtual address present in one of four different formats as defined
earlier into a physical address. Since the MMU is embedded within
the MEMIF path, the translation can happen on the fly and be trans-
parent to the application. A hardware thread issues read and write
commands to a virtual address like a regular software thread within
an operating system using virtual memory would do. The MMU in-
tercepts the address messages and looks up the respective physical
memory location, injecting the result into the request before passing it
to the AXI bus.

In order to support the individual configurations, four different vari-
ants of the MMU and TLB with configurable buffer depth are available
within the unit’s Intellectual Property (IP) core file. The ReconOS64

build toolchain includes the appropriate respective designs depending
on the memory configuration passed to the build system within the
project file.
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All translations start with a common starting point, which is the
base address of the first translation table. Its location can be retrieved
from within the Translation Table Base Register (TTBR). For operating
system environments that are non-virtualized and therefore only use
ELs up to EL1, two TTBRs are available: TTBR0_EL1 for user space
virtual memory ranges and TTBR1_EL1 for kernel space [15]. Therefore,
TTBR0 is the relevant base register for ReconOS64 in the context of a
Linux-based user space application [45].

The address within the TTBR is used as the starting point for the first
lookup of a page table walk. On Linux systems, this address can be re-
trieved by accessing the user space application’s Page Global Directory
(PGD) location. Each process within the Linux user space uses an indi-
vidual PGD for its respective context [40]. This address is retrieved by
the kernel module using a call to virt_to_phys(current->mm->pgd),
which points to the PGD of the currently active user space process,
which in this case is the ReconOS64 application itself.

Figure 3.8 shows the individual steps and address segments in-
volved in a 3-step lookup for a 4kiB page layout when translating a
39-bit virtual address into a 48-bit physical address. The virtual ad-
dress includes the offset within the page, so for byte-addressing 4kiB
of memory, it includes log2 4096 = 12Bit. For 64kiB pages, the offset
would, therefore, be 16 bit. Depending on the virtual address length,
the lookup can include two to four steps. For the provided example,
a three-step lookup has to be used, so starting from the known base
address of the first table, the MMU has to execute three memory read
operations via the AXI bus. The initial query of the TTBR is omitted
since the MMU already received and stored the PGD location when
the ReconOS64 system was initialized.

For each lookup step, a 9-bit part of the virtual address is used
in conjunction with a part of the address returned by the previous
lookup in order to produce the following query address. Each lookup
result includes two flag bits at the least significant position. res[0]
specifies if the table entry is valid. If the ReconOS64 MMU receives
a table entry marked invalid, it signals a failed translation by raising
the page_fault signal. That signal will be forwarded via the kernel
module and detected by the page fault handler within the user space
ReconOS64 application. The fault address will be accessed from within
the application context, thus ensuring its translation is present and
accessible within the page table.

The ARMv8-A memory architecture additionally allows for situa-
tions where a page table walk can be aborted at an earlier stage if one
of the intermediate lookup steps returns a block descriptor instead
of a table descriptor [18]. The content of a lookup result is signaled
by res[1] with a 1 indicating a table descriptor that can be further
looked up in consecutive steps, while a 0 signals a block descriptor
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Figure 3.8: ARMv8 address translation for 39 Bit virtual addresses with
a page size of 4kiB. Simplified by omitting additional bits not
needed during the described translation process. Based on [17,
App. K7]
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that is the final result. This bit position is, therefore, marked as "T/B"
in Fig. 3.8, while the final lookup step is expected always to return a
non-block descriptor.

A runtime evaluation of the MMU and its lookup overhead, together
with a discussion of the effect of page sizes, will be presented at the
end of this chapter.

3.4 linux kernel module

The ReconOS64 kernel module is used as a device driver to estab-
lish communication between the user space runtime application and
hardware-located components. As shown in Figure 3.1, the kernel
module can be separated into two main components, one for con-
trolling the MMU and proc_control registers, and one for handling
OSIF messages and interrupts. As described before, when initializing
a ReconOS64 application, the kernel module receives requests to look
up the PGD location of the respective user space application, which is
then forwarded to the MMU as a starting point for address translations.
If a translation failure is received via a page fault signal, the kernel
module issues a command to access the address in question from the
user space application. If this is a valid address in the context of the
user space application, its translation should be made available in
the MMU, but if the address is invalid or access is not allowed, the
hardware-issued request results in an access violation when the user
space application tries to access that address. This mechanism ensures
that hardware-issued read or write requests are handled the same
way regarding access violation exception signals as software-based
threads.

The kernel module also provides two Interrupt Service Routines
(ISRs) for triggering delegate thread actions or handling translation
faults from the MMU. For the OSIF delegation, it registers an ISR
to the Interrupt Request (IRQ) port connected to the OSIF interrupt
handler inside the PL. When a delegation request is received, the
kernel module invokes the respective delegation task in order to react
to the request. In addition, the driver component for the proc_control

registers the respective interrupt line for notifications of page faults.
Figure 3.9 presents the register of the proc_control module. The

green 64-bit register at 0x00 contains the number of hardware slots,
which will be statically generated during the build process. All red
registers are related to the MMU. The PGD will be set by the kernel
module. The page fault will be written by the MMU if a translation
fails. The TLB statistics are written by the MMU, and the MMU reset
can be issued by the kernel module if the MMU and TLB need to
be reset. This could, for example, be used if a translation should be
aborted or if the PGD changes and has to be reloaded by the MMU.
The blue registers are bitmasks for individual hardware threads’ reset
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Number of Hardware Threads

Page Global Directory (PGD) Address

Page Fault Address

TLB Statistic: Hits

TLB Statistic: Misses

MMU / System Reset

Hardware Thread Reset
00000000 00000000 00000000 00000000 00000000 00000000 00000000 00000000

Hardware Thread Signal
00000000 00000000 00000000 00000000 00000000 00000000 00000000 00000000

63 0

0x38*

0x30

0x28

0x20

0x18

0x10

0x08

0x00

Figure 3.9: Registers of the proc_control hardware module. The address
denoted with an asterisk can change if the number of hardware
threads exceeds 64 due to a further reset register being added
before the beginning of the signal registers.

and signal conditions, which can be set via the kernel module. Each
hardware thread is assigned a bit in the 64-bit mask. If the number of
threads should exceed 64, the reset register is extended into a second
register at 0x38, thus shifting the beginning of the signal registers to
0x40.

The kernel module build process depends on the selected overall
system build flow as described below. It is either built as a part of
the PetaLinux build process or can be externally built for systems
based on the Ubuntu Linux flow. For PetaLinux, it is included with
the generated system image and can be enabled once a suitable bit-
stream, including ReconOS64 components, is programmed into the
logic device.

3.5 reconos64 build system

The Zynq UltraScale+ MPSoC system added multiple heterogeneous
components to the overall system, leading to a more extensive boot
process compared to the 7-series Zynq devices. This also impacts the
boot process of the overall system, which requires additional steps
compared to previous SoC devices. For non-secure boot operation,
the Zynq UltraScale+ Platform Management Unit (PMU) starts the
Configuration Security Unit (CSU), which then loads and executes
the First-Stage Boot Loader (FSBL) on the APU. The FSBL invokes
the ARM Trusted Firmware (ATF) and a second-stage boot loader,
commonly U-Boot, which then loads the Linux system [6, Ch. 7].
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Manually building the individual software components along this
boot path is not practical, so an integrated build tool was introduced
to ReconOS64.

The following sections describe PetaLinux as a configurable build
tool and later introduce a second tool approach using a pre-built
Ubuntu Linux image as an alternative path for creating ReconOS64

systems.

3.5.1 PetaLinux Build Flow

ReconOS64 introduces the Xilinx PetaLinux [69] project for generat-
ing the Linux system components. This ensures an integrated flow
of the individual build steps needed to boot a Linux environment
on UltraScale+ series platforms. In addition, it allows for an easily
configurable Linux kernel and root system. Besides the Linux compo-
nents, such as the kernel and root file system, the earlier boot stages,
including the second stage boot loader, as well as additional platform
controller firmware components, are generated and built by PetaLinux.

Figure 3.10 provides an overview of the overall build flow. Blue
elements represent vendor tools used, while green boxes depict com-
ponents provided by ReconOS64. The sources on the left are sepa-
rated between software threads, hardware threads, and system files.
Software-placed threads, defined as C/C++ files, are compiled and
combined with the runtime libraries for ReconOS64 thread manage-
ment, resulting in the application binary including all threads. Hard-
ware threads can either be defined using High-Level Synthesis (HLS)
from C/C++ sources or via Hardware Description Language (HDL)
descriptions. C/C++ hardware threads are converted using an inter-
mediate Vivado HLS step, integrating the HLS library for embedding
ReconOS64 calls in the high-level definition of threads. Threads de-
fined via HDL files are directly integrated into the Vivado project,
together with all pre-processed static IP cores of the ReconOS64 sys-
tem. The Vivado bitstream generation process is controlled via Tool
Command Language (TCL) scripts generated by the ReconOS Devel-
opment Kit (RDK). Its output product is either a single bitstream or
if partial reconfiguration is activated, a set of partial bitstreams and
a single full bitstream. Partial reconfiguration is described in more
detail in Section 3.6 as well as Chapter 4.

