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Abstract—Commercial embedded systems increasingly rely on heterogeneous architectures that integrate general-purpose,
multi-core processors, and various hardware accelerators on the same chip. This provides the high performance required by modern
applications at a low cost and low power consumption, but at the same time poses new challenges. Hardware resource sharing at
various levels, and in particular at the main memory controller level, results in slower execution time for the application tasks, ultimately
making the system unpredictable from the point of view of timing. To enable the adoption of heterogeneous systems-on-chip (SoCs) in
the domain of timing-critical applications several hardware and software approaches have been proposed, bandwidth regulation based
on monitoring and throttling being one of the most widely adopted. Existing solutions, however, are either too coarse-grained, limiting
the control over computing engines activities, or strongly platform-dependent, addressing the problem only for specific SoCs. This
paper proposes an innovative approach that can accurately control main memory bandwidth usage in FPGA-based heterogeneous
SoCs. In particular, it controls system bandwidth by connecting a runtime bandwidth regulation component to FPGA-based
accelerators. Our solution offers dynamically configurable, fine-grained bandwidth regulation — to adapt to the varying requirements of
the application over time — at a very low overhead. Furthermore, it is entirely platform-independent, capable of integration with any
FPGA-based accelerator. Developed at the register-transfer level using a reference SoC platform, it is designed for easy compatibility
with any FPGA-based SoC. Experimental results conducted on the Xilinx Zynq UltraScale+ platform demonstrate that our approach (i)
is more than 100x faster than loosely-coupled, software controlled regulators; (ii) is capable of exploiting the system bandwidth 28.7%
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more efficiently than tightly-coupled hardware regulators (e.g., ARM CoreLink QoS-400, where available); (i) enables task
co-scheduling solutions not feasible with state-of-the-art bandwidth regulation methods.

Index Terms—Embedded Systems, Memory Interference, Bandwidth Monitoring, Bandwidth Regulation

1 INTRODUCTION

HE current generation of embedded systems widely
Trelies on Heterogeneous System on Chips (HeSoCs)
where general-purpose multi-cores are coupled to HW ac-
celerators and application-specific processors [1]-[3]. The
adoption of such systems provides abundant computing
power to satisfy the needs of modern applications, with
plenty of SW and HW tasks executing in parallel, but —
at the same time — poses novel challenges. In particular,
as the number of on-chip compute engines (CE) grows —
including higher CPU and GPU core counts, as well as
more application-specific accelerators — the interference due
to main memory sharing significantly impacts the appli-
cation tasks’ execution time [4], [5]; in turn, this makes
the system unpredictable from the point of view of tim-
ing. This constitutes a major problem for the adoption of
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Commercial Off-the-shelf (COTS) HeSoCs in application
domains where timing predictability is required [6]. Sev-
eral solutions have been proposed to tackle this problem,
ranging from static memory partitioning techniques [7] to
task execution models that guarantee predictable memory
access [8] and memory bandwidth regulation strategies [9].
The latter, in particular, are increasingly being made avail-
able also in commercial products [10]-[12], and rely on
bandwidth monitoring and throttling mechanisms. Throttling
is an effective way of limiting the bandwidth allowed for a
particular CE by interspersing the required memory trans-
action with idle periods at the system bus/interconnection
level, typically at the granularity of small bursts of few
hundred bytes [13]. To satisfy the Quality of Service (QoS)
requirement of one (or more) critical CE, the remaining CEs
should have their bandwidth usage limited to a degree that
does not slow down the execution time of the critical task
beyond what is tolerated. Throttling should only be applied
to the minimum extent necessary to satisfy the predictability
requirements. Any bandwidth that remains unused should
be made available for reuse by other system components.
This unused bandwidth is referred to as residual bandwidth.

Statically configuring the QoS level of every CE in the
system is ineffective in contexts where several HW and SW
tasks come and go in a very dynamic manner, for several
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reasons: (i) the same CE can host different tasks over time,
with different predictability requirements; (ii) different tasks
might exhibit different use of the memory bandwidth, thus
contributing to the interference phenomenon to different
degrees; (iii) the QoS regulations for the CEs hosting such
tasks change depending of the overall system load in that
particular moment (i.e.,, the number of CEs concurrently
accessing memory and mutually interfering on execution
time).

QoS regulation and throttling should thus rely on con-
tinuous monitoring of the actual bandwidth usage by the
various CEs, resulting in a coupled interaction between the
monitoring and throttling phases operating in a closed-loop
manner. In the literature, the concept of a System Controller
has been proposed [14], which, upon the admission of a
new task to the system or the completion of a previously
admitted task, inspects the bandwidth usage of all running
tasks and resets the QoS regulations for all the involved CEs.
Intuitively, the finer the granularity at which this operation
can be achieved, the wider the scope of application of the
technique. For example, in application domains such as
advanced system automation (e.g., robotics, autonomous
cars, unmanned aerial vehicles), numerous HW and SW
tasks with durations and periods below the millisecond
boundary are involved [15], [16]. The granularity of the
technique depends mainly on two aspects: (i) the size of the
unit data transfer that is monitored and upon the duration
of which the idle period is determined; (ii) the coupling
between monitoring and throttling. Concerning the first point,
intuitively the smaller the data transfer, the shorter the
time to complete a full regulation cycle but also the more
impactful the overhead for the monitoring operation itself.
Concerning the second point, the closed-loop interaction
between monitoring and throttling also implies an overhead,
which can only be reduced by tightly coupling the operation
of these two phases. Needless to say, the looser the coupling,
the less precise the QoS guarantee provided on critical tasks.

Focusing on commercial HeSoCs based on Field-
Programmable Gate-Arrays (FPGA), previous research
has mostly explored software-based, loosely-coupled ap-
proaches for bandwidth regulation on the CPU cores. These
methods have been explored both in industry [17], [18] and
academic [14], [16], [19], [20], with only few approaches
targeting the regulation of accelerators deployed on the
FPGA logic and rarely considering interference at the whole
SoC level [21]. Hardware-based approaches, both from the
research community [22]-[24] and from commercial prod-
ucts [13], [25], [26], although more fine-grained and tightly-
coupled, tend to address the problem only for specific SoCs
or interconnect protocols, limiting their application to those
platforms where such hardware is available.

In this paper, which is a significantly extended version
of previously published work [27], we propose an innova-
tive, fine-grained and platform-independent Runtime Bandwidth
Regqulator (RBR) for disciplined main memory bandwidth us-
age in COTS FPGA-based HeSoCs. The RBR is meant as a
non-invasive extension of a standard Direct-Memory Ac-
cess (DMA) interface for FPGA-based accelerators, aimed
at delivering tightly-coupled monitoring and throttling of
main memory bandwidth, effectively delivering the desired
QoS levels with high precision while efficiently exploiting

the residual bandwidth. The proposed RBR quickly adapts
to time-varying QoS levels and is completely platform-
independent, as it is developed targeting a general reference
architecture of an FPGA-based HeSoC and implemented as
an HDL design that can be synthesized to every FPGA-
based HeSoC with minimal area and time overhead.

