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Abstract

As the semiconductor industry moves beyond the limits of monolithic integra-
tion, chiplet-based architectures have become a cornerstone of continued
performance and energy-efficiency scaling in high-performance computing (HPC)
processors. By partitioning large dies into smaller, specialized chiplets inter-
connected through high-bandwidth die-to-die links, designers can overcome
reticle-size and yield limitations while enabling heterogeneous integration of
compute, memory, and I/O subsystems within a single package. However,
this architectural shift introduces new challenges for power and thermal
management. Thermal coupling across chiplets causes non-uniform temper-
ature distributions and localized hotspots; leakage currents and package-level
heat transfer exacerbate power density; and performance degradation can oc-
cur when protective throttling mechanisms are triggered. Efficient operation
therefore requires coordinated and low-latency control among multiple on-die
Power-Management Subsystems (PCS) distributed across chiplets.

Recent research has explored hierarchical power-control architectures, stan-
dardized management protocols such as ACPI and SCMI, and data-driven ther-
mal modeling to improve runtime efficiency in multi-chiplet systems. However,
these approaches remain limited by proprietary PCS implementations, kernel-
mediated communication paths, and the lack of empirical modeling techniques
that capture the thermal behavior of chiplet-based processors.

This dissertation addresses these challenges through four complementary
research contributions spanning hardware architecture, communication interfaces,
and data-driven modeling.

The first contribution introduces ControlPULP, an open and scalable RISC-
V-based PCS designed to execute fine-grained control loops at sub-millisecond
time scales. Its parallel microcontroller architecture and DM A-assisted sensing
enable reproducible research on distributed, high-performance power and thermal
control, marking a step toward open and programmable control planes for
next-generation processors. This contribution directly addresses the lack of
open, research-grade PCS architectures capable of scaling with core counts and
supporting sub-millisecond control loops.

The second contribution provides a fine-grained characterization of
standardized power-management interfaces in modern HPC processors.
Using an FPGA-based hardware-in-the-loop framework and a fully compliant
Linux SCMI stack, the study reveals latency bottlenecks across software, firmware,
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and hardware layers. Measured end-to-end delays reach up to 1.3 ms per control
cycle, while optimized firmware reduces the control delay to 114 us, yielding up to
3% shorter execution time. This analysis addresses the previously unquantified
latency behavior of delegation-based control protocols, clarifying their real-time
limitations and optimization potential.

The third contribution proposes a user-space communication substrate
for distributed PCS networks, based on the Micro XRCE-DDS middleware.
A new shared-memory transport layer eliminates kernel-mediated bottlenecks
and enables low-latency, peer-to-peer coordination among PCS nodes and a host
processor. The publish/subscribe abstraction allows dynamic addition of control
topics and application-level policies, achieving an average Client-side processing
time of about 490 us at 20 MHz on the FPGA prototype—corresponding to only
a few tens of microseconds in a realistic silicon implementation—with predictable
memory usage below 2 KiB per topic. This contribution overcomes the rigidity
and kernel dependence of current control planes, providing a scalable substrate
for distributed power-management communication.

The fourth contribution develops a compact empirical thermal-power
modeling methodology for many-core and chiplet-based processors. By
combining performance-counter-based power estimation with distributed MISO-
ARX thermal identification, the approach captures both intra- and cross-chiplet
thermal interactions directly from silicon measurements and reconstructs ap-
proximate processor floorplans to reduce model complexity. Validation on a
56-core Intel Sapphire Rapids processor demonstrates power-prediction RMSE of
2.464 W and thermal-prediction MSE of 3.756 °C2, suitable for predictive control.
This contribution extends data-driven thermal-power modeling techniques to
multi-chiplet architectures, enabling compact, measurement-based models for
predictive control in heterogeneous packages.

Together, these results form a coherent framework that advances the state
of the art in open, distributed, and predictive power and thermal management
for next-generation many-core and chiplet-based processors. The proposed ar-
chitectures and methodologies lay the groundwork for future research toward
standardized, adaptive, and energy-aware control frameworks across heteroge-
neous HPC platforms.
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Chapter 1

Introduction

Until 2005, Moore’s law [79] combined with Dennard scaling [39] sustained
an exponential growth in processor performance. Increasing transistor den-
sity automatically delivered higher clock frequencies at nearly constant power
density, allowing monolithic single-core designs to scale almost effortlessly. Per-
formance gains were thus largely achieved through technology scaling rather
than architectural innovation.

Around the mid-2000s, the breakdown of Dennard scaling slowed the reduction
of supply voltage and forced the industry to shift toward multicore architectures.
Instead of relying on ever-faster clock speeds, performance growth had to come
from integrating a steadily increasing number of cores per die. This shift made
software-level parallelism essential to fully exploit the available hardware.

However, because the supply voltage could no longer decrease proportionally,
integrating more cores on the same die raised the overall power density. Processors
soon hit the so-called power wall [46] — the practical limit of performance scaling
imposed by thermal-design and power-delivery constraints. With voltage scaling
stalled, energy efficiency worsened and clock frequencies plateaued, motivating
the transition to parallelism as the main path to performance scaling.

The dark-silicon phenomenon [46] refers to portions of the die that must
remain powered off or clock-gated to keep the processor within its thermal and
power budgets. Initially, this limitation was driven not only by power-capping
restrictions but also by the lack of sufficiently parallel applications able to use
all on-die cores efficiently.

A decade later, the rise of deep-learning workloads [65] created a new class
of massively parallel applications that saturate both the power and thermal
envelopes of monolithic processors. To sustain these workloads, the industry
turned to heterogeneous computing platforms that integrate specialized accel-
erators — such as |graphics processing units (GPUs)| [89], [Tensor Processing]
Units (TPUs)| [61], or custom [Artificial Intelligence (AI)|engines — optimized for
matrix-intensive kernels. In this context, dark silicon also manifests as specialized
hardware blocks that remain powered off until invoked by suitable workloads.

Modern high-performance processors now face physical and manufacturing




barriers that limit the scalability of single-die designs. Increasing the core count
on a single die exacerbates routing congestion and signal-integrity issues. On
advanced 7-5nm nodes, monolithic dies exceeding roughly 600 mm? approach
both the photolithography reticle-size limit [91] and yield-related costs that
become economically prohibitive. Large dies also develop severe thermal hotspots
that are difficult to cool efficiently [110], reducing reliability and sustained
performance.

To overcome these obstacles, the industry adopted chiplet-based archi-
tectures [35]. Instead of a single large die, multiple chiplets—each typically
integrating a balanced set of cores, cache slices, memory controllers, and
[put/Output (I/O)|blocks—are placed side by side on a silicon interposer. The
interposer provides high-bandwidth, low-latency [Die-to-Die (D2D)| links be-
tween chiplets, improving manufacturing yield and reducing local power density.
Prominent examples include AMD’s EPYC Genoa (up to 96 Zen 4 cores
distributed across 12 CCD chiplets plus a central I/O die) [4] and Intel’s Sapphire
Rapids Xeon processors (up to 60 Golden Cove cores integrated in 4 compute-tile
chiplets plus a base I/O die) [35].

Beyond partitioning large monolithic dies, chiplet-based architectures repre-
sent a fundamental paradigm shift in processor design and mark the transition
toward the so-called SysMoore era [111]. In this new phase, continued perfor-
mance scaling is no longer achieved solely through transistor miniaturization—as
predicted by Moore’s Law—but through system-level integration of heteroge-
neous components within the same package. By assembling multiple chiplets,
possibly fabricated in different process nodes or by different vendors, design-
ers can integrate specialized computing, memory, and I/O subsystems while
maintaining flexibility and high manufacturing yield.

This modular design approach provides several tangible benefits: (i) cost
reduction, since smaller chiplets improve yield and can be independently optimized
for their respective functions; (ii) design modularity, enabling reuse of existing
[intellectual property (IP)|and rapid exploration of architectural variants; and
(iil) faster time-to-market, as pre-validated chiplets can be recombined into new
system configurations without requiring full redesign of the entire die. Overall,
chiplet-based integration extends the scalability of modern processors beyond
the limits of traditional Moore’s Law scaling and opens new opportunities for
heterogeneous, domain-specific computing within a single package.

While chiplet-based integration brings substantial advantages in scalability,
cost efficiency, and design flexibility, it also introduces new challenges at the
physical and architectural levels. The power density of state-of-the-art processors
remains extremely high, and the total thermal design power (TDP)| budget for
high-end still lies in the 200-400 W range [71]. Distributing cores across
multiple smaller chiplets mitigates local manufacturing and thermal-density
issues, but it does not eliminate overall power and thermal constraints. Significant
heat coupling persists both within and across chiplets, as the silicon interposer
and package materials still conduct heat between active regions [86]. Local
hotspots can therefore develop even under balanced workloads, and the die-to-
die interconnect fabric itself introduces additional latency and power overhead.




Furthermore, the increasingly complex package geometry complicates power
delivery and heat dissipation throughout the package. As a result, power and
thermal management remain central design concerns, critical to achieving reliable
and energy-efficient performance in modern chiplet-based high-performance
processors.

1.1 Power and Thermal Management in Chiplet-
Based Architectures

State-of-the-art power and thermal management in high-performance processors
relies on techniques such as dynamic voltage and frequency scaling ,
turbo-boost modes, clock- and power-gating, and emergency thermal throt-
tling [110], [69], [105], [50], [53]. These techniques aim to select operating points
— voltage/frequency pairs — for multiple power domains to maximize perfor-
mance and energy efficiency while staying within safe limits of temperature,
power, and current.

A typical processor features a network of on-chip sensors — such as [PVT]
sensors — and distributed actuators, including on-chip [phase locked loops|
for frequency control and off-chip [voltage regulator modules (VRMs)| for
power delivery. At the heart of this infrastructure lies the [PCY a dedicated
microcontroller running that executes the control policies. The
[PCS] collects sensor data, computes the appropriate operating points, and drives
the actuators accordingly.

The |operating system-directed configuration and power management (OSPM)|
layer — often referred to as the governor in Linux-based systems — interacts
with the [PCS| through standardized interfaces (e.g., [Advanced Configurationl
and Power Interface (ACPI)| [117], [SCM]| [73], or [RISC-V Power Management
Interface (RPMI)| [101]) by requesting performance levels or power caps for
specific domains.

In chiplet-based processors, the same basic techniques are used, but the
control problem becomes substantially more complex. Each chiplet exhibits
its own thermal profile: equal power allocations can lead to uneven tempera-
ture distributions. Heat propagates through the silicon interposer , causing
leakage-induced power rise — the exponential increase of static power with tem-
perature — thereby worsening hotspots in neighboring chiplets. Throttling
triggered by an overheated core in one chiplet can also degrade the performance
of the whole processor. The die-to-die communication fabric itself adds power
overhead that must be accounted for in the control loop.