The PetaLinux section was newly introduced to the ReconOS system
by ReconOS64. It replaces the previous manual compilation steps for
the boot loader and Linux system, which were required for ReconOS
on ARMv7. PetaLinux uses an exported Vivado hardware design file
to infer parameters such as board type and processor configuration for
creating the build project. The ReconOS64-specific components used
during the PetaLinux tool flow include a PL base design bitstream
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Figure 3.10: ReconOS64 application and system build flow illustrating the
process for threads, system and hardware design. Blue items are
individual vendor tools. Green items are ReconOS64 components.
First presented in [25]. Adapted from [1].
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holding the static ReconOS64 elements. The device tree entries for
the memory-mapped components are included, so they are present in
the system device tree at static addresses and can be looked up when
loading the kernel module. The PetaLinux toolchain controls the build
process for the ReconOS kernel module and ensures its compilation
using the respective kernel sources. The module will be built and
included in the system image generated as an output product. The
kernel module is not configured to be loaded automatically at boot
time since it requires a bitstream containing a ReconOS64 hardware
design to be loaded into the PL. Since this might not be the case at all
times, the module instead has to be loaded manually once the FPGA
is configured and the hardware design is, therefore, present.

The use of PetaLinux replaces a set of manual processes used by
previous ReconOS, thus reducing the overhead of creating and re-
generating the host system. Graphical configuration utilities for the
basic image configuration, the kernel, and the root file system exist,
so all configuration steps, for example, for adding individual Linux
components, can be accomplished using a guided editor. In addition,
the use of network-based boot methods, such as including the root
file system via Network File Share (NFS) protocol, can be selected,
thus enabling faster prototyping turnaround times by reducing the
overhead for creating boot media storage cards.

After the base system is built, there is usually no necessity to recre-
ate the overall image to reflect application design changes on either
hardware or software side. As long as the kernel module IO signatures
remain untouched and the addressing layout, which is reflected in the
device tree, is not changed, the PetaLinux application does not have
to be updated between builds.

3.5.2 Ubuntu Build Flow

In contrast to the PetaLinux build flow, which originates from a hard-
ware design template, a second and different approach for building
the ReconOS64 system using a preexisting boot image was created as
a supervised student project work at Paderborn University.

For a number of AMD development boards, including the ZCU102

and 104 board, pre-built Ubuntu images are provided for down-
load [30]. The images are based on the current Long Term Support (LTS)
release of the operating system. The images can be extracted to a
memory card and provide a ready-to-run operating system for the
respective device, including all boot components, which makes them
an interesting quick-to-run option for integrating ReconOS64 on these
supported platforms. The ReconOS64-specific components are defined
as a device tree overlay using the generic fpgamanager provided by
Linux [29], so the device nodes can be appended to the default de-
vice tree once the bitstream including the base ReconOS64 design is
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loaded into the PL. A device tree overlay [39] is used to add nodes to a
Linux kernel device tree. The ReconOS64 device tree overlay appends
the device tree nodes for the OSIF, OSIF interrupt controller, and
proc_control devices. A device tree entry for those nodes contains
information regarding their physical AXI bus address and interrupts.
These properties are read by the ReconOS64 kernel module during
initialization to find the individual hardware modules’ interfaces to
connect. Since no system build tool is used for the Ubuntu-based flow,
all non-standard extensions, such as the ReconOS64 kernel module,
have to be manually compiled against the respective distribution’s
kernel sources.

The Ubuntu-based tool flow is still experimental and not intended as
a replacement for the PetaLinux flow since it relies on the availability
of pre-built images for any target hardware platform. Especially when
using custom or uncommon devices or hardware configurations, no
preexisting image is available, thus reducing the applicability of this
approach to only a small set of boards. In contrast, the PetaLinux
approach offers more flexibility with respect to the platform adaption
and image configuration. However, for boards that are supported by
Ubuntu images, this method adds a faster second way to integrate
ReconOS64 without needing to build the kernel and root system first.

3.6 workload adaption by partial reconfiguration

ReconOS64 enables options for PR throughout the build flow for
replacing individual hardware threads within a design at runtime.
Partial reconfiguration at runtime can be used in different scenarios,
for example, if an FPGA’s utilization should be increased by offering
acceleration to a number of different applications. In this case, the
functionality of individual hardware threads can be exchanged at
runtime, while the main application acts as a manager distributing
the workload and preparing reconfigurable slots with requested tasks,
similar to spawning tasks in software. Another use case can be to
switch between multiple accelerators for the same function, which are
optimized to different metrics, such as efficiency vs. latency. Depend-
ing on the current workload and power budget, different designs can
be loaded into a reconfigurable slot.

This section focuses on the system implementation of the reconfigu-
ration as well as the general build toolchain aspects. A more in-depth
description of the layout considerations and control option for system
designers is provided in Chapter 4.
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3.6.1 Partial Reconfiguration in ReconOS64 Projects

If a ReconOS64 project has the flag for partial reconfiguration set in-
side its configuration file, the build process treats all hardware threads
as separate entities besides the overall base hardware design. The
static full base design, comprising the MEMIF, OSIF, and clock hard-
ware elements, is created in a similar way as for non-reconfigurable
projects. The hardware threads are, however, not directly integrated
into the system design. Instead, empty placeholder hardware threads
using a default OSFSM and all MEMIF and OSIF ports are inserted
into the slots while the base system design is synthesized and im-
plemented. During individual tool runs, the hardware threads are
subsequently implemented as partial bitstreams. This way, the gener-
ated products from a PR flow include the non-partial bitstream for the
base design, as well as individual partial bitstreams for the hardware
threads. The generation of all output products is transparent from the
thread implementation and requires no further configuration. From a
developer’s perspective, the only required setting to enable the use
of partial reconfiguration is the declaration of the PR flag within the
project configuration. This allows for a gradual development process,
starting with a single-bitstream design, which can later be refined to
include the ability to partially exchange hardware threads at runtime.

3.6.2 Partial Bitstream Loading

The Programmable Logic (PL) can be reprogrammed by loading either
a full or partial bitstream through one of two available types of con-
figuration ports. The Processor Configuration Access Port (PCAP) can
be targeted from the PS side, while the Internal Configuration Access
Port (ICAP) can be embedded as a tile within a hardware design.

The ICAP port offers higher transfer speeds, thus reducing the
reconfiguration time, but cannot be accessed from the operating system
software without adding custom logic. Therefore, the ReconOS64

application defaults to utilize the bitstream loading capabilities of
the Linux fpgamanager, which internally accesses the PCAP interface,
resulting in measured configuration times of 195ms for a full ZU7EV
MPSoC bitstream on a ZCU104 development board [25, Tab.II].

In order to enhance the reconfiguration performance, a custom
ICAP interface logic with control integration for ReconOS64 was de-
veloped as a bachelor’s project by Klassen [34], presenting a speedup
of 1.75 to 2.76 over a PCAP reconfiguration depending on the bit-
stream size [34, Fig. 6.3]. Internally, this approach uses the AXI High-
Bandwidth ICAP (HBICAP) IP core [68] and extends it by providing
methods for buffering and loading individual bitstreams from within
an operating system software application. A selection of bitstreams
can be held in individual slots of a contiguously allocated system
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memory location, which additionally reduces reconfiguration times
since the reconfiguration via ICAP can be started by a short trigger
signal identifying the offset of the bitstream within the contiguous
configuration data memory region. Figure 3.11 presents an overview
of the architecture used for this project. The green components were
added to control the blue HBICAP core. Red arrows represent the
bitstream transfer from its memory location via the AXI bus to the
HBICAP. The green arrow of the management block represents the
control interface exposed to the AXI bus, which is controlled from the
Linux user space via a kernel module.

FIFO
HBICAP Control 
Data Fetch Unit

AXI Bus

memory and
PS access

HBICAP Control 
Data Write Unit

64 3264

HBICAP

32

HBICAP Control 
Manager

AXI4-Lite (control)

AXI4 (data)AXI4 (data) AXI4 (data)

Figure 3.11: HBICAP Manager architecture. Based on [34].

Using the ICAP port imposed additional restrictions for partially
reconfigurable systems. Since the ICAP is located in a fixed location,
the surrounding region has to be statically programmed and should
contain any interfacing logic. The respective hardware inventory can
no longer be used as a pblock region. During the development of this
approach, ZyPR [22] was published, which also provides a memory-
mapped ICAP interface and is an extended port for current UltraScale+
systems based on ZyCAP [64], a previous work targeting 7-series Zynq
SoC devices.