Our experimental results show that the proposed tightly-
coupled bandwidth regulation scheme can precisely track
and very quickly adapt to dynamic QoS variations as small
as 1% with a timing resolution — defined as the minimum
time interval required to adjust the bandwidth to a specific
value — of just 32us for an entire worst-case regulation cycle
(99% of the cycle is idle time). If coarser regulation steps
resolutions are sufficient for the application at hand, the
RBR can be reconfigured at runtime to operate at a finer
timing resolution of up to 0.33us for the entire worst-case
regulation cycle.

This approach makes bandwidth regulation highly ef-
fective for applications with timing resolution one to two
orders of magnitude finer than what is achievable with
state-of-the-art solutions [19], [20] based on loosely-coupled,
SW-controlled monitoring + throttling. Although fully HW-
based regulation is not always available on COTS platforms,
we also compare our proposal to the ARM CoreLink QoS400
regulators. Experimental results show that we achieve com-
parable regulation speed to Qo0S-400, with a finer regulation
step and 28.7% better exploitation of the residual bandwidth.
This allows a higher number of SW and HW tasks to safely
co-execute compared to other approaches, where a less effi-
cient system-wide exploitation of the system bandwidth can
only meet the QoS requirements by conservatively reducing
the number of CEs accessing main memory in parallel.

The rest of the paper is organized as follows: Section 2
positions our contribution with respect to related work. Sec-
tion 3 introduces background information on top of which
we build our proposal. Section 4 presents the proposed
tightly-coupled regulation mechanism. Section 5 provides
the evaluation of the proposed mechanisms on the Zynq
UltraScale+ platform. Section 6 concludes the paper.

2 RELATED WORK

Memory interference can be very impactful on the per-
formance of modern HeSoCs. This has motivated a lot of
characterization work in the recent past, focusing on the
effects on the main CPU [4], [28], GPGPU accelerators [29],
[30], FPGA-based accelerators [21], [31], and external I/O
components [10], [32], [33]. All the previous work showed
that unmanaged concurrent accesses to main memory on
HeSoCs can lead to dramatic slowdowns, making the sys-
tem unpredictable from the point of view of timing behav-
ior.

A simple, widespread approach to mitigating these ef-
fects is that of enforcing mutually exclusive memory access
to the main memory (DRAM) [28]. Several works rely on
this principle [8], [34]-[36] across a wide range of target ar-
chitectures, granularity settings and scheduling approaches.
Although functional, these approaches are often too con-
servative and pessimistic, as their one-at-a-time execution
model induces a severe under-utilization of the available
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DRAM bandwidth in modern HeSoCs, limiting the overall
throughput.

Other works try to overcome such underutilization by
allowing a controlled number of tasks to access DRAM at
the same time [37], [38]. Task-based scheduling for memory
accesses, however, does not allow for fine-grained control.
Other approaches improve DRAM bandwidth usage by
relying on offline profiling to devise efficient task scheduling
and bandwidth allocation [39], [40]. The main limitation
of such approaches resides in their static nature, which is
not always practical or altogether feasible in the context of
modern time-critical applications. Controlled Memory Re-
quest Injection (CMRI) [41] also allows more than one task
at a time to access DRAM, interspersing memory requests
from the tasks with a controlled amount of idle cycles.
This is achieved by wrapping task execution within fine-
grained, controllable duty cycles. Both compiler-level code
instrumentation and dynamic task throttling, at SW-level
(e.g., the Memguard solution [19]), hypervisor-level [42], or
DMA-level [21], can be used to implement the duty cycling.
However, CMRI techniques are limited to millisecond-scale
timing resolution. As noted in the works [14], [16], attempt-
ing to regulate bandwidth at a sub-millisecond timing reso-
lution with CMRI techniques results in substantial overhead
(i.e., slowdown on the regulated task) — up to 10% for a
timing resolution of 100 us — making them unsuitable for
applications demanding finer timing control.

New techniques are being introduced to protect real-
time applications running on CPU cores from memory in-
terference, achieving sub-millisecond timing resolution [14],
[16]. This shift to finer timing resolution is made possible
by dedicated hardware components that handle bandwidth
monitoring and throttling. By offloading these operations
from the CPU, the components significantly reduce the
processing load on the system, allowing for more precise
control of memory access and ensuring minimal interference
with real-time operations.

Saeed et al. [14] developed a mechanism to control
memory interference by considering DRAM utilization
through HW performance monitors and regulating inter-
ference sources at the task execution level on a per-core
basis. Their solution employs core-managed interrupts from
HW performance monitors, leading to a high regulation
overhead that prevents a finer timing resolution than 500
us. To achieve finer timing resolution regulation, Zuepke
et al. [16] introduced MemPol, a BR mechanism that uses
HW performance monitors for monitoring and debugging
mechanisms for bandwidth control. The approach relies
on a dedicated core to control the monitoring and throt-
tling loop with tighter coupling compared to other SW
approaches, thereby significantly reducing the associated
overhead. Although its experimental evaluation has been
conducted on FPGA-based HeSoCs, MemPol — like all the
other approaches cited up to this point — focuses on BR
across CPU cores only, with currently no support for the
control of HW accelerators. Also Farshchi et al. [9], who
rely on the FPGA logic on a HeSoC to implement a HW
throttler, uses the programmable logic only as a medium to
control the traffic between the CPU and the shared buses,
not to host accelerators. The solution offers loosely-coupled
monitoring + throttling and a fairly coarse granularity due

to the loose physical coupling between the CPU and the
FPGA on the SoC, and to the slow speed of the FPGA logic
compared to that of the CPU.

HW support for managing QoS and fairness at various
levels of the interconnect hierarchy is increasingly being
offered on commercial HeSoCs (e.g.,, ARM Qo5400 [13],
QVN400 [25], MPAM [26]). The availability of such support
on current systems is however still very limited, sometimes
only partial and typically very poorly documented (as high-
lighted in [10], [12]). Schwaricke et al. [20] used the ARM
Q05400 for BR to ensure predictable data transfers between
virtual machines. Their loosely-coupled approach is lim-
ited to AXI-based architectures [43], reducing its portability
across different architectures. Other HW mechanisms have
been proposed for BR on FPGA-based HeSoCs [22]-[24],
again specifically targeted at AXI interconnect protocols.
Here the bus activity is monitored to regulate the tasks
executed on HW accelerators. Although these approaches,
like ours, focus on BR for the HW accelerators in FPGA,
the technique focuses on bus-level regulation, whereas our
proposal tightly couples the monitoring and throttling logic
with the DMA unit of the accelerator itself. Compared to
these papers, from the point of view of the evaluation our
focus is on interference at the whole SoC level, not the FPGA
only. Moreover, our proposal (and the associated evaluation
section) also focuses on efficient exploitation of the residual
bandwidth. To the best of our knowledge, MemPol [16]
is the only other work that evaluates this aspect, while
compared to commercial solutions [13] our RBR achieved
up to 28.7% better usage of the residual bandwidth.