To address these challenges, modern designs often replace a single centralized
[PCS| with a distributed approach, deploying one [PCS| per chiplet. Each [PCS|
governs a subset of the chip’s power domains locally; while this simplifies local
control, it complicates global coordination because system-level thermal and
power policies now require a dedicated communication layer among to
share state information and enforce consistent global decisions.




1.2 State of the Art

This dissertation focuses on two complementary aspects of power and ther-
mal management in modern processors: (i) the power-management
infrastructure—the hardware/software organization of and their commu-
nication interfaces with the host and (ii) the thermal-power modeling
techniques required by advanced to predict temperature dynamics under
varying workloads.

1.2.1 Power-Management Infrastructure in Modern HPC
Processors

Modern [HPC] processors integrate tens to hundreds of cores and rely on so-
phisticated power- and thermal-management strategies to operate within strict
power-density and reliability limits. Traditional monolithic typically em-
bed a single [PCS|in the uncore domain, implemented as a microcontroller-class
unit executing reactive control loops. Commercial examples include Intel’s
[Control Unit (PCU)| [105] [118], AMD’s [System Management Unit (SMU)] [2],
IBM’s [On-Chip Controller (OCC)[102],[55], and Arm’s dual-core [System Control|
[Processor (SCP)|[Manageability Control Processor (MCP)] [6] control subsystem.
These controllers, however, are proprietary and expose little about their internal
hardware/software partitioning, which limits reproducibility and research on
advanced closed-loop policies .

Scalability limits of current PCS solutions.

Existing [PCSs| generally follow the same design pattern: a single embedded
[microcontroller unit (MCU)| running a control loop, sometimes assisted
by simple hardware state machines or small accelerators. Such designs are
adequate for modest core counts but become difficult to scale to the hundreds of
cores found in recent [HPC| processors, or to support the sub-millisecond loops
demanded by advanced predictive control.

Latency in power-management interfaces.

Modern [HPC] platforms often adopt a delegation-based power-management
model in which a high-level [OSPM] cooperates with a low-level controller
(LLCJ)—representing the platform-side power-management logic, typically imple-
mented by the on-chip power-control subsystem —through standardized
interfaces such as or . In this scenario, the quality of
closed-loop power control—intended as the controller’s ability to regulate core
frequency and voltage within thermal and power constraints while minimizing
performance degradation—depends not only on the control policy itself but also
on the latency of the communication backbone that links the OSPM] with the
[CLC|[FW] To the best of the author’s knowledge, no prior work has provided a
quantitative characterization of the latency introduced by power-management



interfaces. This latency—arising from message dispatch, protocol overheads,
and [FW] response time—can, however, significantly affect the responsiveness of
power-management loops, especially under rapidly varying workloads.

Control-interface fragmentation and distributed

In monolithic systems, a single [PCS| communicates with the operating system
or with a board-level BMC] through standardized interfaces such as [ACP]] or
As processors evolve toward chiplet-based architectures [83} 3} 4, 35], each
chiplet typically integrates a local controller managing its own power domains,
leading to a distributed control hierarchy. Coordinating multiple across
chiplets requires scalable and low-latency communication channels for telemetry
and control exchange.

Current standards like Arm SCMT [12] were designed for centralized agent—platform
models and lack native primitives for peer-to-peer synchronization or cross-die
coordination. Moreover, existing implementations are tightly coupled to kernel
drivers and version-specific stacks, hindering extensibility and rapid prototyp-
ing. This motivates the exploration of flexible communication substrates that
decouple the power-management control plane from kernel mediation and enable
scalable coordination among distributed controllers.

1.2.2 Thermal-Power Modeling for Predictive Control Al-
gorithms

The transition from monolithic multicore to heterogeneous chiplet-based
packages has fundamentally changed the requirements of thermal-power model-
ing |120].

Two main modeling families dominate the literature.

(i) Simulation-driven gray-box models combine detailed floorplans with RC-
network solvers and material properties to reproduce temperature dynamics
with sub-degree accuracy [82]. However, these methods depend on proprietary
design-time information that is seldom available for commercial processors and
whose fidelity degrades with package-to-package variability, device aging, and
deployment-specific cooling setups—factors that become even more critical in
chiplet-based designs because of the added complexity of interposer and package
layers [74].

(ii) Empirical identification approaches instead learn compact lumped-parameter
models directly from on-silicon measurements, often using synthetic workload
excitations together with processor’s architectural performance counters and
on-die temperature sensors. These approaches naturally adapt to silicon vari-
ation and to the actual cooling environment, but most prior work targeted
monolithic processors with a modest number of cores (up to 8-16). In such cases,
dense excitation of all cores and simple geometric assumptions allowed fitting
global MISO-ARX models and reconstructing the die floorplan from thermal
couplings [26], [41].



Modern chiplet-based many-core processors break these assumptions. Cores
are partitioned across multiple chiplets mounted on a common silicon inter-
poser; thermal coupling is strong within each chiplet but weaker—yet still
non-negligible—across chiplet boundaries [74], [120].

These limitations motivate the development of a new category of methods
that employ distributed thermal-identification techniques to reconstruct the
thermal model of chiplet-based architecture cores directly from measurement
data [40], [94]. Such methods aim to provide compact, updatable models suitable
for predictive thermal-power controllers in heterogeneous chiplet-based processors
deployed in the field.

1.3 Motivation

From the above analysis, four key gaps emerge:

1. Scalable [PCS]| for many-core and chiplet-based designs: The lack
of an open-source, research-grade [PCY| architecture able to scale with the
increasing number of cores and to sustain the sub-millisecond control loops
required by advanced predictive policies.

2. Characterization of power-management communication interfaces
in HPC processors: The growing complexity of power-management
stacks, spanning operating systems, firmware, and low-level controllers,
introduces non-negligible communication delays that can affect control
responsiveness and energy efficiency. Despite the widespread adoption
of delegation-based frameworks such as [ACPI| and [SCMI] a quantitative
understanding of their latency and its impact on runtime thermal
policies remains limited. A systematic, fine-grained characterization of
these interfaces is required to assess their real-time behavior and to identify
firmware or protocol-level optimizations that improve end-to-end power-
management performance in modern [HPC| processors.

3. Lack of a scalable control plane for distributed [PCSs| in chiplet-
based processors: As control functions become distributed across mul-
tiple chiplets, existing standards such as [SCMI}—designed for centralized
agent—platform interaction—lack native support for low-latency, peer-to-
peer coordination. Moreover, their strong dependence on kernel-space
drivers hinders extensibility and experimentation. A lightweight and flex-
ible communication substrate is required to decouple the control plane
from the kernel and to enable scalable coordination among multiple
within chiplet-based systems.

4. Compact empirical thermal-power models for chiplet-based pro-
cessors: Simulation-driven models depend on proprietary floorplans and
lose fidelity after aging or packaging variations, while existing empirical
approaches have been validated only on small monolithic New



identification techniques are required to capture thermal models directly
from measurements on real silicon in chiplet-based architectures.



1.4 Contributions and Outline

This dissertation addresses the above gaps with the following contributions, each
corresponding to one main chapter. Before the main contributions, chapter 2] in-
troduces the physical and architectural foundations of power and thermal manage-
ment in modern processors, covering transistor scaling limits, voltage—frequency
regulation mechanisms, and basic control-state definitions.

1. Chapter [3] - ControlPULP: an open, scalable [PCS| architec-
ture. We design and release ControlPULP, the first open-source, research-
grade [PCS| built on a RISC-V parallel microcontroller cluster with DMA-
accelerated sensor access and real-time [OS] support. Its parallel execution
model allows scaling the computation of [MIMO)] control laws with increas-
ing core counts and enables the integration of advanced policies such as
model-predictive thermal-power control.

2. Chapter {4]- Performance Characterization of Power-Management
Interfaces in HPC Processors. Using an FPGA-accelerated [HIL] plat-
form and a fully compliant Linux SCMI software stack, we provide the
first fine-grained quantitative study of the communication delays in mod-
ern delegation-based power-management schemes. We measure message-
dispatch, protocol, and [FW] processing overheads—e.g., 70.5 us for dis-
patch and ~ 603 us for [LLC| response—showing how such delays propagate
through the full control path and affect [DVES|loop responsiveness. We
further demonstrate that optimized [FW] can reduce the end-to-end com-
mand delay from ~ 1.3 ms to ~ 114 us, yielding up to 3% shorter workload
execution time.

3. Chapter [5| - Towards User-Space Power-Management Communi-
cation Interfaces. To support multi-chiplet packages with per-die
we implement a flexible control network built on the Micro XRCE-DDS
middleware [44]. We introduce a new shared-memory transport layer that
allows each [PCY client to communicate efficiently with a central agent
without kernel-mediated bottlenecks. The publish/subscribe abstraction
of XRCE-DDS enables rapid addition of new data streams or [PCS| nodes
and supports application-level custom power-management policies. We
evaluate the infrastructure in terms of (i) Client-side processing latency
per publication cycle, (ii) memory footprint, and (iii) message size on
the ControlPULP [PCS| under different configurations, showing sub-100 us
processing latency and predictable memory usage below 2 KiB per topic.

4. Chapter [6] - Compact Thermal and Power Models for Many-core
Chiplet-Based Architectures. We develop a data-driven methodology,
tailored to many-core chiplet-based processors, that combines performance-
counter-based per-core power estimation with distributed MISO-ARX iden-
tification of thermal couplings. The approach extracts inter-core thermal
interactions directly from measurements on real silicon and reconstructs an



approximate processor floorplan to reduce model complexity with minimal
loss in predictive accuracy. This yields compact yet accurate models achiev-
ing a per-core power RMSE of 2.464 W and a median thermal-prediction
MSE of 3.756 °C? under full-chip excitation on a 56-core Intel Sapphire
Rapids processor.

Finally, the thesis is framed and concluded by two additional chapters:

e Chapter [7] — Context and Technological Framework. Positions
the research within the broader European and international landscape of
open, energy-efficient high-performance computing. It outlines the techno-
logical environment surrounding the development of the RISC-V—based
ControlPULP subsystem and its integration within the SiPearl Rheal
processor under the European Processor Initiative (EPI). The chapter
also discusses the continuity of this work within the upcoming DARFE
project, which extends the presented methodologies toward distributed
and dependable runtime management for heterogeneous HPC systems.

e Chapter [8 — Conclusions and Future Work. Summarizes the main
achievements of this dissertation, discusses their implications for emerging
chiplet-based and RISC-V architectures, and outlines potential directions
for future research on open, distributed power and thermal management
frameworks.