3.7 reconos64 runtime performance measurements

The ReconOS64 system was evaluated as presented in [25]. The evalua-
tion can be separated into the OSIF-centered measurements for system
call roundtrip latencies, as well as the MEMIF-focused measurements
of read and write operations between main memory and hardware
threads. The ReconOS64 measurements are recorded on a ZCU104

board providing a ZU7EV UltraScale+ MPSoC with its ARMv8-A
processing system. In order to provide a baseline, additional mea-
surements were also taken with ReconOS in its 32-bit version on a
Zedboard development board, which provides a Z-7020 SoC from the
previous 7-series.
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3.7.1 OSIF Evaluation

The OSIF component forwards operating system calls originating in
a hardware thread through its communication system toward the
delegate threads that represent the respective hardware thread facing
toward the operating system. In addition to bringing POSIX-defined
synchronization methods across the hardware-software boundary,
the OSIF additionally implements a system for passing messages
between hardware and software threads. In order to evaluate the
latencies arising from the forwarding mechanism, a set of hardware
and software threads was created for both the ReconOS as well as
ReconOS64 system that interacts with a common subset of operating
system calls as well as sending messages via the mbox messaging
system. The selected methods include locking, unlocking, and trying
to unlock a mutex; semaphore setting and reading; and sending and
receiving messages.

During the measurements of both the ReconOS64 and ReconOS sys-
tems, the static system part, including the OSIF buffer and further IP
cores, is set to run at 200MHz, while the hardware thread generating
the requests is set to run at 100MHz. The processing system of the
Z-7020 runs at 667MHz, while the ZU7EV ARM processor defaults to
1.2GHz.

initialize semaphore value > 0

for N:

mbox_put(random data)

mbox_put(num_iterations, 1)

mbox_get({post,wait,mget,mput,lock,ulck,tlck}_cycles_sum)

mbox_put(num_iterations, 100000)

mbox_get({post,wait,mget,mput,lock,ulck,tlck}_cycles_sum)

Listing 3.1: OSIF evaluation main application

loop:

N <= mbox_get(num_iterations)

for N:

post_cycles_sum += cycles( semaphore_post(...) )

wait_cycles_sum += cycles( semaphore_wait(...) )

mget_cycles_sum += cycles( mbox_get(...) )

mput_cycles_sum += cycles( mbox_put(...) )

lock_cycles_sum += cycles( mutex_lock(...) )

ulck_cycles_sum += cycles( mutex_unlock(...) )

tlck_cycles_sum += cycles( mutex_trylock(...) )

mbox_put({post,wait,mget,mput,lock,ulck,tlck}_cycles_sum)

Listing 3.2: OSIF evaluation hardware thread

The hardware thread calls the operating system functions on vari-
ables and within a sequence, which ensures that each call can imme-
diately be served and no blocking condition can arise. For example,
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a semaphore that should be passed is ensured to be available, or a
message queue to be read from holds a message before entering the
test. Listing 3.1 shows the main application, starting with initializing
a semaphore to a value that would not cause a block during a subse-
quent semaphore_post. After that, the desired number of iterations is
sent via a message, first starting with a single iteration to eliminate
possible overheads before issuing the number of 100,000 consecutive
runs of the entire evaluation set. After the evaluation is finished, a
set of messages is received, holding the accumulated cycles for every
type of OS call evaluated. Listing 3.2 shows the associated hardware
thread behavior, starting with a blocking call to receive the number of
iterations. If an iteration count is received, the state machine advances
and executes the individual OS calls. For each call, the time between
the call issued and the done signal received is recorded and added to a
cumulative cycle count for all N = 100, 000 executions of the respective
call. After finishing the given number of iterations, the accumulated
cycle counters are returned to the main application via individual
message boxes.

Due to the number of elapsed clock cycles being counted until an
acknowledging signal is received, the measurements include some
additional overhead for the acknowledge signal to travel back to the
hardware thread, thus giving a realistic estimation from the thread’s
perspective while providing a pessimistic latency value relative to the
moment the action is triggered inside the operating system.

Figure 3.12 shows the results for the test set of operating system
calls, compared between the ReconOS and ReconOS64 measurements
on the Z-7020 or ZU7EV SoC, respectively.
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Figure 3.12: OSIF call and message forwarding roundtrip time comparison
between 7-series Zynq Z-7020 SoC and 8-series Zynq UltraScale+
ZU7EV MPSoC. First presented in [25].
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Table 3.1: ReconOS64 OS calls for evaluation on a ZU7EV device. Providing
respective POSIX API calls for reference. First presented in [23].

ReconOS64 Call POSIX Equivalent Block-
ing

avg. time
in µs

mbox_put (8B) similar to mq_send no 1.588

mbox_get (8B) similar to mq_receive yes 1.248

mutex_lock pthread_mutex_lock yes 1.117

mutex_unlock pthread_mutex_unlock no 1.090

mutex_trylock pthread_mutex_trylock no 1.094

sem_wait sem_wait yes 1.103

sem_post sem_post no 1.077

Since the message boxes are used in many cases to transfer memory
pointers, the ReconOS64 system adapts its payload size to fit the
pointer size of 8 bytes for 64-bit systems. Comparing the increased data
size to the call latencies shows that despite the increased payload size,
the transfer time decreased. While part of this is to be expected due to
the higher processing system clock speed, the overall throughput is
increased.

The second set of measurements was entirely conducted on the
ReconOS64 system on the ZCU104 board, aiming at comparing the
call roundtrip latency when being executed from within a hardware
thread to the latency for the same call executed directly from within a
software thread. Therefore, the same set of operating system calls was
executed from a software thread; the results are shown in Figure 3.13.

The measurements show that the hardware-issued operating system
calls have a higher roundtrip latency compared to the software-issued
calls. This meets the expected results since the ReconOS64 system can
only forward the calls to the respective delegation thread, which then,
in turn, executes the calls as a placeholder for the hardware-bound
thread implementation. Since the very same operating system call,
therefore, has to be called by the delegate thread after the request was
forwarded, and a possible result has to be returned back through the
OSIF mechanism to the hardware thread, the delegated calls can never
be faster than the software-issued requests. Based on the hypothesis
that the operating system calls issued from a delegate thread show
the same latency behavior as calls issued from the measured software
thread, both averaged latency values can be used to determine the
overhead created by the delegation of a call, thus showing the oper-
ating system call penalty for a thread placed in hardware. As shown
in Figure 3.13, the overhead is 0.58µs on average, peaking at 0.78µs
for inserting a message into a message box. These overhead numbers
are within the order of magnitude of the calls themselves, showing
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Figure 3.13: OSIF call and message roundtrip times compared between calls
issued from within hardware or software threads. First presented
in [25].

that operating system calls can effectively be delegated across the
hardware-software boundary with reasonable overhead latencies.

3.7.2 MEMIF Evaluation

The MEMIF system enables memory access via virtual addresses by
translating the requests using an MMU and rewriting the requested
address to its physical location before executing the read or write
requests to the memory system via the AXI bus.

The transfer speeds for memory requests were evaluated using a
hardware thread reading from main memory to a local BRAM memory,
subsequently writing the data back into main memory while counting
the clock cycles required for both operations. The software component
of the evaluation setup consists of a thread allocating and populating
memory locations and transferring the virtual address pointer to the
hardware thread using a message box. After the hardware thread
has read the data and stored it in its local BRAM-located memory, it
starts writing back its content to the main memory. This process is
repeated for the configured number of 1024 iterations. All read and
write accesses are conducted over a number of different data sizes to
evaluate the impact of small transactions in contrast to transactions
exceeding the page or burst size. Figure 3.15 presents the sequence of
operations for evaluating a hardware thread using a single block size.
After the last iteration has finished, the software thread verifies the
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Figure 3.14: MEMIF evaluation hardware thread state machine. First presented
in [25].

written content and receives the cycle counts for reading and writing
as recorded and averaged by the hardware thread.

Figures 3.16 and 3.17 present the results recorded for reading and
writing in a setup comprising one hardware thread running at 200MHz
with a MEMIF system set to the same clock speed with a varying
amount of data transferred as presented in [25]. The measurements
are executed on a 7-series Zynq Z-7020 device running ReconOS, as
well as on a Zynq UltraScale+ MPSoC running ReconOS64. During
the move from the 32-bit to a 64-bit platform, the default data size
was also increased from 32 to 64 bit. This includes the size of message
boxes but also impacts the amount of data transferred using a single
MEMIF operation. Due to this increase, the naive expectation should
be a doubled data throughput on the ReconOS64 platform, which
can only be shown for write operations. Especially considering the
read operations, despite the faster transfer speeds achieved on the
ReconOS64 system, the main limitation is based on the overhead
created by the frequent start of new AXI transactions, thus limiting the
achieved overhead during this set of measurements to only a slight
improve over the previous series-7 systems. The following section
will examine changes to the AXI memory access pattern in order to
improve the overall MEMIF performance.

3.7.3 MEMIF Burst Access Optimization

The previous measurements were executed with a maximum burst
size of 16 elements, which was the default for ReconOS. This means
that no more than 16 elements of the configured AXI bus width can
be transferred within a single transaction. The default bus width is
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loop(iterations)

Figure 3.15: MEMIF evaluation sequence diagram for a single hardware thread
and a single read and write block size.
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Figure 3.16: MEMIF read data rate comparison between 7-series Zynq and
8-series Zynq UltraScale+ devices. First presented in [25].