In a nutshell, the proposed RBR design tackles the
challenge of achieving fine-grained regulation of the FPGA-
based accelerators” bandwidth on commercial HeSoCs by
integrating a lightweight HW monitoring system and a
bandwidth throttler with the most typical interface to the
outer memory of an accelerator, the DMA. The RBR can be
seamlessly incorporated into any generic FPGA-based accel-
erator design with minimal overhead. The RBR dynamically
and precisely controls the memory bandwidth generated
by the accelerator, enhancing precise QoS control of critical
tasks in the system and efficient overall system bandwidth
utilization.

3 BACKGROUND

Fig. 1 shows a simplified block diagram of the reference
FPGA-based HeSoC. In this template, the main host multi-
core CPU shares the main DRAM memory with the FPGA
logic. Here, one or more application-specific accelerators can
be deployed. Internally, every accelerator includes a datapath,
namely the core logic that performs the computation, and
an efficient DMA engine, used to facilitate the staging of
data from the DRAM into faster local memories. In modern
HeSoCs, the DMAs inside FPGA-based accelerators gen-
erate much higher DRAM bandwidth requests than what
happens on the CPU cores [12], [31] (e.g., in [44], [45]
HeSoCs). This is because CPU cores typically generate a
limited number of read and write transactions to memory,
constrained by the number of in-flight memory operations
they can handle. In contrast, FPGA designs allow multiple
accelerators to be connected to the same memory port,
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Fig. 1: Architectural template of the target HeSoC.
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Fig. 2: Tasks scheduling and memory bandwidth regulation.

enabling numerous independent memory requests. If CPU
cores and FPGA-based accelerators run in parallel without
DRAM access control, the execution time of the CPU tasks
can slow down by over 10x [31]. On the other hand, enforc-
ing mutually exclusive DRAM accesses by CPU and FPGA
causes severe under-utilization of the available memory
bandwidth.

Monitoring bandwidth usage from the FPGA-based ac-
celerators on COTS HeSoCs can be done by querying in
SW the performance monitors (PM). PMs are widely available
in commercial platforms at various points in the system
interconnect, and it is also possible to instantiate similar IPs
in the FPGA logic. Intuitively, if said SW executes on the
main host CPU there will be significant overhead involved
for the monitoring phase, due to the very loose coupling
between the host CPU and the FPGA-based accelerator.
However, it is more and more common to enrich accelerator
templates with a soft core for local control of the datapath and
DMA operation, without the need for the costly intervention
of the main CPU [46]-[49]. This tightens the coupling and
reduces the overhead.

Throttling FPGA accelerators can be done by splitting long
DMA bursts into several smaller chunks, each of which can
be followed by a number of idle cycles (indicated as idle..),

determined to reduce the used bandwidth to the percent
value specified by the Throttling Factor (THRg). The number
of idle.. can be computed as a function of the cycles taken
to complete the transfer of the chunk (referred to as copy
cycles, indicated as copy..) and the THRy, as shown in

Eq. (1):

100 — THRy,

idleq, = THRy,

* COPYcc (1)

Note that THR¢, = 100 means 100% bandwidth granted;
THRy = 1 means 1% bandwidth granted. Previous work
has explored the use of the soft cores for programming the
DMA in a duty-cycled loop according to Eq. (1) [21]. The
main drawback of throttling accelerators via SW is the high
programming overhead, which prevents its usage when
fine-grained operation is needed. In the following we con-
sider the fully SW-based monitoring + throttling approach
as our reference example of loosely-coupled, coarse-grained
bandwidth regulation scheme.

Some commercial HeSoCs include support for fine-
grained bandwidth regulation at the level of individual
master ports (e.g., QoS400 [13], QVN400 [25]). Although
these solutions are not universally supported across vendors
and SoCs, in the following we consider QoS400 as our ref-
erence, state-of-the-art example of fine-grained bandwidth
regulation scheme.

Considering the dynamic operation of a real-time sys-
tem, where tasks come and go continuously - and thus a dif-
ferent number of actors is simultaneously accessing DRAM
at different time instants — we need to re-evaluate often
the throttling factors to be applied to each accelerator to
make sure that two requirements are fulfilled: (i) the timing
guarantees are respected for every task; (ii) overall DRAM
bandwidth usage (i.e., residual bandwidth) is maximized.
This situation is illustrated in Fig. 2. Here the application
that is running on the Host CPU spawns new SW and
HW tasks over time. The figure shows, in particular, the
offloading of computation on the FPGA-based accelerators
— i.e., the creation of new HW tasks T3, 15, T3 — at time
instants tg, t1, to and the termination of tasks 77 and T3 at
time instants ¢3 and ¢4. Upon the admission of every new
task in the system or the termination of an old task, some
sort of System Level Bandwidth Controller (SLBC) could re-
evaluate the THRy; settings for every FPGA-based acceler-
ator. The period of the SLBC policy is designed according to
the requirements of the application domain: in autonomous
systems applications new tasks can be admitted into the
system with ps-scale frequency [15], [16]. With such a short
time period in which THRy, settings can change, it is
fundamental to design the low-level bandwidth regulation
(BR) mechanism to be as responsive and tight as possible,
ensuring a fine timing resolution.

The BR timing resolution includes three components:
(i) the time to transfer the chunk of data (referred to as
monitoring process), which depends on the chunk size and
the data size of the transfer and is typically provided by
a monitoring system; (ii) the time to compute the idle,.,
which is influenced by the implementation of the BR control
logic; and (iii) the time to perform the throttling, which
varies according to the THR¢; requirements. Without loss
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Fig. 3: Worst-case timing resolution (THRg, = 1%). The worst-case timing resolution should not exceed the SLBC period

to avoid missing new THRy, settings.

of generality, in our scenario, we assume that the smallest
bandwidth regulation value is THRg = 1%. In case of
THRy, = 1%, if the monitoring process takes copyc. = n
clock cycles, by applying Eq. (1) the throttling would need
to introduce idle.. = 99n, giving a total timing resolution
of 99n + n = 100n. This represents the worst-case timing
resolution in our scenario.