Overall, these contributions provide an open experimental platform and novel
methodologies that jointly enable fine-grained, predictive power and thermal
management in next-generation many-core and chiplet-based processors.
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Chapter 2

Background &
Fundamentals

2.0.1 Transistor Scaling and Power Consumption Consid-
erations

The steady improvement in computing performance throughout the late 20th
century was enabled by the simultaneous progress of lithography and transistor
scaling. According to Moore’s Law [79], the number of transistors per unit area
doubles approximately every two years, whereas Dennard scaling [39] describes
how device dimensions, voltage, and current should scale to keep power density
constant as transistors shrink.

In the original Dennard model, all linear dimensions are reduced by a factor
k > 1. To preserve the same electric field strength inside the device, the supply
voltage V and the transistor threshold voltage Vr are also reduced by the
same factor k, while the operating frequency f increases proportionally to k.
Capacitance per device scales as 1/k, and current as 1/k, resulting in a power
per transistor:

c(VY* aCVif P
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At the same time, the number of transistors per unit area increases quadrati-

cally with the scaling factor k. If the original design contains N transistors over
an area A, after scaling we have:

A
N’ =k*N, A= = (2.2)
Since the power per transistor scales as P’ = P/k?, the total power per unit
area becomes:
P NP (k*N) (P/k?) NP
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Therefore, even though transistor density increases by k2, the overall power
density remains approximately constant. This property defines the constant-field
scaling regime, which allowed successive technology generations to achieve higher
integration and frequency without exceeding thermal design limits. Each new
technology node offered higher operating frequencies, reduced voltage, and lower
energy per switching event, all while maintaining manageable thermal envelopes.

However, below the 90-65 nm technology nodes, the assumptions of constant-
field scaling ceased to hold. The threshold voltage Vpr cannot be reduced
proportionally to V' without causing excessive subthreshold leakage, which
increases exponentially with reduced gate length and oxide thickness. As a result,
voltage scaling stalled near ~1V, while the operating frequency continued to rise.
This marked the transition toward constant-voltage scaling, in which feature size
and switching speed continue to improve but voltage remains nearly fixed:

P ~aCV2f « f. (2.4)

Consequently, dynamic power scales linearly with frequency rather than remain-
ing constant, and power density grows with each generation. In parallel, leakage
currents [e, contribute a static power component,

Pstatic = Ileak‘/y (25)

which becomes increasingly dominant as billions of transistors remain biased even
when idle. The combination of high dynamic power and rising static dissipation
leads to thermal density saturation, often referred to as the power wall. Beyond
this point, further increases in clock frequency result in disproportionate power
and temperature rises, forcing designers to shift focus from frequency scaling to
energy-efficient architectures and dynamic power management techniques.

2.0.2 From Transistor Physics to System-Level Power Man-
agement

As transistor scaling reached its physical and thermal limits, architectural and
system-level mechanisms became essential to sustain performance improvements
within a constrained power envelope. Modern processors integrate multiple
techniques to dynamically regulate energy consumption and thermal dissipation
according to workload conditions. The fundamental quantity governing dynamic
power consumption in CMOS circuits is

Pagn = aCV?f, (2.6)

where C' is the effective switched capacitance, V the supply voltage, f the
clock frequency, and « the activity factor representing the fraction of gates
switching per cycle. Reducing either voltage or frequency lowers dynamic
power quadratically or linearly, respectively. However, the switching speed of a
transistor is limited by the effective overdrive voltage (V — V), where Vr is the
threshold voltage—i.e., the minimum gate-to-source voltage required to form a
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conducting channel between source and drain. The propagation delay t4 of a
CMOS gate is approximately proportional to

v

t - @@
d X (V—VT)’Y’

2.7)

with ~ typically in the range 1-2. As the supply voltage approaches Vr, the
overdrive voltage decreases and transistor switching slows down sharply, limit-
ing the maximum achievable clock frequency fiax. This trade-off defines the
fundamental constraint behind voltage—frequency scaling and motivates the use
of dynamic power management schemes.

An [Operating Performance Point (OPP)| represents a valid pair (or tuple)
of operating parameters—typically voltage and frequency (V;, f;)—that ensures
stable and reliable circuit behavior within the device’s electrical and thermal
limits. Each defines a safe region in the (V| f) space characterized by
both timing and power constraints, and transitions between [OPPs| allow the
system to balance performance and energy efficiency at runtime. can be
defined for entire processors or for specific power domains such as cores, uncore,
memory, or I/O. They are usually enumerated in firmware tables or device-tree
descriptions and are accessible to the operating system or power-management
framework through standardized interfaces such as [ACP]| or SCMI Dynamic
selection among [OPPs enables [DVFY which jointly adjusts V and f according
to workload activity, thermal headroom, or global power budgets.

The concept of [OPP]is specialized in many commercial architectures through
the definition of performance states (P-states). In this model, each processor
exposes a discrete set of frequency—voltage operating points, ordered from PO
(maximum performance, highest power) to progressively lower states (P1, P2,

..) offering reduced performance and energy consumption. Transitions between
P-states are commanded by the [OS|or a runtime power manager, which issues
performance requests to the underlying power controller through standardized
protocols. The controller uses on-chip [PVT] sensors to monitor temperature and
voltage conditions in real time. Based on these readings, it programs the
and to achieve the closest safe operating point in the predefined [OPP)|
table. Although modern control interfaces (e.g.,[ACPI, [SCMI] or [RPMI) allow
asynchronous requests, the combined latency of firmware processing and voltage
settling remains in the order of tens to hundreds of microseconds, introducing a
lower bound on the achievable control-loop period.

Complementary to performance states are idle states (C-states), which spec-
ify progressively deeper levels of inactivity when a core or subsystem has no
instructions to execute. In CO the core is fully active; in C1 the pipeline is
halted while clocks remain enabled; deeper states such as C2 or C3 successively
disable caches, clock trees, or entire power domains to minimize leakage. Each
transition to a deeper idle state reduces static power consumption at the cost of
increased wake-up latency. Operating systems and firmware employ heuristics
or predictive models to select appropriate C-states based on workload behavior,
balancing energy savings and responsiveness.
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Chapter 3

ControlPULP: A RISC-V
On-Chip Parallel Power
Controller for HPC

3.1 Introduction

After the end of Dennard’s scaling, the increase in power density has become
an undesired but unavoidable collateral effect of the performance gain obtained
with integrated systems’ technological scaling. An increase in power density
has multiple adverse effects, which are collectively referred to as the power wall:
components’ lifetime shortening, electromigration, dielectric breakdown due to
thermal hot spots and sharp thermal gradients, and degraded operating speed
due to leakage current exponentially increasing with temperature. This trend
has made the [processing elements (PEs)|at the heart of computing nodes energy,
power, and thermally constrained [66].

Two approaches have been adopted to mitigate the power wall at the system
level [116]: [static thermal management (STM)|and [dynamic thermal management]
techniques. The former allows increasing the TDP)|sustained by the chip
with a tailored design of heat sinks, fans, and liquid cooling. However, [STM]
strategies incur increasingly unsustainable costs when over-designed to remove
heat in the worst-case conditions for today’s [HPC]| processors. Consequently,
techniques have become more and more crucial to bound the operating
temperature with run-time active control, for example, by exploiting [PVT]sensors
along with thread migration/scheduling, throttling, and clock gating.
Hence, standard cooling systems can be designed to handle the average case,
leaving the management of peaks to active control.

Modern high-performance processors feature many cores integrated into
a single silicon die. Recent notable examples are AWS Graviton 3 (64 Arm
Neoverse V1 cores) [64], Intel Raptor Lake (24 cores, 32 threads) [57], AMD

15
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Epyc 7004 Genoa (up to 96 Zen 4 cores) , SiPearl Rhea Processor (72 Arm
Neoverse V1 Zeus cores) [48], Ampere Altra Max (128 Arm Neoverse N1), and the
NVIDIA Grace (144 Arm Neoverse V2 cores). Their application workload
requires runtime dynamic trade-off between maximum performance (fastest
operating point ) in bound execution phases and energy efficiency in
memory-bound execution phases (energy-aware )

While software-centric advanced policies have been proposed 25
, they mainly execute on the [CPUJs |application-class processors (APs)
playing the role of governors. Nevertheless, in recent years it has become
clear the trend of abstracting power and system management tasks away from
the E| towards control systems that are closer to the controlled hardware
components and can guarantee faster, and more precise control actions, namely
[LLCd

Modern processors integrate on-die in the uncore domain, referred
to as as dedicated embedded hardware resources, co-designed with a
[PCF] implementing complex [MIMO] power management policies. Advanced
involves embedding and interleaving a plurality of activities in the [PCS]
namely (i) dynamic control of the power consumption with short time
constants , required to prevent thermal hazards and to meet the limit
(power capping [70]), (ii) real-time interaction with commands provided by on-
die (OS|- power management interfaces and on-chip sensors) and off-die
'VRMs|) units and (iii) dynamic power budget allocation between general-purpose
(CPUs)) and other integrated subsystems, such as .

Existing on-die [PCSs| share a similar design structure. They feature an em-
bedded single-core 1 supported by dedicated hardware state machines [105]
or more generic accelerators [102]. The hardware typically takes advantage
of specific software libraries implement the real-time execution environ-
ment required to run power management policies under tight timing constraints.
Many-core power management demands fine-grained control of the operating
points of the to meet a given processor power budget while minimizing
performance penalties. The control policy has to provide fast and predictable
responses to promptly handle the incoming requests from the [OS] or BMC]| and
prevent thermal hazards. A flexible and scalable way to sustain these com-
putationally intensive operations is required to provide accurate control per
core and to support more advanced control policies, such as those based on
model-predictive control .

Furthermore, simultaneous [HW] and [SW] development of [PCS| and [PCF] has
to be coupled with a dedicated co-design and validation framework within the
controlled system. Indeed, [PCS| and performance directly depends on their
interaction with the physical state of the controlled processors — temperature,
power, workload, and control decisions from the Such a physical state
time-scale model requires near real-time speed to be meaningful. This involves,
on the one hand, the design of adequate on-chip interfaces between the controller

Thttps://github.com/Arm-software/SCP-firmvare
*https://github.com/open-power
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to be validated — [integrated system under test (ISUT)|— and the surrounding
system. On the other, a proper virtual representation of the system surrounding
the that models physical components on a target computer , called
plant model. In a design relying on dedicated [PCSs|, the controlled plant is
a complex [MIMO|[multi-processor system on chip (MPSoC)| with [APs| that is
often not available during the design phase of the [PCS| to be integrated, thus
being replaced by a thermal and power model encapsulating floorplan, power
and thermal information of the [CPU|] under a particular application workload.

Today’s advanced [heterogeneous system on chip (HeSoC)| integrate both
single /multiprocessors [MCUs| and configurable hardware components on the
same die (FPGA}SoC)). Their native integrated and configurable structure makes
them ideal options for closed-loop emulation of on-chip targeting advanced
power management.