32-bit for the Zynq Z-7020 and 64-bit for ReconOS64 on the Zynq
UltraScale+ MpSoC ZU7EV devices. The limitation to 16 elements is
the maximum possible burst size for AXI3 connections [13]. This sec-
tion describes how increasing the burst size can increase the memory
access throughput for larger consecutive accesses.

To estimate an upper limit of the transfer data rate for read accesses,
it is assumed that the memory controller provides one data beat during
each clock cycle. Considering the given configuration of the MEMIF
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clock running at 200MHz and the data size to be transferred being
64 bit, the maximum theoretical rate can be calculated as shown in
equation 3.1.

max(RMEMIF) = 8B · 200MHz = 1600MB/s ≈ 1525MiB/s (3.1)

A more realistic assumption for the expected read data rate is lower
than the previous estimation due to two limiting factors. First, the
maximum possible amount of elements per AXI transaction, consid-
ered as burst length, is limited at 256 as per the AXI4 standard [13].
For the AXI data width of 64-bit as used by ReconOS64, this limits
the maximum amount that can be transferred within a single AXI
transaction to be 256 · 8B = 2kiB.

Figure 3.18 presents ILA traces of a MEMIF read transaction of 1024

64-bit words, resulting in 8kiB overall data. After 256 elements or
2kiB, a new AXI transaction has to be issued, creating an overhead of
30 cycles. Additionally, the address of each memory page needs to be
translated by the MMU since contiguously addressed virtual mem-
ory locations can be split across different, non-contiguous memory
locations. Therefore, for the default Linux page size configuration, an
additional MMU translation inserting three consecutive read requests
to the page table has to take place every 4kiB, creating an overhead of
75 cycles.

Both overheads can be seen in the waveform. The overall data to be
transferred is being split into four individual AXI transactions of 256

elements of 8 Byte each, additionally interrupted by a second MMU
page address translation after the first 4kiB. The TLB is empty, so
the translation process cannot use any buffered results. The first two
AXI transactions read 4kiB with 640 clock cycles passing between the
first MMU page table address being sent until the last flag is received
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Figure 3.18: Vivado Integrated Logic Analyzer (ILA) waveform of a single
MEMIF read instruction transferring 1024 words of 64 bits each.
The read access is split into four segments of 256 elements due
to the AXI burst limit. After the first two bursts, a new page
table walk translates the following page’s address.
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on the AXI bus, signaling the last data word is present on the data
line. During the second page transfer, the transaction is halted for
some cycles in addition to the expected overheads, possibly due to
the memory interface being unavailable for that period of time. The
traces of the AXI-Read activity row additionally represent the three
short single-byte read requests with their respective addresses and
data responses for the three-step page table walk preceding the read
request for each page.

Figure 3.19 shows measurement results from 1024 consecutive read
accesses with varying data sizes. Lower data size transfer speeds
are slower on average due to the added overhead of the transaction
setup and memory translation at the beginning of a transfer. The
roughly constant maximum read throughput is reached starting at the
maximum burst length of 256 elements, so all consecutive increases
of the transfer size inevitably result in the splitting of the accesses,
thus imposing a fixed minimum overhead amount. The measured
maximum speeds for the runs between 4kiB up to 256kiB result in
an average data rate of 1219, 8MiB/s, which results in an overhead of
20% compared to the optimistic estimation neglecting all overheads as
presented at the beginning of this section.
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Figure 3.19: MEMIF read and write data rates on a ZU7EV Zynq UltraScale+
MPSoC device at 200MHz using an AXI burst size of 256 elements.

The observed write data speeds are higher and closer to the expected
maximum possible speed for this AXI burst configuration. This is
mainly due to the fact that there is no additional waiting time as in
the reading process. For reading, after the address is specified to the
AXI bus, the memory access path needs additional time until the data
is returned. In contrast, for writing requests from a hardware thread’s
perspective, the write command, address, length, and data can be sent
immediately after each other with the MEMIF FIFO buffering the data.
In addition, the data is written back to the exact memory location from
which it was read. Therefore, the initial address translation is already
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available in the TLB of the MMU, which affects the first iteration of the
test by removing the otherwise required address translation lookup.

3.8 reconos64 hardware utilization

Table 3.2: Resource utilization of the memory access performance benchmark
(4 HWT, 200MHz, ZCU104 board). Presented in [25].

Component CLB LUTs CLB Reg. CLB

MEMIF System 1342 1608 433

MEMIF FIFOs 1800 384 399

OSIF, Clock, Control 856 822 306

ReconOS64 Total 3998 2840 1138

% of ZU7EV 1.74% 0.61% 3.95%

ZU7EV Total 230400 460800 28800

Table 3.3: Resource utilization of the memory access performance benchmark
(4 HWT, 200MHz, ZCU104 board) with optimization.

Component CLB LUTs CLB Reg. CLB

MEMIF System 1366 1612 470

MEMIF FIFOs 3373 536 600

OSIF, Clock, Control 884 1077 322

ReconOS64 Total 5623 3225 1392

% of ZU7EV 2.44% 0.70% 4.83%

ZU7EV Total 230400 460800 28800

Tables 3.2 and 3.3 show the resource utilization of a ReconOS64

memory test application consisting of four hardware threads on a
system configured to run at 200MHz. Table 3.2 was first presented
in [25] with additional separations for some hardware components
irrelevant to this comparison. As shown in Table 3.3, the optimized
MEMIF system, resulting in an overall better read and write through-
put, increases the resource requirements of the system, thus reducing
the resources available to hardware threads. Nearly all of this im-
pact originates from the increased FIFO sizes to accommodate the
additional words in order for them to be transferred via a single AXI
transaction. Compared to the number of available logic resources, this
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is, however, still a minor increase in logic utilization compared to the
performance advantage resulting from the optimization.

A central factor for the overall logic utilization of the MEMIF com-
ponents is the configuration of the TLB within the ReconOS64 MMU.
Throughout the previous measurements, the TLB was constantly set
to a size of 16 entries, which means that the buffer stores the latest 16

addresses that were translated using page table walks. Assuming an
application that utilizes a lot of consecutive memory, this means that
for 4kiB pages, a maximum memory address region of 64kiB can be
buffered within the TLB.

Table 3.4: Resource utilization of the memory access performance benchmark
(4 HWT, 200MHz, ZCU104 board) with optimization, but increased
TLB size (256 translations).

Component CLB LUTs CLB Reg. CLB

MEMIF System 9142 17163 2891

MEMIF FIFOs 3374 536 622

OSIF, Clock, Control 885 1077 311

ReconOS64 Total 13401 18776 3824

% of ZU7EV 5.82% 4.07% 13.28%

ZU7EV Total 230400 460800 28800

Table 3.4 shows the utilization of a MEMIF configuration similar to
3.3 but with a TLB size configured to hold 256 address translations.
Despite more than doubling the required logic inventory, the TLB can
store the translation for 1MiB of memory, which is relatively small
compared to the increase of logic required for this TLB. Conclud-
ing from this observation, the key to enabling low-overhead MEMIF
structures that buffer a decent amount of memory address space is
to utilize the option for larger pages. The ReconOS64 MMU supports
64kiB granularity for page table address translations as described
earlier in this section, thus effectively bringing the buffered address
translation size to 1MiB for a TLB size of 16 elements while keeping
the lower resource utilization similar to Table 3.3.





4
R E S O U R C E M A N A G E M E N T F O R PA RT I A L LY
R E C O N F I G U R A B L E S Y S T E M S

With the increasing capacity of reconfigurable systems, which are
able to hold many accelerators, and the option to reprogram indi-
vidual parts of an SoC, the demand for fine-grained management of
its resources and individual sections increases. Adapting to varying
workloads by increasing or lowering the number and type of available
hardware threads by thread management and partial reconfiguration
is enabled by the ReconOS64 system. In addition, the clock manage-
ment of individual reconfigurable slots allows for an adaptive system
reacting to the respective clock requirements of different hardware
thread types.

While the previous chapter focused on the internal data access paths
and platform-specific functions inside ReconOS64, this section changes
the perspective and presents possible management mechanisms rele-
vant to application development.

4.1 reconfigurable regions

In order to enhance flexibility when using partial reconfiguration as
described before, the ReconOS64 build system allows for separating
the logic inventory of Hardware Threads (HWTs) into multiple reconfig-
urable regions or slots. A reconfigurable slot is defined as a contiguous
portion of logic cells within the FPGA that can hold a single hard-
ware thread. Its outline can be defined by referring to the respective
vendor-predefined clock regions, separating the logic cells into a two-
dimensional grid referenced by X and Y indices. The ZU7EV Multi-
Processor System-on-Chip (MPSoC) as used on the ZCU104 board
contains 20 individual clock regions [25, Tab.II]. The second option
for defining reconfigurable slots is to specify their logic inventory,
explicitly stating the two-dimensional borders for regions of slices,
DSP, and RAM cells. Internally, clock regions or logic sections are used
to define multiple pblocks [50] within the Vivado design project.