In addition to components (i) (ii), and (iii), the coupling
between the monitoring and the throttling elements intro-
duces some overhead, which further impacts the timing
resolution. Specifically, this coupling overhead arises from
the necessity for the BR to query the copy.. before the
computation of idle.., and the need to configure the throt-
tling mechanism using the calculated idle,.. Intuitively, the
tighter the coupling of the two elements, the shorter the time
to complete the monitoring + throttling control loop, and thus
the more amenable the timing resolution to the described
autonomous systems scenarios. For example, if a particular
SoC platform provides HW mechanisms for BW monitoring
and throttling, these will individually be very fast, but their
coupling is however controlled via SW, which is very loose
in terms of responsiveness.

Fig. 3 illustrates the scenario of worst-case timing res-
olution. Allowing the timing resolution of BR to exceed
the SLBC period would mean that the BR mechanism is
not capable of adapting quickly enough to the application
requirements, and thus it is not capable of providing the
required timing guarantees. Section 5 provides a detailed
analysis of the overhead implied by, and thus the speed of,
different BR techniques.

4 RUNTIME BANDWIDTH REGULATOR

In the following, we present the proposed Runtime Band-
width Regulator (RBR), which enables accurate BR of FPGA
accelerators with minimal overheads.

4.1 Runtime Bandwidth Regulator Architecture

Since the main interface of an accelerator to the DRAM is the
DMA, we suggest that bandwidth monitoring and throttling
for its operation should happen at this level. The RBR is thus

introduced as a non-intrusive component of the accelerator
template, as shown in Fig. 4. It contains two main blocks:
(i) a monitor that probes the outgoing channel to the DRAM
to unobtrusively measure the time (copy.. from Eq. (1)) to
transfer an amount of bytes configured via a parameter
called the threshold (which defines the granularity of the
technique); (i) a throttler that computes the idle.. as a
function of the copy.. and throttling factor THR, and stops
DMA operations for that amount of time. It is worth noting
that the RBR can work with bytes transferred through
either read or write transactions. To avoid complicating
the presentation, in the following, we consider just one
type of transactions (the same considerations apply to the
other). The value of the threshold, and the throttling factor
THRy, are provided during RBR configuration via the soft
core!. This is expected to happen every time the underlying
middleware (e.g., the RTOS or the hypervisor) modifies
the QoS requirements for the tasks currently scheduled, for
example because a new task has been just admitted.

The copy.. required to transfer threshold bytes can sig-
nificantly vary based on the load of the system. While
in absence of contention this transfer would usually take
nom,. nominal cycles to complete, under heavy contention
the actual copy.. can grow significantly. Applying Eq. (1) in
such scenario would further penalize the core/accelerator
that has suffered this slowdown during memory transfer
by further imposing an amount of idle.. that is computed
based on this slowed-down transfer time. Any BR mech-
anism is thus typically capable of detecting contention-
induced slowdown and to accordingly computing the ap-
propriate amount of idle... Our RBR mechanism does that
as follows:

idlece = max {9 - nome. — (COpYce — nome.),04  (2)

1. Note that the configuration happens via memory-mapped regis-
ters, so the main or a secondary CPU could also configure threshold and
THRy,, albeit with a higher latency compared to the soft core.
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Fig. 4: The FPGA accelerator with the RBR.

where:
~ 100 — TH Ry,

0= THRy, ©)

The first term of Eq. (2) first computes the idle cycles
in nominal conditions as ¢ - nom... Then, those extra cycles
that the transaction already took to complete because of the
interference, are subtracted. The max function is introduced
to prevent idle.. assuming negative values. With reference
to Eq. (2), during the RBR configuration stage, THRy,
threshold, and nom,. are provided. Specifically, when the
THR% value is supplied, the soft-core processor computes
the corresponding ¢ value using Eq. (3). Instead of providing
the raw THRY% value to the RBR, the pre-computed § value
is sent directly. This prevents the RBR from performing
floating point divisions, ensuring it does not impact the
target frequency of the whole design. On the other hand,
the nom,. value (i.e., the number of clock cycles that a
transfer of threshold size would take without contention) is
recalculated by the soft processor whenever the threshold
value changes, based on the specific characteristics of the
throttled bus.

A close-up of the internals of the RBR is shown in Fig. 5.
Upon RBR configuration, the threshold, nom.., and THRy,
values are stored into a Controller block in the monitor. It is
worth noting that all the sequential blocks work in the same
clock domain and they are indicated with a triangle inside
(highlighting the fact that they work at rising edge of the
clock). The clock signal is not reported.

The monitor is developed by using the framework pro-
posed in [50]; the monitor relies on a Timer block to mea-
sure the copy... For every byte read through the outgoing
channel to the DRAM, a Counter Enabler activates the in-
crement of a Counter Up. An Equality Comparator detects
when the threshold has been reached; when that happens,
the Equality Comparator asserts an idle_valid signal, to trigger
the operation of the throttler, and to reset the Timer and the
Counter Up blocks. The monitor operates in a single clock
cycle: upon observing the transmission of the last byte of
the sequence (i.e., upon reaching the threshold), the idle_valid
signal is asserted within the same clock cycle.

configure

Runtime Bandwidth Regulator

reset_timer

yaN

Controller

threshold

>

idle_valid

<€

Equality
Comparator
Counter

5
A

reset_counter

| Counter
Enabler

<

monitor

Fig. 5: RBR internal design.

The throttler receives three inputs: copyc., nome., and
THRy, (expressed as ¢ of Eq. (3)), which are provided by the
monitor. To compute the idle.., it relies on a Weigher block.
The Weigher takes these inputs, where § is represented in
fixed-point format, and calculates Eq. (2) in a fully combi-
natorial manner, ensuring an efficient computation of the
throttling cycle idle time based on the provided values. For
every rising-edge of idle_valid signal, the Weigher output
idle.. is written inside a down counter (Counter DWN)
block, which also triggers the operation of a second equality
comparator, referred to as Smart Comparator block. This
block acts as a state machine that transitions between a
PASS-THROUGH and a WAIT state. As long as the Counter
DWN contains a number higher than zero, the Equality
Comparator remains in the WAIT state. In this state, DRAM
accesses from the accelerator are blocked. The throttler also
operates in one clock cycle: when the Throttler receives the
rising edge of idle_valid signal, it takes one clock cycle to
stop the DRAM access from the accelerator.

4.2 Runtime Bandwidth Regulator SoC Integration

The proposed RBR fully offloads accelerator control from
the main CPU and is fully platform-independent as it was
designed with a generic and representative reference archi-
tecture for an FPGA-based HeSoC. Porting the solution to
a specific architecture only requires adapting the outbound
monitoring and throttling signals to match the bus protocol.