Therefore, the central idea of the work presented in this chapter is to fulfill
a twofold need: on the one hand, the design of a capable [PCY| architecture
optimized for handling a per-core, reactive thermal and power control strategy
within the required power budget and timing deadlines. On the other, the
design of an agile, closed-loop framework for the joint development
of integrated control systems, leveraging the capabilities of modern
platforms.

To the best of the authors’ knowledge, this work presents the first research plat-
form where the full-stack ([IW] [real-time OS (RTOS)} [PCF| and power/thermal
emulation setup) required for |[LLCldriven on-chip power and thermal manage-
ment is released open-source El_lijnlike traditional Linux-capable
[multiprocessing (SMP )| multi-core systems, as a research platform for on-chip
power and thermal management, ControlPULP aims to keep the design’s [HW]
and [SW] complexity to a 32-bit manager and 32-bit [programmable many-core|
laccelerator (PMCA)| with [RTOS| support. This design choice better fits the re-
source constraints of a controller embedded in the uncore domain of a larger [CPU|
that is assumed to integrate out-of-order, massive application-class processing
elements already.

This chapter presents the contributions and results reported in the journal
publication , which provides an extended version of the research proposed
in . The main contributions presented in this chapter are summarized as
follows:

1. End-to-end RISC-V parallel [PCS| architecture. We design an open-
source, fully programmable [PCS| architecture named ControlPULP, based
on open RISC-V cores and hardware IPs . ControlPULP represents
the first fully open-source [PCS| with a configurable number of cores and
hardware resources, scalable to match the computational requirements of
increasingly complex power-management policies in current and future
high-performance processors, as well as the first proposed in the RISC-V
community. The architecture integrates a manager core coupled with a

Shttps://github.com/pulp-platform/control-pulp
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multi-core (cluster) featuring per-core FPUs for reactive control
computation. The cluster subsystem includes a[DMA] engine to accelerate
data transfers from on-chip sensors, supporting 2D stride patterns essential
for reading from [PVT] sensors with equally spaced address mappings

(Sec. B53).

2. Real-time optimization for power management. We tailor Con-
trolPULP to meet real-time constraints typical of embedded power man-
agement tasks. The architecture incorporates a fast Core Local Interrupt
Controller (RISC-V CLIC [99]) to process high-frequency interrupt mes-
sages associated with [OS} and [BMC}driven commands, and a low-latency,
predictable interconnect infrastructure to ensure deterministic control-loop

timing (Sec. [3.5.3).

3. Closed-loop evaluation framework. We demonstrate the end-to-end
capabilities of ControlPULP through a case study focused on the
of service (QoS)| control algorithm. A closed-loop evaluation framework is
developed following the concept of enabling real-time characteri-
zation of the control policy while fast-prototyping the underlying hardware.
The framework combines a power, thermal, and performance model of the
controlled [CPU}—treated as the plant—with workload instruction traces
and the [PCE] to form a complete feedback loop. This setup allows multi-
level validation and characterization across foftware in the loop (SIL )} [MIT]

and abstraction layers (Sec. [3.5.5)).

4. Benchmarking against state-of-the-art controllers. We benchmark
the reactive control algorithm implemented in ControlPULP against IBM’s
OpenPower framework—one of the few publicly available, industry-grade
control policies. Under identical conditions, ControlPULP achieves ap-
proximately 5% higher precision in set-point tracking in simulations,
highlighting the benefits of fine-grained, multi-core PCS architectures for
thermal and power control (Sec. [3.5.5).

3.2 Related Work

There is little publicly available information on architectures and their
interface. Table summarizes the leading solutions from academia
and industry.

Intel’s introduced with Nehalem microprocessor [51], is a combination
of dedicated hardware state machines and an integrated microcontroller [105].
It provides power management functionalities such as [DVFS| through voltage-
frequency control states (P-states and C-states), selected by the HW (Hardware-
Managed P-States). The communicates with the with a specialized link
through power management agents. Intel’s main control loop runs at 500us [108].

AMD adopts a multiple power controller design, with one [SMTU] for each [CPU|
tile (group of cores) in a Zeppelin module. All act as slave components,
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Table 3.1: Comparison among existing proprietary and freely-available from
industry and academia.

pes Provider HW schouling  acoolorator . (HW/SW)

Industry

PCU Intel 1-core, HW FSMs n.a. X XX

SCP, MCP Arm 2-cores SW FSMs X Xv

SMU AMD 1-core n.a. X XX

ocCcC IBM 1-core, microcode engines SW FSMs X XV
Academia

Bambini et. al M academic 1-core RTOS X Xv

ControlPULP academic | 1l-core, cluster accelerator RTOS v 4

monitoring local conditions and capturing data. One of the also acts as a
master, gathering all information from the slave components and then choosing
the operating point for each core .

Arm implements two independent based on the Arm Cortex-M7 micro-
controller, [SCP] and [MCP| The [SCP] provides power management functionality,
while the [MCP] supports communications functionality. In Arm-based the
interaction with the is handled by the protocol . provides a
set of [OStagnostic standard [SW] and [HW] interfaces for power domain, voltage,
clock, and sensor management through a shared, interrupt-driven mailbox system
with the

The IBM [OCC] introduced with Power8 microprocessor, is composed of 5
units: a central PowerPC 405 processor with 768 KiB of dedicated SRAM and
four microcode general-purpose engines (GPEs). The latter are responsible for
data collection from [PVT] sensors, performance state control and [CPU] stop
functions control (PGPE and SGPE) respectively. IBM [OCC]s is called
OpenPOWER, and has a periodicity of 250us [102]. It relies on a frequency
voting box mechanism to select a frequency for each core conservatively based on
the minimum input - highest Pstate - from several independent power-control
(control vote) and temperature-capping (thermal control vote) features. The
thermal control vote consists of one [PID] that reduces the frequency of each core
based on the temperature of the hottest [PE] Furthermore, similarly to Arm’s
standard, IBM’s relies on a command write attention/interrupt
mechanism to notify the PGPE of an incoming asynchronous command/request
to be processed?, such as the desired PState. PGPE arbitrates this information
with the voting box output from the PowerPC 405 according to a minimum
PState policy.

Last, Bambini et al. show that a single-core, RISC-V-based microcon-
troller can execute similar reactive control algorithms with a control loop of
500us. The work relies on the SPI interface to conduct the main periodic task
and lacks support for essential [ HW][[Pg such as [DMA] and [{oafing point unif]
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(FPU)}

All the [state-of-the-art (SoA)| power controllers lack the flexibility and scala-
bility of a multi-core architecture supported by adequate I/O bandwidth from/to
on-die and off-die power monitors and actuators coupled with fast interrupt
handling hardware for and commands dispatching, which is
the critical innovation provided by ControlPULP.

It is essential to notice that design is only half of the coin, as its
performance depends on the [PCF|and real-time performance achieved in closed-
loop. Several works have targeted the emulation of ’in-field’ power management
algorithms, but none of them has validated the [PCS| and [PCE] designs jointly
(co-designed).

Atienza et al. propose a thermal emulation framework where a generic
is implemented on [FPGA] A host computer executes the thermal model,
which is driven by real-time statistics from processing cores, memories, and
interconnection systems emulated on the [FPGA] With the increasing number of
cores in modern [CPUs|, an [FPGA] approach that implements the entire
is not feasible and incurs resource partition with high platform costs. Beneventi
et al. design a similar closed-loop approach where a subset of the Intel
Single-Chip-Cloud computer’s execute the thermal model while receiving
online workload information from the remaining While employing actual
and commercial hardware in the emulation, the work focuses on the [HLC| only
and with a software-centric methodology, being co-design of the [LLC
prevented by the inaccessibility of the underlying [HW]

Beyond these approaches, our work aims at co-designing the and
components of the controlled plant to assess ”in-field” performance.
This step is well understood in the design flow of classic control systems targeting
automotive, avionics, and robotics domains, where progressively more realistic
simulations of the plant in the closed-loop are coupled with the introduction of the
actual hardware controller and checked against model-based closed-loops
from early development stages of the control design.

A taxonomy of the various design possibilities for a control system that
adapts well to the scenario introduced in this chapter is provided in . On the
controller side, an emulation approach provides the benefit of testing the
control firmware developed during [SIL on the actual hardware controller
with the guarantee of cycle-accurate simulation. The latter is required to achieve
fine-grained hardware observability and controllability and one-to-one
correspondence between the [register transfer level (RTL)|source and its [FPGA]
mapping in terms of clock cycles (Direct [FPGA Architecture Model Executio
systems @ ). On the plant side, a virtual simulation of the plant is
preferred to an [FPGA}based approach, which incurs high development costs due
to the complexity of the whole plant system to be emulated. For this purpose,
are the solution adopted by the industry nowadays: they are cheap,
general-purpose and with a standardized and automated software development
process.

The combination of and [FPGAg flexibility takes the best of both
worlds and is supported by modern, [commercial off-the-shelfs (COTSs)|[FPGAl
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platforms such as Xilinx Zynq Ultrascale+ and Versal families, making it
the solution of choice adopted in our work.

3.3 The ControlPULP platform

ControlPULP extends the single-core architecture of commercial controllers,
introducing the first multi-core RISC-V [PCS] architecture. For completeness,
the following sections first present a high-level overview of a generic [HPC|[CPU]
integrating the [PCS| The platform’s software stack is then described to clarify
the control-policy flow, the interaction between the controller and the controlled
plant, and the terminology used throughout this chapter (Sec. . Finally,
the hardware architecture and design trade-offs of ControlPULP are discussed
(Sec. in relation to the implementation of the control algorithm.

3.3.1 Controlled plant and Power Control Firmware

Fig. depicts the high-level structure of the [HPC|[CPU]silicon die. From a
control perspective, we distinguish between the controlled system (plant) and the
on-chip [LLC| controller, namely ControlPULP. Furthermore, the figure illustrates
the environment surrounding the [CPU]socket hosting the silicon die, namely the
motherboard, with off-chip actors, such as[VRMs and [BMC] The [OS| running on

the as well as the off-chip [BMC] are the two

! |
)
, Governor OS - on-chip HLC PCF + FreeRTOS E
! |
. AXI Slave Boot _w | ControlPULP PCS - on-chip LLC !
1 ” |
: ﬂ I PFCT !
' HPC d SCMI g Power comp. '
: . doorbells :_ _ _s| |Alpha comp. | | control '
! processing ® EEEE :: Zzzzzzzzzzzzzz:z: PID comp. action [yt !
! - |
v elements %  AXI Master @ F/V comp. x |
, = (2 Temp. IN |
: g § Freq. out |10 ——— X !
' o |
: (- FS (SCMI)J A Voltage DVS .