For the purpose of assigning hardware threads to reconfigurable
regions, the concept of slot groups is introduced by ReconOS64. A slot
group is an intermediate structure in order to ease the assignment
process in both directions. Towards the hardware threads, the slot

45
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group acts as a single point of target, thus targeting a group of re-
configurable slots instead of listing individual pblocks. A ReconOS64

hardware thread can be assigned to precisely one slot group.
Towards the hardware regions, a slot group combines multiple

regions into a single structure that can be targeted by a hardware
thread’s implementation. All reconfigurable slots of a slot group
should be of roughly the same size in order to allow the maximum
utilization of all comprised FPGA inventory. If the reconfigurable slots
vary in size, bigger threads might not be able to be placed into each
reconfigurable slot of a slot group, which would prevent the design
placement from completing. Similarly, even if a group of reconfig-
urable slots of varying sizes can hold all assigned hardware threads,
all logic cells exceeding the inventory of the smallest reconfigurable
slot are wasted and, therefore, decrease the overall maximum possible
utilization, degrading the spatial efficiency.

The minimum group size, i.e., the number of regions contained in a
group, is one. This allows for targeting individual regions for a specific
thread as if no concept of slot groups would be in effect at all. If only
a single hardware thread is assigned to a group containing a single
region, only one partial bitstream for the thread-region combination is
created.

When assigning a hardware thread to a slot group consisting of
multiple regions, the scripted Vivado build flow generates individ-
ual partial bitstreams for the hardware thread at each reconfigurable
slot of the respective group. The generation of individual partial bit-
streams is required even for multiple uniform reconfigurable slots
since the partial reconfiguration concept currently does not allow for
arbitrary placement of partial bitstreams. The relocation of bitstreams
is currently an ongoing field of research [43, 56], but since the Re-
conOS64 design process utilizes the default vendor tools, currently no
movement of bitstream contents is possible, thus requiring individual
bitstreams for each location.

Figure 4.1 presents an overview of the reconfigurable region con-
cept in ReconOS64. The left side resembles the contents of the project
configuration file. The upper part refers to the reconfigurable slot defi-
nition, defining two slot groups of two individual slots each, outlined
via their respective clock region coordinates. Slot group A holds two
reconfigurable slots of 2x1 clock regions each, while the second group,
slot group B, contains two reconfigurable slots of 4x1 clock regions
each. As recommended before, the slot groups, defined by their clock
regions, each contain two reconfigurable slots of similar respective
sizes of 2x1 and 4x1 for optimizing the overall hardware utilization.

The lower half of the left side represents the mapping of hardware
threads to the slot groups. The uniform external interfaces of each
reconfigurable slot allow for multiple different hardware threads to be
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Figure 4.1: ReconOS64 reconfigurable regions concept, showing the configu-
ration options on the left and the produced output on the right.
First presented in [25].
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assigned to a slot group, so the functionality within a reconfigurable
hardware slot can be exchanged at runtime by loading the respective
partial bitstream. In this example, the two hardware threads, HWT I
and HWT II, are both assigned to slot group A. In total, a slot group
of r = 2 regions, having t = 2 hardware threads assigned, results in a
total number of r · t partial bitstreams being created.

The total number of bitstreams for an overall design containing a
set G = g1,g2, ...,gi of slot groups, therefore, is

∑
i ti · ri, where ti is

the number of different hardware threads assigned to slot group i,
while ri is the number of respective hardware regions of slot group
i. For a large number of reconfigurable slots, groups, or threads,
this underlines the positive impact a possible future availability of
relocatable partial bitstreams might bring, reducing the overall number
of required bitstreams down to

∑
i ti.

The right side of figure 4.1 represents the output products generated
after running the ReconOS64 build flow. The upper section shows the
complete bitstream, including the overall static portion, as well as the
individual hardware thread interfaces. In order to focus on the recon-
figurable slots, static system sections such as the Operating-System
Interface (OSIF), Memory Interface (MEMIF), clock and control cores
are omitted. All reconfigurable slots defined by the configuration file
are filled with a dummy thread during the static design generation
step. The dummy hardware threads do not include any specific HDL
logic but instead consist of an empty Operating System Finite State
Machine (OSFSM) and all ports required for a hardware thread. This
concept works for all hardware threads used throughout this thesis;
however, it creates specific implications from a designer’s perspective
since the designated hardware threads are not present during the
timing and energy analysis of the overall system. If a more precise
energy analysis is required, or if the designated hardware task should
be included in the timing analysis, the dummy task has to be altered
instead to include the desired hardware description of the later task.

All hardware threads of a clock group share the same clock output
of the ReconOS64 clock module, thus ensuring all reconfigurable slots
of a slot group offer the same conditions for a thread to be executed
while at the same time keeping the overall amount of different clocks
limited. This approach still offers the flexibility to adjust the clock
speeds for each specific workload assigned to a slot group.

Limiting the clocks to one clock per slot group is required due to the
small overall amount of clock management tiles, limiting the number
of clock outputs. Therefore, the intended granularity of clock speed
adjustments should be taken into consideration when defining the
number of slot groups for a hardware design. The clocking system
and its details will be described in the following section.



4.2 clocking on multi-accelerator designs 49

4.2 clocking on multi-accelerator designs

Especially in hardware designs incorporating multiple different types
of accelerators as HWTs, the maximum operating frequency for each
thread implementation might vary. A second scenario where individ-
ual operating frequencies are relevant includes multiple hardware
threads within a system having real-time constraints that require indi-
vidual minimum clock speeds to meet the thread’s respective dead-
lines. The ReconOS64 configuration allows for defining individual
clocks for every slot group. Internally, the system uses a Mixed-Mode
Clock Management (MMCM) tile provided on Zynq UltraScale+ de-
vices. Each MMCM tile allows for generating seven individual clocks
with different options for regulating the respective clock speeds [2].
The external input clock can be adjusted by a common pre-divider D
and common multiplier M. Each output can be divided by an indi-
vidual integer divider O or by a fractional divider for some outputs,
resulting in an output frequency as shown in Equation 4.13.

Common
Divider

D
PFD

O0
VCO

O1

O2

O3

O4

O5

O6

Feedback 
Multiplier

M

Clock
Input

Clock 0

Clock 1

Clock 2

Clock 3

Clock 4

Clock 5

Clock 6

Output 
Dividers

Figure 4.2: MMCM tile clock generation parameters. Adapted from [71].

MMCM tiles were introduced to ReconOS64 due to their ability to
generate multiple clock outputs with low-downtime runtime reconfig-
urable output frequencies, which were not available for the previous
clock generation method using PLL tiles. The first output clock of the
MMCM tile is statically tied to the ReconOS64 internal components,
such as MEMIF and OSIF logic, and will not be changed at runtime. The
remaining six clock outputs can be set at individual clock divide rates
and will be tied to the desired slot group during the build process.

Figure 4.2 presents the parameters involved in generating the out-
put clock signals. White elements resemble the respective hardware
components of the frequency synthesis, which impose certain limita-
tions in their operating condition range, as described in the following
section. Blue parameters are fixed by ReconOS64, while green ones
can be reconfigured at runtime.
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4.3 runtime clock reconfiguration in reconos64

The clock periods of each individual output of the MMCM tile can
be set and reconfigured at runtime using the Dynamic Reconfigura-
tion Port (DRP) of a respective tile [71]. The Clock Divide Dynamic
Change (CDDC) option available via the DRP allows for each output
divider to be set without resetting the overall tile, so the downtime
during the reconfiguration only affects the single output to be modi-
fied. The MMCM DRP includes addressing and data lines, enabling
writing to and reading from a set of 16-bit configuration registers.
The ReconOS64 clock module connects to those data access ports and
embeds the MMCM, including its DRP, into additional HDL logic to
offer a programming interface toward the ReconOS64 runtime.

Internally, the MMCM tile consists of a Voltage-Controlled Oscillator
(VCO) that is coupled to the input clock pre-divided by the input
divider D and fed back through a feedback multiplier M as shown
in Figure 4.2. Thus, D and M define the VCO frequency as shown
in Equation 4.6. All outputs are derived from the VCO via a variable
phase tap and an individual output divider O (Eq. 4.13).

fIN = 100MHz (4.1)

fPFDMMCM,min = 10MHz (4.2)

Dmax = ⌊ fIN
fPFDMMCM,min

⌋ = ⌊100MHz

10MHz
⌋ = 10 (4.3)

fPFDMMCM,max = 450MHz (4.4)

Dmin = ⌈ fIN
fPFDMMCM,max

⌉ = ⌈100MHz

450MHz
⌉ = 1 (4.5)

fVCO = fIN · M
D

(4.6)

fVCOMMCM,min = 800MHz (4.7)

fVCOMMCM,max = 1600MHz (4.8)

Mmin = ⌈
fVCOMMCM,min

fIN
·Dmin⌉ = ⌈800MHz

100MHz
· 1⌉ = 8 (4.9)

Mmax = ⌊
fVCOMMCM,max

fIN
·Dmax⌋ = ⌊1600MHz

100MHz
· 10⌋ = 160 (4.10)

foutMMCM,min = 6.25MHz (4.11)

foutMMCM,max = 667MHz (4.12)

foutn = fIN · M

D ·On
(4.13)

Equations 4.1 through 4.13 show the VCO and Phase-Frequency
Detector (PFD) parameter ranges together with the clock frequency
calculation for each clock output n [4].