For example, consider an accelerator with a DMA con-
nected to the main memory through an AMBA AXI4 bus
with a data bus size of 128-bit [43], operating at a frequency
of 300 MHz. In this setup, the accelerator can achieve a
maximum bandwidth of 4.8 GB/s for both read and write
transactions. Suppose we want to regulate the bandwidth
so that the accelerator reads at 30% and writes at 50%
of the maximum bandwidth, corresponding to 1.44 GB/s
for reading and 2.4 GB/s for writing. In this scenario, we
connect two instances of RBR, one for each channel. For BR
of the writes, the monitor block inside the RBR takes the
signals woalid (from the master), wready (from the slave),
and wstrobe (from the master) to count the transmitted data,
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(a) Bandwidth regulation of the AXI4 read channel using
threshold,q < 512 Bytes and THRy,; <= 30%. The resulting
bandwidth is 1.44 GB/s.
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(b) Bandwidth regulation of the AXI4 write channel using
threshold.r < 1024 Bytes and THRy,,,,. < 50%. The result-
ing bandwidth is 2.40 GB/s.

Fig. 6: Example scenario with a read and write memory bandwidth regulation using RBR.

while the throttler takes as input wvalid and wready and
propagates them as output when in PASS-THROUGH state.
When in the WAIT state, the throttler blocks both wuvalid and
wready, pausing the communication. For BR of the reads, the
monitor block takes only rvalid (from the slave) and rready
(from the master), while the throttler takes the pair rvalid
and rready, propagating or blocking them in case of PASS-
THROUGH or WAIT state, respectively.

To demonstrate the RBR functionality, we set different
thresholds for reads and writes: threshold,q <— 512 Bytes for
reads and threshold,,, < 1024 Bytes for writes. Considering
the size of the data bus at 128-bit, this produces nom.. »q=32
and nomcc,r=64. The RBR throttlers are configured with
THRy,; < 30% and THRy,,,,. < 50% for reads and writes,
respectively. The timing diagrams of the regulator activity
are shown in Fig. 6a and Fig. 6b. Focusing on Fig. 6a, when
the first byte of the DMA read transaction flows through the
AXI4 bus, the monitor activates its internal timer. After the
512th byte is transmitted, the monitor forwards the copy..
to the throttler (during the rising edge of the idle_valid
signal). The throttler then computes the idle.. and pauses
the communication accordingly. Once the idle period ends,
the throttler resumes communication. This monitor-throttle
loop repeats every 512 bytes, resulting in 1200 iterations
for a 600 kB transfer. The writing process in Fig. 6b works
similarly. As shown in Fig. 6a and Fig. 6b, the obtained
bandwidth meets the requirements.

The timing resolution of the BR depends on the threshold
value, which can be configured as needed. However, the
choice of the threshold has a direct impact on the accuracy
of the idle.. computation and insertion performed by the
RBR. Here, accuracy is defined as the deviation between
the expected value of idle.. needed to achieve a specific
bandwidth and the actual value computed and introduced
by the RBR. This accuracy in turn influences the resolution
of the BR step, which should be further evaluated.

4.3 Choosing the threshold

As described is Section 3 and shown in Fig. 3, the worst-case
setting for the THRg, parameter, which is 1%, lengthens
the overall BR cycle duration (monitoring + throttling) to
100x the monitoring time. Thus, intuitively, the finer the
granularity of the monitoring (i.e., the smaller the threshold
parameter) the better. With our technique, the threshold can
be as small as the size of the AXI4 bus, which is at maximum

100
GRANULARITY
threshold = 16 Bytes
— 80F =—lhreshold = &4 Byles
2 threshold = 258 Bytes [QoS-400]
= ——threshold = 1536 Byles
he
3 60
o
c
8
B 40
>
@
i -
[+
® 20
0 i i i
0 10 20 30 40 50 60 70 80 S0 100

THR [%]

Fig. 7: Accuracy of the bandwidth regulation as a function
of THRy, for various granularities.

1 beat = 16 Bytes on Zynq Ultrascale+ devices [44]. However,
the downside of picking a very small threshold value is a loss
of accuracy in the idle.. computation and insertion.

TABLE 1: RBR timing resolution and regulation step res-
olution for THR%=1% for various threshold values. The
regulation step resolution is expressed with respect to the
THR% value of the previous regulation cycle.

Threshold (bytes) 16 64 256 1536
Timing resolution [1s] 033 | 1.32 5.28 31.68
Regulation step resolution | 50% | 20% | 5.88% 1%

Fig. 7 shows this effect by plotting how accurately dif-
ferent threshold settings (different curves) allow the BR in
RBR (Y axis) to match the required THRy, in the full [1%,
100%] range (X-axis). It is clear from the plot that choosing
a small monitoring threshold negatively affects the accuracy
of the BR for high THRo, values. A threshold setting of 1 beat
implies that the technique can just exploit an on/off decision
with respect to the introduction of idle..: the next beat
transfer can either be immediately issued or skipped for the
next bus cycle. This results in either 100% or 50% BR, which
affects the regulation step resolution, with no additional
feasible settings in between, as illustrated by the blue curve.
The grey curve is obtained with a threshold of 1536 Bytes,
and it represents the best compromise between latency and
BR accuracy since it is the smallest window that supports
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TABLE 2: FPGA resource usage of the RBR. For comparison,
the resource usage of a XILINX DMA IP is also provided.

Component | FFs LUTs BRAM
AXI Datamover 2129 2246 16
DMA Interface 263 892 0
TOT 2392 3138 16
Monitor 431 119 0
RBR Throttler 223 488 0
TOT 654 607 0
RBR area % wrt DMA | 27.34%  19.34% 0%
RBR area % wrt SoC 0.119%  0.221% 0%

1% THRy, variations in the high range. By comparison, the
granularity of 256 Bytes, represented as yellow curve in the
graph and adopted by the ARM QoS400 [13] on the target
device, is insensitive to THRo; variations finer than 4-6%
for THRy, € [80%,100%)] (see Fig. 8 later on). Note that,
if the application at hand does not require this regulation
step resolution, our technique can be easily and quickly
reconfigured for smaller threshold values. Table 1 reports
the timing resolution of the RBR, for the four considered
thresholds. The values refer to the worst-case scenario of
THRy, = 1%.