. . L |
\CPU silicon die and socket ___Ondie inband | L NOUT ey

Motherboard PMBUS
AVSBUS 12C
PFCT: Periodic Frequency Control Task i ]
PVCT: Periodic Voltage Control Task Off-die BMC
out-of-band off-chi

HLC: high level controller VRMs P
LLC: low level controller HLC

Figure 3.1: High-level overview of the system. We highlight on-chip and off-chip

and [BMC)), the [LLC| (ControlPULP) and the [MIMO]| IO interfaces.
Furthermore, the figure details the [PCF]| phases described in Sec.
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We assume the controlled plant is a many-core[HPC|[CPU]with 72 application-
class and exposes hardware mailboxes through a network on chips (NoC)|
interconnect system. While the mailboxes mediate the [dynamic frequency scaling
(DFS)| commands (e.g. target frequency) dispatched on-chip by the governor OS
HLC| to the [LLC] power management protocols such as [Power Management Bus
(PMBUS)| [Adaptive Voltage Scaling (AVSBUS)| and [Management Component
[Transport Protocol (MCTP)| mediate [dynamic voltage scaling (DVS)| commands
(e.g. power budget threshold) from the [BMC|HLC] as detailed in Sec. [3.3.2]

To clarify the terminology in Fig. [3.I] on-die designates any element of
the HPC|[CPU] that resides on the chip die, such as [PVT]sensors and registers,
frequency actuators, and mailboxes. In-band services refer to[SCMItbased inter-
action and [PVT]data acquisition. Lastly, off-die indicates communication
and [BMC]| requests through out-band services.

The [PCF] executes the thermal and power control functions and manages
on-die and off-die communications and data transfers. Real-time priority-driven
scheduling with static task priorities and preemption is required to manage the
control functions. In this work, we use FreeRTOS, an industry-grade, lightweight,
and open-source operating system for microcontrollers. The software stack of
the proposed platform is shown in Fig. [3.2

Power Control Firmware (PCF)

FreeRTOS

Figure 3.2: ControlPULP software stack. The application control policy (PCF)
executes on top of FreeRTOS, which controls the hardware with target-specific

drivers and [EATAPTY

The routine implements a two-layer control strategy [17], managed
by the FreeRTOS scheduler as two periodic tasks characterized by multiple
harmonic frequencies: the [PFCT|— 2 kHz, i.e. 500us — and the
[voltage control task (PVCT)|— 8 kHz, i.e. 125us. Splitting the control
routine into two tasks grants more fine-grained control actions and helps meet
different performance requirements and sensors-update frequencies. For instance,
power changes rapidly due to instruction-level variation of the effective switching
capacitance of the computing units, while temperature variations are slower.
The control policy has to handle these widely split time scales. Furthermore,
generally update more frequently than temperature sensors.

The [PFCT]is the main control task. It receives the desired clock frequency
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operating point for each processing element from the [OS|[HLC| governor as well as
a power budget threshold from the BMC|[HLC] via the [PVCT] and computes the
optimal frequency/voltage pair to meet the physical and imposed constraints of
the system. The task is then responsible for dispatching the controlled frequency
by directly accessing the [CPU] PLLs, as from Fig. [3:1] The [PEFCT] executes
a two-layer control strategy [17] consisting of a power dispatching layer and
a thermal regulator layer. [PFCT]s control step n comprises several phases,
illustrated in Fig. (P1) allocate the controlled clock frequency computed at
step n — 1 to each core; (P2) read the sensor’s registers and the workload
characteristics from each core; (P3) obtain commands and information on the
constraints operating points, power budget) from the and the m
(P4) compute the estimated power for each core and the total consumed power
of the system; (P5) apply a power capping algorithm, such as alpha [17] when
the total power exceeds the power budget constraint; (P6) further reduce the
power of each core through computation when the temperature at phase
(P2) exceeds the threshold; (P7) compute both the frequency and voltage to be
applied to the controlled system. Throughout this manuscript, we name control
action the computational body of the execution (P4)-(P7).

The [PCF] does not provide per-core voltage control but groups in coarse-
grained voltage domains. The [PVCT]is responsible for detecting the changes in
the system’s power consumption. It periodically reads the power consumption of
the voltage rails — associated with each voltage domain — from the and
programs micro-architectural power /instruction throughput capping interfaces (if
supported by the ED Lastly, it modifies the ms power budget threshold as
requested by the[ BMC| Even though the PFCT|computes both optimal frequency
and voltage, it only dispatches the frequencies to apply at phase (P1) in step
n + 1. In contrast, the dispatches the voltages at step n (one iteration
before), hence the names chosen for the two tasks.

3.3.2 System architecture

Fig. [3:3] provides a block diagram overview of ControlPULP. The top-level
subsystem of the design is the manager domain, consisting of a CV32E40P
open-source E| industry-grade processor core and a set of system I/O interfaces
to interact with external peripherals and memory-mapped devices (Sec. .
The primary micro-controller-like subsystem is also a recurrent element in the

[SoA] designs surveyed in Sec. [3.2]

Real-time and predictability

In the following, we discuss the architectural design decisions concerning RAM
banking and interrupt processing taken to make the design more suitable for
real-time workloads.

4https://github.com/openhwgroup/cv32e40p
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HPC processors |
| PVT registers (AXI mst read) | PLLs (AXI mst write) | secure external boot subsystem (AXI slv write) |
| system NoC |

AXI mst ControlPULP IP
'

'
doorbell 1
interrupts !

'

Figure 3.3: ControlPULP hardware architecture. On the left, the manager
domain with the manager core and surrounding peripherals. On the right, the
cluster domain accelerator with the eight cores (workers)

L2 memory banks constant access time The L.2 RAM, which is the RAM
block connected to the manager domain and system 1/0O interfaces, is sized to
512 KiB, enough to fit the whole firmware binary and data so that no swapping
is required. The L2 RAM comprises six banks. The access time to each bank
is constant when there are no access conflicts. Two of these banks are marked
private to prevent [DMA] transfers from peripherals and other components from
disturbing the manager core’s instruction and data fetching. The manager core
has exclusive access to those.

Low constant latency core-local (CLIC) interrupt controller Provided
the need for a real-time and predictable architecture, we extend the original [core]
[local interruptor (CLINT)| compliant with RISC-V privileged specifications [115],
with the newly proposed |core-local interrupt controller (CLIC)| currently under
ratification by the RISC-V community. We employ an open-source implementa-
tion of the [CLIC|[| [L6] that reflects the latest status of the RISC-V . draft
specifications [99]. The integration process includes the addition of [Control and
[Status Registers (CSRs)[CSRs registers in the processor’s micro-architecture as
per specifications.

The [CLIC| introduces several improvements to the standard [CLINT]to achieve
faster interrupt handling. Among those are dedicated memory-mapped registers
for software configurable interrupt priority and levels at the granularity of each
interrupt line, runtime-configurable interrupt mode and trigger type, and support
for interrupt preemption within the same privilege level (interrupt nesting).
[Selective hardware vectoring (SHV)| enables the programmer to optimize each

5Iht‘cps ://github. com/pulp-platform/clicl
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incoming interrupt for either faster response (vectored mode, when each interrupt
service routine has a reserved entry in the interrupt table) or smaller code size
(direct mode, when each interrupt traps to the same exception handler address).
Lastly, with the [CLIC] local interrupts can be extended to 4096 lines instead of
being limited to the processor’s XLEN (32-bit for CV32E40P).

In the work reported in this chapter, we implement 256 local interrupt lines
coming to ControlPULP from the mailbox infrastructure (Sec. [.3.2). The
[CLIC] configuration helps reduce the interrupt response latency and is capable of
entering the interrupt handler within 30 clock cycles (Sec. . This is a crucial
property to increase responsiveness on external, agent-driven requests.

Cluster accelerator

To meet the computational demands of the control algorithms, in particular,
when scaling to a large number of controlled high-performance[PEs/and improving
the control performance, we opt for a flexible programmable accelerator, namely
a cluster of RISC-V CV32E40P cores — referred to as workers in this manuscript
— tightly coupled to 64 KiB RAM (L1) and a[DMA]engine. The accelerator is
represented in Fig. 33| as cluster domain.

Multi-core computing system Control algorithms (Sec. can be par-
allelized on the cluster domain (Sec. [3.5.2)). This guarantees a high grade of
flexibility on the software development side, and is in sharp contrast with hard-
wired control logic featured in controllers (Sec. , which lack flexibility.
The manager core offloads the control algorithm to the team of workers in the
cluster. Each worker features a private instruction for the instructions stored in
the main L2 memory and accesses L1 through a single-cycle latency logarithmic
interconnect.

In the most straightforward parallelization scheme, a worker computes the
control action (Sec. for a subset of the controlled cores. The number of
workers in the cluster is parametric. In the following, we consider eight cores
to demonstrate scalability. Each core in the cluster features an [FPU] with a
configurable number of pipeline stages. In our instantiation, we use one internal
pipeline stage, which is sufficient to meet our frequency target (Sec. [3.5.1)).
Furthermore, Montagna et al. |[78] show that this configuration achieves high
performance and reasonable area/energy efficiency on many benchmarks.

2-D DMA transfer engine The cluster domain integrates a multi-channel
[DMA] with direct access to L1 RAM and low-programming latency (62 clock
cycles, Sec. [3.5.3)). The [DMAJs main task is to provide direct communication
between L2 and L1 memories in parallel and without intervention from the
manager or cluster domains [104].

We tailor the s capabilities to suit the control policy use case by (i)
directly routing the cluster DMA] to the [PVT] sensors registers through the
outgoing AXI master interface, which guarantees flexibility by decoupling data
transfers and computation phases, (ii) exploiting 2-D transfers for equally spaced




26

PVT registers accesses and (iii) increasing the number of outstanding transactions
(up to 128) to hide the latency of regular transfers.

Commercial described in Sec. also decouple the actual computation
from data acquisition. For instance, according to available [SoA] information,
IBM’s m employs general-purpose cores (GPEs) tasked to read s data and
temperatures instead of a dedicated data mover engine with reduced programming
interface overhead [102].

System I/O interfaces

AXT4 interfaces ControlPULP features two AXI4 ports, one master and
one slave, with 64-bit W/R, 32-bit AW/AR wide channels. They play a crucial
role in the design and guarantee low-latency communication with the controlled
system. The AXI slave drives the booting process of the [PCS| In the high-level
structure depicted in Fig. [3:I] an external, secure subsystem is responsible for
loading the [PCF] binary into ControlPULP’s L2 SRAM by mapping to a region
of the L2 SRAM. The AXI master is the transport layer over which the [PCS|
collects [PVT] sensors data and power policy target requirements. On the other
hand, it dispatches the computed optimal operating point to the during the
control policy (Sec. . Its address space is reachable from both the manager
and cluster domains.