For ReconOS64, the desired clock configuration aims at maximum
runtime flexibility. Since the CDDC reconfiguration can only change
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the output divider values On, the VCO is configured to run at its
maximum possible frequency to allow for a wide range of resulting
output frequencies.

The input frequency of fIN = 100MHz, which is fed from the
Programmable Logic (PL) clock generator, is sufficient to meet the PFD

criteria according to Eq. 4.2, thus limiting the permitted input divider
range as shown in Equations 4.3 and 4.5. No common input divider D
is used, as it would reduce the frequency resolution at the upper end
of the configurable range, so D = 1 is set, which leads to a multiplier
setting of M = Mmax|D=1 = ⌊fVCOMMCM ,max

fIN
⌋ = 16 in order to achieve

the maximum possible VCO frequency.

Using the CDDC reconfiguration method imposes an additional
restriction on the achievable output frequencies. For each clock output,
the configuration register holds a pair of two values of six bits each, as
shown in Fig. 4.3, respectively defining a counter value for high and
low times relative to the base clock after the multiplier. The values
define after how many cycles the output switches from high to low
(thigh) or low to high (tlow), respectively. The length of each field
limits both counters to a maximum value of 26 − 1 = 63.

05611121315

VCO multiplex enable high-time cycles low-time cycles

Figure 4.3: Exemplary MMCM register 0x12 for CLKOUT6 high and low time
configuration, as well as enabling the clock out [71].

Since high and low times have to be defined individually and
can only hold integer values, the overall cycle length is defined by
thigh+ tlow cycles of the VCO at a frequency of fIN ·M. For a regular
clock signal with a 50% duty cycle, both dividers On,high and On,low

have to be set to match On

2 , which is only possible for integer counter
values if using the even values of On only.

Table 4.1 lists exemplary divider values and resulting output fre-
quencies foutn = fVCO

On
for fIN = 100MHz. Frequencies that would

violate any restriction regarding the component’s operating ranges
or are odd are omitted. The last setting of 6.25MHz equals the min-
imum allowed output frequency as given in Eq. 4.11. However, this
value cannot be reached via CDDC reconfiguration since the required
thigh = tlow divider values exceed the number of available bits.

If the frequency and, therefore, the divider values of any output
clock are to be changed, a call to the ReconOS64 runtime from within
the application triggers a write to the divider configuration register
within the ReconOS64 clock module of the static hardware design part
inside the programmable logic. The ReconOS64 runtime receives the
desired target frequency, converts it into the floored integer divider
⌊fin·Mfout

⌋ = ⌊100MHz·16
fout

⌋ and forwards the desired divider to the ar-
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Table 4.1: Exemplary divider settings for MMCM tile output dividers suitable
for CDDC reconfiguration to reach a 50% duty cycle. fIN = 100MHz,
D = 1. The last value is the theoretical minimum output frequency
allowed by MMCM tiles, but it cannot be reached in this configu-
ration due to the cycle count register range limitation.

O 4 6 8 10 12 16 50 256

thigh = tlow 2 3 4 5 6 8 25 128

fout (MHz) 400 266.67 200 160 133.3 100 32 6.25

chitecture code. For even output dividers, O
2 is set for both high and

low counters, while odd dividers result in asymmetrical high- and
low-time counter values, such that the target frequency is still met
but with an imbalanced duty cycle. The clock divider counter values
are written to the clock HDL module, which holds one configura-
tion register of 32 bits per clock configured during project generation.
These registers represent the dual 16-bit configuration registers of the
MMCM4_ADV tile contained within the module.

READ UPPER 
REGISTER 

VALUE

WRITE DIVIDERS TO 
LOWER REGISTER

WAIT FOR
REQUEST

WRITE UPPER 
REGISTER 

VALUE

WAIT FOR
cddcdone=1

UNSET CDDC FLAG 
IN UPPER REGISTER

VALUE

SET CDDC 
FLAG IN 
VALUE

WRITE UPPER 
REGISTER 

VALUE

READ UPPER 
REGISTER 

VALUE

Figure 4.4: State Machine of the clock module for performing the Clock
Divider Dynamic Change operation.

Figure 4.4 presents the state machine embedded into the clock

module for reconfiguration of the output dividers. If a write access
is initiated into the register space of the clock module, the selected
register offset is used to determine the targeted clock output. A state
machine is invoked for the reconfiguration process. It issues a request
for a CDDC transaction by setting the CDDC flag of the respective
clock’s upper register and setting the CDDCREQ line, thus effectively
stopping the output clock for the rest of the reconfiguration transac-
tion. As a next step, the new thigh and tlow dividers are written to
the lower configuration register, and the CDDC flag is unassigned
afterward. After writing the divider data via the data interface and
releasing the CDDCREQ line, the output will synchronously start again at
the next tick, and the CDDCDONE line indicates that the process is done
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and the output is valid again, which also resets the reconfiguration
state machine.

Figure 4.5 shows the logic analyzer recording of a CDDC operation
on a ReconOS64 system, focusing on the ports of the MMCM tile.
The mmc_cddcdone line represents the output of the MMCM tile, sig-
naling the completion of the overall process. The remaining lines are
mainly for selecting the component and the hardware handshake for
exchanging configuration data. After starting the logic analyzer record-
ing, a ReconOS64 application requests a single clock to be runtime-
reconfigured to a new frequency. The request includes a desired clock
rate to which the clock should be reconfigured. ReconOS64 calculates
the closest frequency achievable given the static parameters D = 1

and M = 16 as described below. Changing these parameters would
require resetting the MMCM tile, so they must remain unchanged and,
therefore, not be written using the CDDC process. As an additional
rule, the ReconOS64 clocking component always selects the closest
divider that does not result in a frequency higher than requested, so
the frequency passed to the clock reconfiguration function can be the
maximum possible frequency a given hardware thread supports. The
selected resulting frequency is returned to the application so it can
be used instead of the requested frequency, for example, to calculate
times from cycle counts. The divider values for high and low times
are then written to the AXI bus address of the clock hardware core,
where they trigger the reconfiguration state machine.

As shown with the two blue markers at 140 and 152 cycles from
the trigger point, the overall time the clock reconfiguration itself is
running with a disabled output clock spans over 12 clock cycles,
which is the effective downtime for a hardware thread during the
clock reconfiguration. If the data handshake starting with the selection
line toggling at 126 is included, the overall CDDC time is 26 cycles
before the clock is available again.
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Figure 4.5: Vivado Integrated Logic Analyzer waveform of a MMCM tile
CDDC operation.
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4.4 resource management for individual applications

Considering the described options for configuring the contents of the
available hardware application slots, their respective clocking infras-
tructure, as well as their low-downtime runtime reconfiguration, the
ReconOS64 system can be adapted for individual workloads without
generating much overhead in terms of downtime.

In an application scenario comprising a set of multiple independent
hardware-allocated tasks, the adaption of individual clock speeds
helps optimize the overall system performance by minimizing the
processing time through each individual task. An exemplary task set
that could function as an example for this model is described together
with real-time scheduling considerations in the following section.

Read Input Data Process Write Output Data

Figure 4.6: Three-step batch processing mode for hardware accelerators.

A typical mode of operation for a cooperative hardware-software
co-design is a batch-based processing approach as presented in Fig-
ure 4.6, where individual hardware threads receive a batch of data to
process, depending on their respective implemented function. After
receiving the data, the processing takes place, followed by a second
communication phase for writing processing results back into the
shared memory. The extent and ratio between the input and output
batch sizes vary depending on the implemented hardware thread;
the following section provides multiple examples of varying types.
Common to all processing methods is the shared and thus limited
resource given by the single main memory access path between all
hardware threads. For ReconOS64, this single resource is the MEMIF
section, comprising the AXI bus interface, MMU, and the arbiter to
connect all individual threads to the single interface. Irrespective of
the particular resource sharing algorithm used by the arbiter, a certain
limitation of the memory interface occurs since only a single trans-
fer can be carried out at the same time via the AXI memory connection.