5 EXPERIMENTAL RESULTS

We implement our proposal on a Xilinx Zynq Ultrascale+,
XCZUIEG HeSoC [44], an FPGA-based HeSoC integrating
an ARM Cortex-A53 quad-core (referred to as APU), an
ARM Cortex-R5 dual-core (referred to as RPU), and an
FPGA. RPU cores are connected to a single DRAM controller
port. APU cores are connected to two DRAM controller
ports of 128-bit size. The FPGA can access the DRAM
through four AXI4 [43] ports of 128-bit size, multiplexed to
three DRAM controller ports of 128-bit size. The base accel-
erator template was modeled using Xilinx IPs for the DMA?,
soft-core, and interconnects. As we are only interested in
measuring the worst-case interference effects, our accelera-
tors: (i) are configured to work as traffic generators [31], i.e.,
they perform only memory accesses without computation?;
(ii) perform all memory accesses with a sequential stride
(i.e., addresses are sequential between separate burst re-
quests, and memory accesses inside a burst are sequential),
as this pattern generates much higher bandwidth compared
to a random access pattern [31], and thus produces the
highest contention for the memory controller.

We deploy three accelerators, each connected to a ded-
icated high performance port towards the main memory
controller. Each of these paths has dedicated performance
monitors and QoS-400 regulators. The accelerators are ex-
tended with our RBR, configured to work with a threshold
of 1536 bytes and a nom.. = 96 cc (since the bus between
the DMA and memory transfers data at a rate of 16 Bytes
per clock cycle without contention). The resulting design
was synthesized with a target frequency of 300 MHz. Table
2 reports the raw area utilization of the proposed RBR in
terms of FFs, LUTs, and BRAM. For reference we also report

2. https://docs.amd.com/r/en-US/pg022_axi_datamover

3. Note that this is without loss of generality, as well-designed accel-
erators overlap computation with memory transactions, using double-
buffered transfers to avoid stalling DMA

Listing 1: BW regulation via SW-controlled DMA

void SW_BR_DMA
{
int NTRANS = size / threshold;
for (int i=0; i < NTRANS; i++) {
// DMA transfer monitoring
int offset = i * threshold;
start_monitor();
DMA_prog (srctoffset,
stop_monitor () ;
int copy_cycles =

// compute

(void *src, void =dst, int size)

ana

dst+offset, threshold);

read_monitor () ;
idle cycles throttle
int idleCycles = computelIdleCycles
copy_cycles);
(idleCycles);

anad

(THR,

Wait

the area utilization for the simplest DMA engine that can
be instantiated with Xilinx IPs (i.e., just an AXI Datamover?
and the necessary interfaces). As shown in Table 2, com-
pared to the DMA, the RBR uses the 27.34% of the FFs, the
19.34% of the LUTs, and the 0% of the BRAM. Overall, the
RBR uses less than 1% of the FPGA resources available on
the SoC.

Our experiments are aimed at comparing the proposed
RBR mechanism to other BR approaches, both in terms of (i)
speed and adaptation to dynamically varying QoS require-
ments (Subsection 5.1) and (ii) effective usage of the overall
system bandwidth (Subsection 5.2). To this aim, we compare
the following four approaches to BR (LCMT stands for
Loosely-Coupled Monitoring and Throttling, TCMT stands
for Tightly-Coupled and Throttling):

e LCMT-SW-DMA: Loosely-coupled regulation im-
plemented by coupling AXI Perfomance Monitor
(APM)* monitoring and explicit SW-based DMA
throttling;

e LCMT-RBR: Loosely-coupled regulation imple-
mented by coupling APM* monitoring and RBR
throttling;

e TCMT-RBR: Our tightly-coupled regulation solu-
tion, entirely based on the proposed RBR;

e TCMT-Qo0S-400: Tightly-coupled regulation imple-
mented by using the QoS400 regulator [13];

Concerning BR in SW, this can be achieved by relying on
the APM for the monitoring phase and by explicitly duty
cycling the DMA operation in SW [21] for the throttling
phase. Listing 1 shows the pseudo-code to be executed
on the soft core of each accelerator in place of regular
DMA transfers. The original transfer of size bytes is split
in NTRANS smaller transfers, each the size of the threshold
parameter. Between one small transfer and the other the
Wait function is invoked, which stalls the DMA for idle..
cycles, which is computed according to Eq. (2).

Concerning BR via the ARM CoreLink Qo05-400 [13], on
the Xilinx Zynq Ultrascale+ platform multiple regulators
are available, enabling distinct regulations for various com-
ponents. The QoS-400 performs transaction rate regulation
based on a parameter referred to as ax, (average rate), rep-
resenting the average number of transactions allowed per

4. https://docs.amd.com/v/u/en-US/pg037_axi_perf_mon

615
616
617
618
619
620
621
622
623
624
625
626
627
628

629

630
631
632
633
634
635
636
637
638
639

640

641

643
644
645
646
647
648
649
650
651
652
653
654
655

656


https://docs.amd.com/r/en-US/pg022_axi_datamover
https://docs.amd.com/v/u/en-US/pg037_axi_perf_mon

657
658
659
660

661

663
664

665

666

667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700

701

IEEE TRANSACTIONS ON PARALLEL AND DISTRIBUTED SYSTEMS, VOL. 14, NO. 8, AUGUST 2015 9

150 1 : : , . i

Linear: y = 1.471*x - 0.6067

=
o]
o

QoS-400 ax_r
(9]
o

0 20 40 60 80 100
THR [%]
Fig. 8: Model of the QoS-400 correlating THRo; values to

ax_r. The equation is the linear interpolation.

clock cycle. Separate regulations are possible for write and
read requests by writing into a memory-mapped register.
We experimentally characterized the behavior of the QoS-
400, and derived a model to easily correlate our THRo,
parameter to the corresponding ax, setting, as shown in Fig.
8. Being the Qo0S-400 regulation granularity 256 Bytes (16
beats of 16 Bytes each), it is evident the loss of regulation
precision as we move to high THR, values (as also shown
in Fig. 7).

5.1

This experiment is aimed at comparing how effectively the
various BR approaches (monitoring+throttling) adapt to a
trace of dynamically evolving QoS (i.e., THRg) settings.

As discussed earlier, we envision a system where tasks
start and complete execution dynamically, and a global
SLBC (hypothetically a component of the operating system)
is responsible for configuring the bandwidth regulators
of the various accelerators to meet the evolving required
THRy, levels. The SLBC is modeled in our experimental
setup using one of the available ARM Cortex R5 core on
the platform, to avoid burdening the main CPU cores. The
controller reads the THRy, settings from the available On-
Chip Memory (OCM). This operation requires ~ 0.34us and
dictates the maximum speed of the SLBC.

Fig. 9 compares how the various approaches adapt to a
QoS requirement trace that evolves with period T' = 32pus.
This is the nominal speed at which TCMT-RBR handles a
worst-case 1% BR step request, using a monitoring window
of 1536B. This magnitude matches the task admission fre-
quency for control-oriented real-time applications [15], [16].
The X axis shows timestamps along a temporal line, while
the Y axis shows the percentage of the maximum bandwidth
that the accelerator under scrutiny is requesting. The black
curve represents the trace of THRy, setting requests, while
the other curves show how the various BR approaches adapt
to these requests over time.