Mailbox-based SCMI communication ControlPULP adopts and imple-
ments the Arm standard [SCMI| protocol to handle external power, performance,
and system management requests from the [OS|[HLC] allows an [OS] kernel
that supports [SCMI] to interact with ControlPULP without requiring a bespoke
driver. Furthermore, the design of the SCMI| protocol reflects the industry trend
of delegating power and performance to a dedicated subsystem [73].
involves an interface channel for secure and non-secure communication between
a caller (named agent, i.e., one processing element of an and a
callee (named platform, i.e., ControlPULP). The latter interprets the messages
delivered by the former in a shared memory area (mailbox region, Fig. and
responds according to a specific protocol. The proposed [PCS| implements an
interrupt-driven transport mechanism through the [CLIC| In our use case with
72 controlled cores, the platform can process up to 144 secure, and non-secure
interrupt notifications.

We design hardware mailboxes as the transport layers for the SCMI| commu-
nication mechanism. The shared memory region is implemented according to the
single-channel memory layout described in the specifications. We reserve a space
of 8B for the implementation-dependent payload field, totaling 40B per channel.
Each channel is associated with one outgoing interrupt line in the agent-platform
direction (doorbell). The agent identifier is encoded with the message such that
more agents can use the same channel as the notification vehicle. Hence, the
number of interrupts dispatched by the mailbox system can be smaller than
the number of agents, with the benefit of reducing the area of the interrupt
controller’s configuration register file. The agent identifier is not described in



27

the official specifications and is mapped to a reserved field of the single-channel
memory layout. With 64 channels as employed in the proposed implementation,
the shared memory region has a size of about 2kiB.

I/O peripherals for voltage rails power management ControlPULP
integrates a peripheral subsystem in the manager domain, where an I/0O data
engine unit (named pDMA enables autonomous communication between off-
die elements and the L2 SRAM with low programming overhead for the manager
core. In the presented design, we upgrade the peripheral subsystem with industry-
standard power management interfaces to handle off-die communication services.
The [PCS| integrates 6 [AVSBUS| and [PMBUY| interfaces towards The
[PMBUS] and [AVSBUS]| bus protocols extend I12C and SPI to monitor voltage
and power rails digitally, preserving optimal speed/power consumption trade-off.
5 I12C master/slave interfaces manage the communication with the and
other board-level controllers. The slave interfaces transfer [DVS| operating points

(power budget) from the according to the [Platform Level Data Model
[PLDM)| and [MCTP] transport layer protocols.

3.4 FPGA-based HIL thermal, power, perfor-
mance and monitoring emulation framework

This section provides an end-to-end description of the[HeSoC|based [HIL]emulation
methodology. The closed-loop approach that we implement introduces the actual
[LLC] executing the [PCF| as[[SUT] and relies on a thermal, power and performance
model for the controlled [CPU]| plant. While the control literature refers to such
a setup as [processor in the loop (PIL)| or [FPGA in the loop (FIL), others
already define a closed-loop as [HIL| when the connection between the integrated
system under test and the plant reflects the actual hardware interface of the final
manufactured silicon, without relying on a virtual representation . Since
this is the case for the present work, we adopt the [HIL] terminology.

3.4.1 HIL system and PCS mapping on FPGA

The Xilinx Ultrascale+ [FPGA] family is widely adopted in the heterogeneous
computing domain [63]. It features a [Processing System (PS)| or host computer,
and a [Programmable Logic (PL)| namely the configurable [FPGA| integrated
on the same physical die. Fig. provides an overview of the [FPGA]| based
emulation framework designed in this work and its main actors.

The [PS| consists of an industry-standard, application class, quad-core, 64-bit
Armv8® Cortex-A53 Application Processing Unit with 32 KiB L1 instruction
and data cache per core and a 1 MiB L2 cache shared by all four cores —
—, clocked at 1.2 GHz, a dual-core Cortex-R5F Real Time Unit,
and Mali -400 MP2 GPU based on Xilinx’s 16nm FinFET.

We implement ControlPULP on the ZCU102 [PT] with Xilinx Vivado 2022.1.
The [PS] interfaces with ControlPULP through the AXI4 master and slave ports
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Figure 3.4: test procedure on an [FPGA with ControlPULP

(Sec. and provides it with an external reset and 125 MHz clock, which is inter-
nally converted to 50 MHz system clock by the [SUT} Table [3:2)shows the board’s
resource utilization inferred by the implementation. Overall, ControlPULP fits
the available resources with almost 97% utilization.

Table 3.2: ControlPULP resource utilization on the Xilinx UltraScale+ ZCU102.

Resource Utilization Available Utilization [%)]

LUT 265718 274080 96.95
FF 153155 548160 27.94
BRAM 278 912 30.48
DSP 93 2520 3.69
I/0 83 328 25.30

The communication between the plant simulation and the [[SUT]is regulated
through a 4 GiB off-chip DDR4 DRAM provided on the board, which allows
them to exchange data and realize the feedback loop with up to 19.2 GB/s of
bandwidth.

3.4.2 Plant simulation

In the considered control scenario, the plant provides a thermal, power, perfor-
mance, and monitoring framework capable of simulating the power consumption
and temperature of a high-end [CPU] processor. The plant simulation is pro-
grammed in embedded C. Its functionalities are split into several threads employ-
ing pthread Linux libraries to exploit multi-core parallelism. In the following,
we refer to Fig. and detail the threads’ organization and interaction with
the
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The thermal and power model thread is the leading simulation thread. It
carries out the computation of the thermal and power model with a periodicity
of 1us which, according to the literature [24, (18], is fast enough to capture the
thermal dynamics, i.e., three orders of magnitude faster than the fastest thermal
time constant ~ 1ms, and to simulate power spikes and oscillations that are
not filtered by the hardware power delivery network (up to ~ 100us [38]). The
thread takes as input the values controlled and dispatched by the [PCS| controller
(frequency and voltage) and the modeled workload from the performance model
thread to compute the average consumed power and the temperature of each
core. The average consumed power is computed with an algebraic model of the
cores, which includes core-to-core variability and noise, according to [18]:

Pi = Pi,static + Pi,dynamic = ’{(TSi,i) : (Icc,i : Vdd + (Oeff,i : fz : ded)) (31)

where k represents the temperature dependency of the computed power, and Cog
is the equivalent effective capacitance of the controlled [CPU} The temperature is
simulated through a discrete state space model, which considers the temperature
and instantaneous power of the neighboring simulated cores. Coefficients are
extracted from a commercial multi-node RISC-V cluster capable of providing an
production stack, Monte Cimone [22].

The performance model thread assists the thermal and power model
thread by providing the workload characteristics for the next interval of time.
We rely on a trace-driven approach for the simulated workload for practical
reasons: (i) the traces could be extracted from accurate benchmarks such as
PARSEC 28|, SPEC [81] or real applications; (ii) simpler but effective
performance models can be built on top of workload traces, e.g.,
per cycle (IPC)| model and roofline model [54], enabling the evaluation of the
impact of the power management policies; (iii) the power consumption is mainly
affected by workload composition, i.e., memory bandwidth and vector
[instruction, multiple data (SIMD)|arithmetic density.

In this work, we craft a synthetic benchmark (Wsynth) that stresses the
control corner cases and consists of maximum power (WsynthMax) and idle power
(WsynthIdle) instructions, mixed power instructions (WsynthMix) and lastly
instructions with different power densities and fast switching (WsynthFast) to
stress the power limiter and the shorter timing constants of the temperature
response.

The governor thread emulates command dispatching agents such as the
operating system running on the [CPU|or the off-chip BMC]in the motherboard.
They are tasked to send requirement directives to the controller, such as [DFS|
and [DVS] operating points. In the plant simulation presented in this manuscript,
the [OF] and [BMC| communication is modeled through the [SCMI| transport
layer. Future work will integrate PLDM]/MCTP] transport layers supported by
ControlPULP (sec. in the [HIL|framework for BMC}related communication.

Finally, the data retriever thread collects all the simulation data and
periodically dispatches them through the network. It relies on Eclipse Mosquitto
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as a message broker, which implements the [Message Queuing Telemetry Transy
port (MQTT)| network-based messaging protocol. Collected data are fed to
Ezamon [29], an open-source ﬂ framework that enables performance and en-
ergy monitoring of [HPC]| systems. Ezamon relies on Grafana as interactive
data-visualization platform with live-updated dashboards.

3.4.3 HIL testing procedure

We identify two main phases to carry out the emulation. In the system setup
phase, the communication between [PS] and [PL] happens in a conductor-follower
fashion. The [PS| drives the [PCS| deployment on the [FPGA] its booting process,
and firmware binary flashing. The AMBA AXI4 protocol regulates the data
transmission across this communication channel. To this aim, we generate a
complete embedded [SMP] Linux system paired with a persistent root file system
on top of the four Arm A53 processors with Buildroot m

In the subsequent system emulation phase, [PS and [PT] execute the respective
routines and communicate asynchronously with each other through the shared
DRAM memory region. The lack of an explicit synchronization point between
the controller and the simulated plant is inherent to the nature of the control
since dynamic thermal and power management involves run-time active control.
At the same time, the underlying varies its workload to meet a specific
computational need.

The system’s setup and emulation phases consist of the following steps:

1. Linux [First Stage BootLoader (FSBL) the is programmed with Con-
trolPULP’s bitfile, which contains the hardware design information of the
controller.

2. Linux U-Boot: Linux kernel boots on the Arm [Application Processing Unit]

cores.

3. ControlPULP is clocked from the[PS| out of reset, and in idle state. Internal
divisions of the external clock are handled within ControlPULP.

4. The [P drives ControlPULP booting process by flashing the L2 SRAM
with the control firmware executable (Fig. |3.3)).

5. The [PS| and [PL] start to asynchronously execute the plant simulation and
the control firmware routines, respectively, through the shared memory.

The data are then collected for online dashboard monitoring, as detailed in
the previous section.

The key benefit of the proposed methodology is the flexibility gained at
the interface. Design space exploration can be carried out on both
the hardware controller and the control algorithm, with a short turnaround

Shttps://github.com/EEESlab/examon
“https://buildroot.org/


https://github.com/EEESlab/examon
https://buildroot.org/
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development time. The methodology especially fits integrated (on-chip) control
systems validation and co-design due to the native on-chip hardware flexibility

offered by the ecosystem.