In order to reduce the risk of memory accesses being delayed by an
active transfer, the transaction times on the shared memory bus should
be kept as short as possible, thus allowing for a minimal worst-case
execution time of memory transfers in case of the port still being
blocked by other memory accesses of same or higher priority. To keep
the memory transaction times low, the clocking of the MEMIF sub-
system should be run at a high clock speed, limited by the maximum
possible frequency for both the AXI interface as well as the MEMIF
logic components. The theoretical maximum possible clock frequency
for the UltraScale+ PS-PL AXI interface is FAXICLKMAX = 333MHz [4,
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Tab.33]. The frequency of 200MHz was chosen as a baseline for most
of the evaluation data presented since it offered a baseline that can
also be achieved by Zynq Series-7 devices [70, Tab.19], thus allowing
for comparison between both series throughout various evaluations.

A clocking at this rate might not be compatible with the maximum
clock speeds of hardware threads, as defined by their individual
logic’s critical path. The example threads used in section 5.2 reach
different maximum possible clock speed estimations, ranging from
122MHz to 390MHz [24, Tab.2]. However, since the mode of operation
is separated into individual input, processing, and output steps, which
are effectively decoupled by asynchronously readable and writable
ReconOS-FIFOs, the memory access can be done at a speed different
from the hardware thread’s clock speed, thus allowing matching the
processing speed closely to the maximum speed of the hardware
thread’s logic, while keeping the MEMIF speed at a different, and
especially compared to extensive thread logic with long critical paths,
higher clock speed.

As the maximum processing frequency of multiple hardware threads
synthesized from the same HDL code but targeting different recon-
figurable hardware slots should always be similar, ReconOS64 allows
setting an individual clock per slot group in order to save on the lim-
ited number of available clock outputs. If multiple instances generated
from the same HDL code at individual locations should be run at
different clock speeds, the reconfigurable slots can, however, still be
decoupled by duplicating the HDL code and defining individual slot
groups assigned to different clock outputs of the MMCM tile.
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Throughout the ReconOS project’s evolution, support for multiple plat-
forms was added regarding both software and hardware components.
The initial eCos host Real-Time Operating System (RTOS) was replaced
by Linux, while the hardware support changed towards heteroge-
neous platforms using an ARM CPU combined with a Programmable
Logic (PL). The most recent ReconOS version supports ARMv7-based
processors of Zynq Sytem-on-Chip (SoC) devices as well as MicroBlaze
soft-core processor within the FPGA component, while ReconOS64

adds support for ARMv8-A Multi-Processor System-on-Chip (MPSoC)
devices of the Zynq UltraScale+ series. Depending on the intended
application environment and its constraints regarding throughput,
energy consumption, parallel processing, or operating system, both
ReconOS and ReconOS64 offer flexible options for various scenar-
ios on different platforms. While the first sections of this chapter
present ReconOS projects on smaller hardware, the later sections cover
ReconOS64-based designs for applications on larger systems.

5.1 portability of reconos

The following sections provide an overview of the most recent addi-
tions to ReconOS, which were created as additional student projects in
parallel to the development period of ReconOS64. They demonstrate
the portability options of ReconOS even for smaller SoC and FPGA
platforms with low-power processors.

5.1.1 ARM, MicroBlaze& FreeRTOS on Zynq SoC

MicroBlaze is a small soft-core microprocessor provided by Xilinx
to be embedded in hardware designs using vendor tools. It offers
multiple customization options regarding, for example, the memory
and data architecture or instruction set extensions. An experimental
approach of porting ReconOS concepts towards a MicroBlaze design
combined with a FreeRTOS real-time operating system was conducted
as a student’s thesis project by Mehta [48]. FreeRTOS was selected due
to its small hardware requirements regarding both memory and CPU
performance. Since FreeRTOS does not implement virtual memory
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and, therefore, does not require any address translations, the Memory
Interface (MEMIF) section does not require the MMU to be present.
Instead, pointer addresses can be directly forwarded to the memory in-
terface to retrieve or store data from within the hardware threads. The
Operating-System Interface (OSIF) was adapted to support communica-
tion primitives already established in FreeRTOS, such as semaphores
or mutexes, as well as implementing data communication via message
boxes. Figure 5.1 presents a system overview of the Cortex-A9-based
system. In contrast to the default ReconOS architecture, the MEMIF
MMU was removed.
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AXI BUS
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Thread A

MEMIF
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MEMIF
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&
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Figure 5.1: System diagram for ReconOS on a 32-bit ARM Cortex-A9 proces-
sor running FreeRTOS without virtual memory. Based on [48].

5.1.2 RISC-V & ZephyrOS on Zynq SoC

A student thesis project by Rao [53], which was conducted under third-
party supervision, ported ReconOS to a RISC-V-based NEORV32 [49]
soft-core processor. It uses ZephyrOS [72] as a real-time operating
system on a ZCU104 Zynq UltraScale+ MPSoC board. The implemen-
tation did not include support for virtual memory, so the MMU was
omitted, thus enabling memory access via the physical addresses from
within the system. The ReconOS OS calls for mutexes and semaphores
are forwarded to the respective ZephyrOS functions, so ReconOS
threads can use these calls irrespective of the underlying operating
system.

5.1.3 Real-Time Linux

A student thesis project by Lienen [36] focused on a real-time schedul-
ing scenario on a Linux-based ReconOS system. A heterogeneous set
of tasks, including three robotics sensor and movement controllers
together with a video processing pipeline, were implemented to a
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7-series Zynq SoC. Multiple scheduling options, including the possi-
bility for partial reconfiguration of individual slots, were analyzed.
Bitstream changes were unsuitable for this application due to the high
reprogramming overhead conflicting with the thread’s cyclic real-time
requirements. A priority-based scheduler was introduced together
with applying the PREEMPT_RT real-time patch [55] to the Linux kernel.

5.1.4 MicroBlaze & FreeRTOS on FPGA

During a student thesis project by Tcheussi Ngayap [60], a ReconOS
system using FreeRTOS as its host operating system was implemented
on a MicroBlaze processor within an Artix-7 FPGA device on a Nexys 4

DDR evaluation board. The system implements a neural network using
ZyNet [63] for classifying handwritten digits of the MNIST dataset [35].
Figure 5.2 presents the system diagram of the implemented design.
Since only a single hardware thread and no virtual memory were
used, the arbiter and MMU were removed. The implemented neural
network processed the 28x28 pixel input images as a 784 elements
vector, feeding the data to two hidden layers before reaching an output
layer consisting of ten output classes. The hardware thread finds the
maximum output probability value and returns the respective class for
one of the ten possible recognizable digits. A comparison between a
direct hardware implementation and a ReconOS hardware thread was
conducted, comparing processing latency and hardware utilization. It
was demonstrated that a neural network could be implemented as a
ReconOS thread along with a soft-core processor inside a small FPGA
system that does not contain a dedicated processing system.

Programmable Logic

AXI BUS

Hardware Thread

FF-DNN:
Input Layer 784x1
2 Hidden Layers

Output Layer 10x1

max(output)

MEMIF
Bus

Interface

OSIF

&

OSIF
Interrupt

&

Control

MicroBlaze Soft-Core 
Processor

FreeRTOS
with

ReconOS library

128 MiB
Memory

Figure 5.2: System diagram for ReconOS on a MicroBlaze soft-core processor
inside an Artix-7 FPGA. Based on [60].
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5.2 real-time applications

The integration of real-time applications to ReconOS64 can be achieved
in multiple ways based on different operating systems. For application
environments requiring a real-time operating system like FreeRTOS,
ReconOS was integrated into these systems. Another option is to uti-
lize a default Linux operating system, with the possibility of an added
real-time kernel patch. Several implementations of demonstrator sys-
tems were created and evaluated for both ReconOS and ReconOS64 as
presented in section 5.1.

In [24], a ReconOS64 environment implementing a set of five dif-
ferent periodic real-time tasks was presented to evaluate the schedu-
lability of the overall system. The execution of each task is divided
into three consecutive phases: memory in, execution, and memory out,
resembling a task model and its schedulability analysis presented
in [42]. Each task τi is assigned a priority Pi. A scheduler controls the
task set, issuing clearance for input and output memory accesses via
the shared memory interface. While the input operation of all tasks
is organized according to their respective task priority, the output
operation is based on a first in, first out (FIFO) queue.

The demonstration tasks included two image processing tasks (sobel
filtering and grayscale conversion), a SHA1 hashing task, a robotics
kinematic task, and a bubble sorting task. This set of tasks τ1 to τ5
was selected to reflect different workload types. The image processing
tasks feature a symmetrical input and output data size of 900kiB,
while the SHA1 hash demonstrates a task with a 1MiB input data size
that is hashed into 32B of output data. The kinematic task represents
tasks with a smaller but symmetrical input and output size of 8B

each, and the sorting task represents a task with a medium-sized
symmetrical data size of 16kiB for input and output.

The memory phases occupy the shared ReconOS64 MEMIF, while the
execution phase happens in isolation within the hardware thread as the
data is buffered inside of the Block-RAM (BRAM) or UltraRAM (URAM)
local to each hardware thread. This matches the processing model as
described in section 4.4. In order to apply the proposed schedulability
test, it is necessary to determine the individual duration of each phase
per task.