As expected, both TCMT approaches precisely follow
the THRo; profile in every operating condition, since their
nominal latency is less or equal than 32us. As the cou-
pling between monitoring and throttling phases loosens, it
is impossible to adjust to a QoS trace evolving this fast.
This is of course to be ascribed to the high overhead im-
plied by the frequent DMA programming operations of the
SW technique. Fig. 10 shows the performance penalty to
split a single DMA transfer of 1536 KBytes in increasingly

Bandwidth regulation mechanisms speed

TABLE 3: Speed of the different bandwidth regulation tech-
niques (minimum timing resolution for TH Ry, = 1%). The
TCMT-RBR is configured with a threshold of 1536 B, as this
provides the highest precision. The numbers are referred to
a 300 MHz implementation.

| TCMT-RBR  TCMT-Q0S400 LCMT-RBR LCMT-SW-DMA
Cycles 9600 2364 57600 1093500
T [us] 32 7.88 192 3645

smaller and more numerous ones, in the absence of throt-
tling (idle..=0). Transferring 1536 KBytes in NTRANS=1024
chunks of threshold=1536 Bytes each costs ten times a
single transfer of 1536 KBytes, requiring around 3ms. If the
worst-case THRy, < 1%, the technique can process a new
request every (3ms/1024) * 100 = 300us.

Table 3 shows the minimum timing resolution, expressed
as microseconds and clock cycles, for the various BR tech-
niques, assuming the worst-case THRy, = 1%. LCMT-
RBR and LCMT-SW-DMA are respectively 6x, and 114x
slower than TCMT-RBR. Our TCMT approach makes BR
effective for applications with timing resolutions one to two
orders of magnitude smaller than what is possible for LCMT
approaches. If coarser regulation steps are sufficient for the
application at hand, the RBR operates at a timing resolution
of 0.33us, namely 24 x faster than the TCMT-Qo05400.

5.2 Co-scheduling

In a context where various processing engines coexist within
the system, the efficient utilization of memory bandwidth
becomes crucial. While tightly-coupled monitoring and
throttling primarily serves the purpose of effectively con-
trolling the QoS requirement of one or more tasks/cores in
the system, it is also extremely important that the technique
allows maximal exploitation of residual bandwidth. The
following sections aim to compare the residual bandwidth
utilization for the various BR techniques.

5.2.1 Effective bandwidth exploitation

The objective of the experiment presented in this Section is
that of measuring the overall memory bandwidth usage of
the system, while guaranteeing a certain QoS requirement
for critical tasks. To that end, we assume that an ARM
Cortex-A53 core executes the critical task on top of a Petal-
inux kernel®, and we express its QoS requirement in terms of
maximum tolerated slowdown. Following a widely adopted
convention in literature [12], [16], [39], we consider two QoS
thresholds: 10% and 20% maximum slowdown. We con-
sider that the three FPGA-based accelerators execute best-
effort tasks, and thus we regulate their bandwidth usage to
satisfy the QoS requirement of the critical task. To model
and evaluate the system dynamism in terms of workload
variations over time, we rely on a pre-computed trace that
instructs our SLBC — running on an ARM Cortex R5 core —
on which FPGA-based accelerators to start/stop every 32s.
For each of the two QoS requirements, we provide a plot
where we show the use of the residual system bandwidth
by the FPGA-based accelerators, under the guarantee that
the various regulation techniques deliver the required QoS

5. https://docs.amd.com/v/u/en-US/dh0016-petalinux-tools-hub
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Fig. 9: Comparison of LCMT- and TCMT- regulation in adapting to a trace of THR% settings. The trace evolves dynamically

with a period of T = 32us.
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Fig. 10: SW versus HW throttling cost when splitting a DMA
transfer of 1536kD5 in smaller transfers.

constraint. The results are presented as a set of bar plots for
each of the 31 benchmarks from the Polybench suite [51],
acting as a critical task on the ARM Cortex-A53 core.

Fig. 11 illustrates the experimental setup used to derive
the bar plots. The x-axis represents the overall THRy, pa-
rameter of the FPGA-based accelerators. Assuming three
accelerator templates on the FPGA, a THRy, <« 100%
implies that the ¢-th accelerator template is configured with
one-third of the total THRy;, (i.e., ACT; = 33.3% THRy). A
THRy, < 100% corresponds to utilizing the entire memory
bandwidth of the FPGA, as denoted by a vertical dotted line.
The black plot with circle markers represents the CPU task
execution time slowdown (to be read on the right Y axis),
while the red area represents the cumulative bandwidth
used by the FPGA-based accelerators (to be read on the left
Y axis). The two black horizontal lines represent the two QoS
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FPGA memory bandwidth
Qe CPU task slowdown
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Fig. 11: Experimental setup. For each benchmark we iden-
tify the highest THRg, value that doesn’t exceed the QoS
requirement (10% or 20% max slowdown). The resulting
FPGA bandwidth is plotted in Fig. 12.

thresholds at 10% and 20% maximum slowdown, respec-
tively. The points where the slowdown curve intersect the
horizontal 10% and 20% QoS threshold curves are projected
upward to meet the edge of the red area. The bandwidth
value identified by these points is used in the bar plots. A
plot equivalent to Fig. 11 is derived for every Polybench
benchmark, but for a more compact and readable informa-
tion we only show the bar plots derived as described. The
SLBC behavior is based on the maximum THRg;, that satis-
fies the QoS requirement for every benchmark, BR technique
and number of active accelerators, based on offline profiling.

The bar plots for the 10% and 20% QoS requirements are
shown in Fig. 12a and 12b, respectively. The blue bars rep-
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Fig. 12: Exploitation of the residual bandwidth from the FPGA-based accelerators. CPU tasks are PolyBench benchmarks.

resents the TCMT-RBR, the orange bars the TCMT-Qo0S400
and the grey bars the LCMT-SW-DMA. For the LCMT-SW-
DMA we show two stacked bars, where the solid part is
referred to the case where the SLBC trace varies using a
slower period of 3645 us to ensure that the QoS guarantee
is satisfied. The hatched part of the bar shows an additional
portion of the bandwidth that the SLBC erroneously allows
the FPGA-based accelerators to exploit when using the con-
trol period of 32 us. As previously explained, since LCMT-
SW-DMA is not fast enough to precisely follow a bandwidth
trace that evolves using a 32 us period, the controller is
not capable of satisfying the QoS requirements (see Table

3). Overall, it is evident that the proposed TCMT-RBR
surpasses TCMT-QoS400 in terms of residual bandwidth
exploration. The advantages are even more pronounced
compared to LCMT-SW-DMA, but this was to be expected.