3.5 Evaluation

In this section, we analyze and characterize both hardware (the ControlPULP
platform) and software (the [PCF) layers:

e We break down ControlPULP’s post-synthesis area, which represents
a small overhead (< 1%) compared to a modern processor die

(Sec. B5-1).

o We first evaluate ControlPULP architecture with a cycle-accurate
testbench environment as depicted in Fig. We model the latency of
the interconnect network sketched in Fig. by adding a programmable
latency to the AXI4 interface. In the described test scenario, we first study
the parallelization of the control action (P4)-(P7) on the cluster (Sec.(3.5.2)).
We then characterize in-band transfers, namely strided [DMA] accesses for
data acquisition from [PVT]|registers and [CLIC| interrupt latency with[SCMI|
command processing (Sec. [3.5.3). Finally, we show the overall performance
improvement of a single control step when accelerating control tasks in
the cluster compared to single-core (Sec. . The testbench depicted
in Fig. does not provide the [RTT] description of the surrounding
[HPC] processor. Instead, we model the closed-loop with a shared memory
region between the [PCS| platform — the [SUT|— and the system under
control. Note that the real-time temperature and telemetry information
from the [HPC| processor are pre-computed from a [MIT] emulation of the
control algorithm executed with a fixed time step and statically stored in
the simulation memory as unfolded in time.

e Since the standalone [RTT]simulation environment fails to provide a near-
real-time closed-loop emulation framework for the control algorithm, we

rely on the[FPGA}SoC|methodology detailed in Sec. [3.4]to analyze the[PCE]
|QoS| when ControlPULP is mapped on real hardware and compare against

a pure approach to assess the validity of the co-design.

e Finally, we show that the proposed [PCEF] compares favorably against
one of the most well-documented and freely accessible [SoA] industrial
solutions on the market, IBM’s OpenPower (Sec. [3.5.5)). The comparison is
carried in pure [MIL]simulation, being IBM’s [PCS| hardware source publicly
unavailable.

3.5.1 Area evaluation

We synthesize ControlPULP in GlobalFoundries 22FDX FD-SOI technology
using Synopsys Design Compiler 2021.06. One gate equivalent (GE) for this
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Table 3.3: ControlPULP post-synthesis area breakdown on GF22FDX technology.

Unit Area [mm?] Area [kGE] Percentage [%)]
Cluster domain 0.467 2336.7 25.5
Manager domain 0.135 675.9 7.4
L1 SRAM 0.119 595.7 6.5
L2 SRAM 1.108 5542.1 60.6
Total 1.830 9150.3 100

technology equals 0.199 um?. The design has an overall area of 9.1 MGE, 32%
occupied by the computing cluster accelerator and local L1 memory, and almost
half (60%) by the main L2 memory in the manager domain.

We use a system clock frequency of 500 MHz. The rationale of the frequency
choice is the following: the [PCS]| typically belongs to the same clock domain of
the [CPUJ's uncore region. While the core region hosting the application-class
runs at frequencies in the order of 1-3GHz, the uncore is clocked at lower
frequencies, in the order of hundreds of MHz, with modern architectures and
technology nodes.

The target controlled-system die area is assumed comparable to other com-
mercial, multi-core (> 64) server-class processors such as , about 460 mm?.
By correlating the gate-equivalent count of the [HPC|[CPU] die in the same
technology node adopted for this work, ControlPULP would still represent about
0.5% of the available die areaf’] This first-order estimation makes the design
choice of a parallel [PCS| valuable since its capabilities are much increased, while
the silicon area cost remains negligible within a high-performance processor die.

8This has to be considered a first approximation, since it compares post-synthesis results
with publicly available data of a modernm die, nowadays manufactured in a more advanced
technology node.
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3.5.2 Firmware control action

In the following, we analyze the execution of the phases (P4)-(P7) on the
multi-core cluster accelerator. We enforce power capping (alpha reduction |17])
to evaluate each computational phase fairly. Each cluster core is responsible
for a subset of the controlled The parallelization is implemented as
a fork-join process where the workload is statically distributed among the
workers. In ControlPULP, the construct is implemented through a per-worker
thread_id € [0 : Nyorkers — 1] and an equally distributed chunk_size where

. ctrl_cores . . .
chunk size = —————. We are interested in extracting performance figures

Nwo’rkers
for the control action in a single periodic step n. We execute the for S

steps to amortize the effect of the initially cold instruction cache. Finally, we
perform the arithmetic mean over S to get the mean absolute execution time for
each (P4)-(P7) phase.

We report the execution time 79 and the multi-core speedup (Z22n2l) at

TO, multi
varying number of controlled cores N, for each[PCF|phase in Figs. anl(fi
respectively. The total speedup of the full control action at fixed N, is the
geometric mean over the speedups of each phase. In our use case of 72 controlled
ControlPULP executes the control action 5.5x faster than in single-core
configuration, reaching 6.5x with 296 controlled cores.

We make the following observations. First, multi-core speedup scales with
the number of controlled cores due to the increased workload and is affected
by the workload characteristics of each phase. Second, the control action is
not a fully computational step. In fact, instruction branching associated with
power and frequency bounds checks per core introduces additional load/store
stalls due to data access contention in a multi-core configuration. Finally, the
computational body of (P6) and (P7) can be separated into independent parallel
tasks and is thus an embarrassingly parallel problem. Instead, (P4) and (P5)
show dependency across the values computed by the workers in the form of
reduction sums, i.e., in (P4) to calculate the total power of the and (P5) to
calculate a normalization base for alpha power capping [17] and again the total
[CPU] power. When a reduction sum is needed, we use a hardware barrier to
synchronize the threads and join the concurrent execution on the cluster master
core (core 0), which carries out the reduction.

As discussed in the analysis above, the increased parallel compute capability
of handling the control’s computational workload, paired with the general purpose
nature of the accelerator, enable us to (i) improve the control performances with
more advanced algorithms and (ii) be fully flexible when designing the control
algorithm.

3.5.3 In-band Services

PVT sensors

To assess in-band services involving physical sensors — phases (P1) and
(P2) —, we measure the transfer time required for reading data bursts on



34

Table 3.4: Interrupt latency from interrupt edge to the first instruction in the
interrupt handler as number of cycles.

Location Increment [cycles] Sum [cycles]
CLIC input to output 1 1
CLIC output to core (handshake) 2 3
Claim interrupt 1 4
Jump in vector table to CLIC handler 2 6
Save caller save regs (addi + 15 regs) 17 23
Compute and load CLIC handler address 5 28
Jump to CLIC handler address 2 30
Summary - 30

the AXI4 master bus with the timer. The exploration is three-fold: (i)
direct data gathering from the ControlPULP cluster’s cores, (ii) data gathering
by offloading the transfers to the in 1-D configuration, and (iii)
offload in 2-D configuration [104]. For (i) and (ii), we investigate the data
collection on either 1-core or 8-cores configurations. The address range is equally
distributed among the issuing cores in the latter scenario. In (iii), one core
performs the read operation to highlight the advantages of offloading a single,
large transfer with non-contiguous but uniformly spaced addresses to the
which increases the addresses by the selected stride. This configuration becomes
important when atomically gathering [PVT] information from equally spaced
address locations with only one transfer request. As in Sec.
we use synchronization barriers to coordinate the eight cores. Fig. reports
the execution time 71 required for data movement when reading from up to 1000
registers (4B each), an estimate bound given the number of and the
information needed from them (P, V, T, i.e., > 3, lower bound). Fi shows
that the best DMA}based transfers assuming 1000 registers (2-D) are 5.3x
faster than single-core direct data gathering.

SCMI and interrupt latency

An interrupt-driven (doorbell) transport regulates the communication of
operating points in the agent-platform direction. Table [3.4] gives an overview
of the overall CLIC interrupt latency measured as the number of cycles from
the triggering edge in the CLIC to the ISR Handler’s first instruction. The
configuration of interrupt level, priority, and threshold configuration is handled
with memory-mapped and CSR accesses to the [CLIC]| register file and the
manager core, respectively. This leads to a lower programming latency than
software-driven approaches required in standard RISC-V [platform-level interrupt]
[controller (PLIC)| or [CLINT|interrupt controllers.
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Figure 3.6: (a)-(b) Firmware control action, execution time, and speedup
comparison between single-core (manager domain) and 8-cores (cluster domain).
(c) in-band data acquisition from simulated registers, execution time
without and with[DMA]in 1-D and 2-D configurations. (d) Execution time in
the interrupt handler from the interrupt edge to its completion with a basic
I@l message at varying interconnect network access latency to the mailbox

With a working frequency of 500MHz, the interrupt latency of one [SCMI]
command coming from the [OS|[HLC] controller governor is negligible compared
to the period of thethat executes every 500us, namely 0.01%.

Analogously, the context switch time needed to preempt the PFCT| with the
which runs 4 times faster (every 125us), during the execution of a m
step is 0.08% the available time period of the more than enough for the
two tasks to coexists while executing their respective policies.

It is essential to notice that the latency of the interconnect between
ControlPULP and the mailboxes located in the die (Figs. has a significant
impact on the load/store access times, thus the time spent in the ISR, which grows

with the interconnect delay size. We show this effect by emulating the shared
mailboxes as well as the[NoCllatency in the testbench environment (Fig. [3.5)).
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The black line in Fig. reports the execution time for directly decoding
and responding to a sample @ command (Base Protocol, protocol_id =
0x10, message_-id = 0x0 [12]) in the ISR when an external simulated driver
rings a doorbell to the [PCS| The figure reveals that the time spent in the ISR
linearly increases with the latency. We tackle the impact of [NoC] latency
by deferring pending interrupts as they are triggered, thus keeping the ISR
time short and insensitive to the [CPU] interconnect network delay, with the
FreeRTOS timer API xTimerPendFunctionCallFromISR(). From the red line
in Fig. [3:6d] we see that deferring interrupt handling to a task is preferable over
direct handling, as it is network-latency insensitive for realistic latencies
larger than 50 cycles. Other existing solutions, such as Arm SCP firmware,
propose a bespoke Deferred Response Architecture ' to mark selected requests
coming from an agent as pending and defer the platform response. We instead
rely on a trusted scheduler that decouples [OS] and [PCF| driver APIs, improving
flexibility and portability.

3.5.4 System-level PCF step evaluation

We finalize the standalone evaluations of ControlPULP’s architectural features
from the previous sections with the overall PFCT] step cycle count comparison
between accelerator-enhanced and single-core configurations, reported in Table
3.5 in the case of 72 controlled cores. Table [3.5 shows a breakdown of the
required actions.

The total execution time differs in the two execution models. In the single-
core case, we execute sequentially with less overhead from data movement
(Tsingte = 70 + 71). In the multi-core case, (Truii = max(1o, 1) + 2?22 T;) we
(i) execute the computation 79 and data acquisition 7 at step n concurrently,
(ii) rely on 7o muiti < To,single, and (iii) introduce an overhead due to additional
data movement involving L1 and L2 for data telemetry between manager and
cluster domains during the [PFCT]

Overall, multi-core execution achieves a 4.9x speedup over the single-core
configuration. Provided a fixed hyper-period, i.e., the least common multiple of
the control tasks’ periods [98], which in the proposed implementation equals
the step period of 500us, Fig. shows the benefits of a programmable
accelerator on the control policy time scale. Assuming a working frequency of
500MHz, and considering the interrupt latency and task preemption context
switch time from the scheduler negligible as from Sec. single-core execution
time already leaves a free time window (slack) of about 70% the hyper-period
with the reactive control algorithm implemented in this work. Cluster-based
acceleration significantly raises the free time window to about 95% the
period. This means the acceleration reduces the utilization time to complete the
control task within the deadline. Furthermore, the more embarrassingly parallel
the control problem, the more the concurrent speedup, hence the benefits of the
acceleration.