For the demonstration task set, the individual execution times for
all tasks were recorded by attaching AXI Timers [67], providing two
capture ports each to debug ports of each hardware thread. Figure 5.3
presents an exemplary hardware task τ1 with asymmetrical input and
output data sizes in a ReconOS64 system. First, the address pointers
for the allocated input and output memory regions are transferred via
OSIF messages ( 1⃝), followed by the hardware thread loading the input
data via the MEMIF ( 2⃝) and starting the execution step. This generates
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Figure 5.3: ReconOS64 execution time measurement for three-phased
tasks [24].

a capture signal for the AXI timer, so it records the current timer value
into the first capture register. Once the processing is finished, the AXI
timer’s second input is triggered to capture into the second register.
The scheduler in the software application is notified via a semaphore
through the OSIF ( 3⃝) that new output data is available. After the
scheduler initiates the return of the output data ( 4⃝), it is written
to the main memory ( 5⃝), and the output step is signaled complete
afterward ( 6⃝). Finally, the AXI counter is read to retrieve the tick
values for the beginning and end of the execution phase to calculate
its duration in clock cycles.

To provide consistent timing measurements for the memory access,
the Translation Lookaside Buffer (TLB) of the Memory Management
Unit (MMU) was pre-populated with the translation of each memory
address used by executing hardware-issued accesses to all pages of
the input and output address range before starting the measurement.
This ensures no virtual address translation needs to be carried out
during the measurement window. This assumption is justified since
a large enough TLB always ensures virtual memory access without
disturbances. In addition, RTOSs such as FreeRTOS do not offer virtual
memory, so the MEMIF path on such platforms lacks the MMU,
resulting in a memory access timing where no address translations
need to be considered.

The overall priority-based schedulability of a given task set was
shown to be given if the task deadlines allowed sufficient time for the



62 reconos portability & reconos64 use cases

memory-in operation of the respective task and each higher-prioritized
task, its execution time, and the cumulative memory-out phase of all
tasks.

5.2.1 Considerations for Hardware Scheduling

The previous demonstration environment included a set of tasks that
could fit the overall logic inventory of the target system. Therefore, a
single static PL design and bitstream was sufficient to map all tasks
to the system. If, however, a set of tasks exceeds the logic inventory
capacity of a system, partial bitstream reprogramming of individual
hardware tasks at runtime becomes relevant.

While partial reconfiguration, as offered by ReconOS64, would suit
the overall system concept, it would impose further restrictions. The
previous example considered memory access as the single shared
resource impacting the real-time schedulability of the overall task set.
If partial reconfiguration for loading and unloading individual tasks
were to be added to the system, two additional impact factors would
arise. First, the deadline considerations must include the reconfigu-
ration time itself, i.e., loading the bitstream via either the Processor
Configuration Access Port (PCAP) or Internal Configuration Access
Port (ICAP) port. Here, enhancing the reconfiguration speed using
custom ICAP implementations as presented in 3.6.2 would result in re-
duced blocking times. As a second factor, the configuration access port
itself has to be considered a shared medium, thus taking into account
the worst-case blocking times if any task of higher priority already
enqueued a partial reconfiguration, thus delaying the reprogramming
of a task beyond the reconfiguration time itself. These blocking times
could also be reduced by utilizing fast configuration ports.

5.3 reconros

ReconROS [37], first presented in [38], is a ReconOS- and ReconOS64-
based fork for robotic applications, integrating functionalities of the
ROS 2 Robot Operating System [57], targeting both 7-series Zynq and
8-series Zynq UltraScale+ devices.

It allows individual ROS nodes to be mapped to either hardware
or software, similar to the placement of threads in ReconOS64. For
communication, it allows bridging the ROS subscription and topic
model to hardware-located nodes. In addition, ReconROS integrates
the ZyCAP [64] driver for ICAP-based configuration access on 7-series
devices.

Figure 5.4 presents the process of a hardware-mapped node sub-
scribing to a topic. If the node requests a subscription_take ( 1⃝), the
call is forwarded via the OSIF delegation process of ReconOS to the
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Figure 5.4: ReconROS subscription process for a hardware-mapped topic.
Adapted from [37].

ROS2 system. The requested message object is placed into the main
memory ( 2⃝), returning its address, which will be forwarded to the
hardware node ( 3⃝). After receiving the pointer of the message object,
the hardware-mapped node then uses the MEMIF system to access
the message object by issuing a read request to the virtual address
location ( 4⃝).

By including communication and system paradigms from ROS2,
ReconROS enables the use of heterogeneous platforms for robotic
applications. Similar to ReconOS and ReconOS64, it aims to provide
techniques familiar from software development to a unified platform
for both hardware and software targets, reducing the gap between
development processes specific to each system.
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C O N C L U S I O N A N D F U RT H E R W O R K

The development of ReconOS64 brings the ReconOS concept of inter-
thread communication methods across the hardware-software bound-
ary onto modern Multi-Processor System-on-Chip (MPSoC) devices
and extends its functionality both from a designer’s as well as a
system architecture perspective. The presented concept of reconfig-
urable slots provides a method of grouping similar threads for partial
reconfiguration while at the same time providing flexibility for dif-
ferent types, sizes, and amounts of Hardware Threads (HWTs). The
architectural changes support the platform switch by embedding flex-
ible virtual memory options for multiple types of addressing and
translation modes used throughout various host operating system
configurations. The addition of individual clocking options with the
option for runtime reconfiguration per slot group allows for a system
design adapting its thread frequencies based on the individual needs
of various hardware thread implementations. This allows for a flexible
system while bringing individual slot operating frequencies close to
their respective maximum operating speed.

The presented work provides the open-source code foundations for
targeting those platforms, focusing on the resource management of
multi-threaded hardware-software co-designs. With increasing num-
bers of available FPGA systems as well as the growing popularity of
FPGAs in both embedded as well as datacenter applications, systems
such as ReconOS64 can help manage FPGA logic resources as a shared
resource by allowing runtime reconfiguration of individual hardware
slots and offering adaptability with respect to clocking settings to
match varying types of hardware threads.

6.1 potential for future work

The presented state of ReconOS64 comprises potential for follow-up
research and projects, of which some ideas are outlined here:

• The potential for partial reconfiguration as presented in 3.6 can
be exploited by implementing a runtime management chain for
bitstream reconfiguration into ReconOS64. Fast interfaces such

65



66 conclusion and further work

as the Internal Configuration Access Port (ICAP) combined with
custom management logic as shown in 3.6.2 can be integrated.
This requires the definition of additional static regions surround-
ing the ICAP tile itself but would allow for fast reconfiguration
of individual hardware threads.

• An overall integration of fast, runtime-deterministic partial recon-
figuration to scheduling considerations could allow for extended
schedulability analysis of a given set of exchangeable hardware
tasks, thus finding a method to prove the real-time capabilities
of a reconfigurable heterogeneous system.

• Integrating partial bitstream relocation for systems comprising
multiple uniform slots in a slot group would reduce the number
of individual partial bitstreams to be created as described in
Chapter 4.

• The Memory Interface (MEMIF) access path can be extended by
utilizing the maximum available bit width of 128-bit transfers.
This would enhance the throughput but has not been introduced
to ReconOS64 since it would violate the default data size of
64-bit, thus making it impossible to access individual 64-bit
elements without additional methods for adding padding to
accesses and ensuring alignment to 16 bytes.

• The ReconOS64 memory subsystem utilizes the Accelerator Co-
herency Port (ACP) for providing Advanced eXtensible Inter-
face (AXI) bus access. Enabling a secondary method of transfers
via the High-Performance (HP) AXI ports, potentially including
a parallel utilization of multiple HP0...HP3 ports would allow
for higher transfer speeds [44] but would require additional
caution to ensure coherency between accesses originating from
Processing System (PS) and Programmable Logic (PL).

• The clocking infrastructure currently utilizes a single Mixed-
Mode Clock Management (MMCM) tile, providing up to six con-
figurable outputs for individual slot groups. The ZU7EV MPSoC

found, for example, on the ZCU104 development board, provides
up to eight MMCM tiles. Utilizing multiple tiles with algorithms
to distribute the requested clock frequency ranges of individ-
ual thread groups could lead to a more fine-grained frequency
resolution using optimized Voltage-Controlled Oscillator (VCO)
frequencies. Currently, the ReconOS64 defaults to the maximum
VCO frequency in order to enable many different clock steps at
the cost of reduced granularity for selectable frequencies.

• In order to achieve high utilization for MPSoC systems with
high FPGA logic cell count, ReconOS64 could be extended to
offer multi-tenant application scenarios. Especially due to the
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newer ARMv8 architecture extensions providing hypervisor ca-
pabilities, a system housing multiple guest operating systems
sharing a single FPGA could be achieved. An alternative ap-
proach without relying on multiple virtual machines would be
to extend ReconOS64 to support multiple applications at the
same time. Both approaches require the MMU to switch between
different virtual memory translation tables. The OSIF imple-
mentation would differ for a VM-based approach, while for a
multi-application architecture, it would remain connected to a
single operating system interface.
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