Fig. 13 provides the average memory bandwidth uti-
lization of the 31 benchmark kernels. Here the measured
memory bandwidth is reported as a percentage of the ideal
residual bandwidth, obtained by applying Eq. (1), given the
CPU task, the number of active accelerators, and the actual
THRy,. From this figure we can derive that the proposed
TCMT-RBR approach allows to use additional 28.7% and
48.2% memory bandwidth compared to TCMT-Qo0S400 and
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Fig. 13: Exploitation of the residual bandwidth from the
FPGA-based accelerators. Average.

TABLE 4: Real-world benchmarks as described by [12].

. FPGA APU RPU
Scenario
\ ACT1 ACT2 MM MT VMA 12C
VT  (Max 20%) \ 1.20x  1.20x 1.22x  1.07x 1.70x 1.11x
T (Max 40%) \ 1.38x  1.38x 1.22x 1.07x 1.35x 1.04x
M (Max 60%) \ 1.59x  1.59x 1.22x 1.07x 131x 1.04x

LCMT-SW-DMA respectively, for the 10% QoS requirement.
An increase of about 20.5% and 56.4% of memory band-
width utilization, respect to the other two mechanisms, can
be achieved by relaxing the constraint to a 20% of maximum
slowdown.

5.2.2 Unlocking more effective co-scheduling opportunities

Previous work has explored the use of QoS control in
modern HeSoCs to understand how this impacts the per-
formance of co-scheduled SW and HW tasks, targeting the
XCZU9EG SoC [12]. Here, three FPGA-based accelerators
(Xilinx traffic generators) are considered, each attached to
a different DRAM controller port. Two host cores from the
APU, attached to another two DRAM controller ports, ex-
ecute a matrix multiplication (MM) and a matrix transpose
(MT) benchmark, respectively. Two host cores from the RPU,
sharing a multiplexed channel to the last DRAM controller
port, execute a vector add (VMA) and an image to column
(I2C) benchmark. Given this co-scheduled workload, five
high-level QoS settings are considered. In each setting, a dif-
ferent X% maximum performance degradation (slowdown)
is tolerated: (i) Very-Tight (VT), where X=20%; (ii) Tight (T),
where X=40%; (iii) Moderate (M), where X=60%; (iv) Loose
(L), where X=80%; (v) Very-Loose (VL), where X=99%. Vari-
ous hardware QoS knobs available inside the DDR memory
controller of the target [44] are then used to try and satisfy
the QoS requirements (the most relevant to our discussion of
which is the Qo0S-400). The key finding is that no available
QoS knob could satisfy the M, T, and VT QoS settings.
To conduct a direct comparison, we instantiate the exact
same setup, with three RBR-enabled accelerators (traffic
generators) executing in parallel with APU and RPU cores
(executing the same benchmarks described above). Table 4

shows the slowdown, normalized respect the execution time
in absence of interference (e.g. 1.2X means an increase in
execution time of a 20%). The slowdown measurements are
referred to the involved processing units for the VT, T, and
M QoS scenarios, i.e., the ones for which the hardware QoS
knobs could not satisfy the requirement [12]. The accelera-
tors are labeled ACT1 and ACT?2 in the experiments. The
third accelerator, ACT3, is not included in Table 4, because
we aim to directly compare our results with those in [12],
where the authors do not consider it in their final results.

To conduct the experiments we exploited our fine-
grained RBR to precisely regulate the slowdown of the
ACT1 and ACT2 on the maximum tolerated by each sce-
nario (e.g. for the VT scenario we imposed a 1.2x for
both accelerator templates). This will leave more room to
exploit memory bandwidth to the other tasks, without com-
promising the performance requirements of the accelerator
templates. The results show that RBR can satisfy the
requirements for all the actors in QoS scenarios M and T
(the cells shaded in green), and for most actors also in QoS
scenario VT. This further confirms that tightly-coupled BR
enables system-wide scheduling opportunities that are not
feasible with state-of-the-art mechanisms.

5.3 Scalability of the Proposed Approach

The experimental results demonstrate the effectiveness of
the proposed regulation mechanism in terms of timing
resolution, bandwidth redistribution, and flexibility within
real-world scenarios.

Evaluating various workloads on the APU confirmed
the scalability of the system BR across different types of
applications. Additionally, testing different configurations
on the Zynq Ultrascale+ — involving one APU with mul-
tiple FPGA-based accelerators and multiple configurations
involving APU, RPU, and FPGA-based accelerators — high-
lighted the scalability across different platform setups. This
versatility suggests promising performance in systems with
additional computing elements like GPUs and DMA-based
I/0O peripherals, although these setups were not tested in
the current experiments.

Adapting the solution to different platforms requires
some modifications, specifically aligning the outbound
monitoring and throttling signals with the bus protocols of
the new architecture. At this stage, there is no precise model
for determining the appropriate THRy, value to achieve a
specific QoS, which represents an area for future improve-
ment.

6 CONCLUSION

We introduced a tightly-coupled bandwidth monitoring and
throttling solution for FPGA-based HeSoCs. This solution
is based on an original IP, the Runtime Bandwidth Regula-
tor, that can unobtrusively be integrated in generic FPGA-
based accelerator designs. The flexible programmability of
the main RBR configuration parameters allows to change
the regulation factor and its granularity at run time. This
approach makes BR effective for applications with timing
resolution one to two orders of magnitude smaller than
what is possible for state-of-the-art, SW-controlled solutions.
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Compared to fully-HW regulation solutions like ARM Core-
Link QoS400, we achieve comparable regulation speed, with
a finer throttling resolution and 28.7% better exploitation
of the residual memory bandwidth. Moreover, changing the
granularity at runtime allows for a trade-off between timing
resolution and regulation step resolution, enabling the RBR
to operate at a timing resolution of up to 0.33 us as needed.
It is also worth noting that HW solutions like QoS-400
are still not widely available across FPGA vendors and
products. When evaluated at the whole-system level for
the co-scheduling of SW and HW tasks, the RBR enables
effective BR in presence of much tighter QoS requirements
compared to previous work.

Future activities include integrating the proposed ap-
proach with similar on-off control mechanisms for CPU
cores (such as [16]) to achieve a more comprehensive
system-wide BR that effectively manages both FPGA-based
accelerators and CPU cores. Additionally, we aim to develop
a quantitative model linking monitoring granularity with
accuracy loss, alongside a more structured framework for
meeting QoS requirements through THRy, values. Finally,
we plan to validate the approach across diverse platforms as
the AMD/Xilinx Versal [1], and within application scenarios
in the aerospace domain where multiple workloads share
memory resources.
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