Other effects in the plant can impact the control loop period in the control
scenario presented in this chapter: (i) lock time and voltage regulator
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Figure 3.7: Benefits of a performant parallel on the control problem, namely,
room for more computationally-intensive control policies from the concurrent
acceleration. The figure shows that the hyper-period free time window (slack)
increases to almost 95% when the policy is accelerated with the cluster domain

response time, (ii) communication latency to sensors/actuators, and (iii) model
dynamics evolution. [PLT]lock time and voltage regulator response time are in
the order of microseconds. Similarly, communication latency depends on the
interconnect network of the The computes the frequencies/voltages
at time step n and applies them at time step n+1. Therefore, latency issues -
if any - due to the effects of (i) and (ii) can be addressed by starting early the
application of the set points during time step n, provided the control period has
enough slack time after the computation phase. Model dynamics (iii) are tightly
coupled with the system in use and can be broken down into workload, power,
and temperature effects. Temperature variations are in the order of magnitude
of ms. Workload and power can potentially change at each clock cycle. Arm
proposes the Maximum Power Mitigation Mechanism (MPMM) for mitigating
and limiting the execution of high-activity events, such as vector instructions.
The management of this mechanism is left to the power controller. This could
be a potential extension to ControlPULP as well.

The 500us hyperperiod used in the proposed implementation is shorter than
the fastest dynamics in terms of temperature, but longer than the workload and
power variations. The latter case represents a worst-case scenario to guarantee
safe margins on the power constraint in actual [HPC| benchmarks.

3.5.5 Control-level PCF evaluation

We refer to the [PCE] as an indicator of the control policy functional
correctness (HW| and [SW]) when the simulated is assigned a certain
workload. In this section, we present the results of this analysis by leveraging
the closed-loop framework, the thermal and power model, and the
synthetic workload introduced in sec. We subsequently complete the
exploration with a comparison against the IBM OpenPower open-source control
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Table 3.5: Execution time T of a step, single-core and cluster config-
urations. commands exchange and off-die transfers, handled by the
[SoC| manager core, are not included in the comparison since they are a shared
overhead.

Firmware phase Time step Execution time [cycles] Speedup
1-core Multi-core
control action (P4)-(P7) To 61867 11372 5.5x
in-band transfers (P1),(P2),(P3) T 5463 3523 (DMA) 1.6x
Offload to the Cluster Ty - 389 -
L2 - L1 transfers T3 - 434 (DMA) -
L1 - L2 transfers T4 - 872 (DMA) -
Return from Cluster T - 574 -
Step total time T 67330 13641 4.9x
algorithm.

3.5.6 Standalone QoS evaluation on the HIL FPGA-SoC
framework

Provided a workload assigned to the simulated [MPSoC}, the [HI[] framework
enables assessing the evolution in time of critical features of the control algorithm
at the granularity of each controlled core (Sec. : power /thermal capping,
workload-aware control, and frequency/voltage set-point tracking as a response
to and [BMCIDVTEFS commands.

Figs. [3.8c/and show the frequency and voltage scaling enforced when the
controller’s [SCMI| mailboxes are notified DVES| operating point commands from
the plant’s governor thread running on the on a per basis (Sec. .
The [SCM]| agent dispatches the commands according to the executed workload;
interrupts processing is deferred by the FreeRTOS scheduler and committed by
ControlPULP’s interrupt controller. Once registered, the governor’s directive is
processed by the in phases (P3)-(P7) and returns the reduced frequency
as computed in the cluster domain. Fig. and show per-core thermal
capping and the total power consumption and capping in action on the controlled
plant during the execution of Wsynth, respectively. The maximum thermal limit
from Fig. [3.8a] specific for each [PE] is assumed to be 85 °C. The orange
line represents instead an additional thermal threshold required to stabilize
the temperature with a safety margin in case of overshoots during the [PID]
Analogously, in Fig. the total power consumption of the system is bound
by the power budget imposed through [SCMI] from the

The [HIT] simulation is further compared with the software-equivalent model-
based closed-loop from MATLAB Simulink, the first phase of the control algo-
rithm design. Due to MATLAB Simulink runtime execution, we restrict the
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Figure 3.8: Thermal, power capping and [DVFES|emulation on the [FPGAHLSoC
framework with Wsynth. Requests coming from the (OS] or BMC))

governors, such as the target frequency and power budget, are processed by
the reactive control, phases (P6)-(P7) described in Sec. The number of
controlled cores is 72.

floorplan of the controlled 72-core [CPU]to a tile of 9 cores, let the [PVCT|apply a
constant voltage Vyizeq = 0.75V and fix the simulation duration to 2s. Fig.
shows the average frequency evolution in time for the controlled cores in the tile.
The discrepancy between the outcome of the two simulations has multiple reasons:
(1) different data collection methodology: MATLAB records data at the exact
time, while the[FPGA]simulation captures the information at a non-deterministic
sequence of instants in the simulation interval due to its real-time characteristic,
(ii) different resolution, and (iii) uncertainties and non-deterministic control
delays introduced in the [FPGA] emulation and challenging to replicate in the
[MIT] framework. Fig. [3.9b] shows the measured consumed power of the assigned
workload under power budget constraints from the represented with a
dashed yellow line. Overall, the [HIL}based emulation gives comparable results
when validated against the software-equivalent [MIL] Albeit power spikes due
to the discrepancies described above, DVFES] tracking achieves a mean deviation
within 3% the system’s [TDP| (120W in the emulation), more than acceptable for
the assessment.
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Figure 3.9: and comparison when Wsynth is assigned to the controlled
system. The emulation assumes a floorplan with a tile of 9 cores and runs for 2s
to align with MATLAB runtime.
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Comparative QoS evaluation with SOTA

We cross-benchmark the with the IBM OpenPOWER (Sec. [3.2)). We
model IBM’s control action, i.e., the Voting Box Control described in Sec. [3.2]
excluding a few architecture-specific features, and the two-layer control
described in the proposed framework with MATLAB Simulink to enable a fair
and hardware-agnostic comparison. The [PID}ike coefficients of the IBM control
are adapted to the [IPC| chip model power and thermal characteristics. Wsynth
(Sec. is distributed as follows: core 1-core 8 and core 2-core 4 pairs are
assigned WsynthMax and WsynthIdle respectively. Core 5, core 6, and core 9
execute WsynthMix while core 7 and core § are exposed to WsynthFast. We
rely again on constant voltage Vyizeq = 0.75V and do not consider overhead nor
delays in the PLLs and operating point transitions. The power budget is
changed five times during the simulation to stress all the elements of the control
action. The simulation runs for 2s on a tile of 9 cores.

First, we show that a controller with a multi-core cluster able to deliver
higher computational power is beneficial to the performances of the [HPC]| chip.
We compare the IBM control and a version of it with a per-core temperature
[PID] for frequency reduction. In fact, as from Sec. the IBM control policy
considers the maximum temperature among the when applying frequency
reduction. We conjecture that this limitation is enforced by the limited control
policy complexity that can be handled by IBM’s[OCC} Conversely, ControlPULP
enables fine-grained frequency reduction on a per-core temperature granularity.
The performance is shown in Fig. [3.10 The number of retired instructions
indicates the execution time achieved by the workload at the end of the simulation:
the more retired instructions, the faster the workload, meaning a more efficient
control.

While using only one temperature for the whole tile results in an average
performance reduction per core of 5%, cores executing high-power instructions
(core 1 and core 3) receive a performance increase of 4% and 5% respectively. In
fact, being the frequency reduction based on the hotter cores and thus a shared
penalty, neighboring cores get colder, and other cores consume less power during
power capping phases, leaving more power available to boost performances of
core 1 and core 3.

Last, we compare the [PCF]and the IBM control with per-core temperature
The control favors cores executing high-power instructions [17] (core
1 and core & in this simulation with Wsynth benchmark), thus compensating
the performance penalty showed in the previous test. Results in Fig. show
a performance increase in executed instructions ranging from +2.5% to +5%.
This holds for cores with mixed instructions (up to +3.5%) as well, while cores
involved in less demanding workloads witness a decrease between —2% and —3%.
We conclude that the modified policy with per-core temperature [PID] calculation
can selectively boost the retired instructions, achieving a higher application
performance on the [HPC| chip while still meeting the thermal cap.
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Figure 3.10: Comparison between the modified IBM OpenPOWER control
with per-core temperature [PID] for frequency reduction and the original IBM
OpenPOWER control. The simulation time is 2s
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OpenPOWER firmware with per-core temperature [PID] for frequency reduction.
The simulation time is 2s
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3.6 Conclusion

This chapter presented ControlPULP, the first RISC-V control system
for HPC processors that exploits multi-core capabilities to accelerate control
algorithms, featuring a specialized [DMA] and fast interrupt handling and syn-
chronization. The was evaluated while accounting for physical state
variations surrounding the integrated controller by designing an agile, near-real-
time closed-loop emulation framework that takes inspiration from the road paved
by modern platforms on [FPGA] The framework relies on a power and
thermal model of the controlled [CPU] as plant, which is paired with workload
instruction traces and the control algorithm to realize the closed-loop. With
the proposed multi-core architecture, a control policy step executes 4.9x faster
than in a single-core configuration, increasing the hyper-period’s slack and thus
enabling the implementation of more complex and computationally demanding
control algorithms (for example, predictive policies) with fine-grained frequency
dispatching.
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Chapter 4

Performance
Characterization of
Power-Management

Interfaces in HPC
Processors

4.1 Introduction

The growing computational demand for artificial intelligence, big data, and
scientific computing applications has led to a significant rise in energy consump-
tion for both data centers and [HPC|systems. Recent studies show that energy
consumption in data centers has been steadily increasing, reflecting a broader
trend also seen in HPC environments [15]. In these systems, energy is typically
split between computational elements and infrastructure overhead, including
cooling and power distribution. Cooling alone accounts for 24% to 60% of total
energy consumption, depending on the system architecture and operational
workload [15]. Of the remaining energy, approximately 30% is consumed by
computing elements, with the remainder consumed by memory, interconnects,
and power losses due to conversion inefficiency [56]. In this context, the power
management of computing elements is crucial, providing the opportunity to
optimize the power consumption of more than one-third of the total energy
demand as cooling power decreases with computing power demand.

Until two decades ago, was an exclusive responsibility of the [OS] run-
ning on top of [AP] The agent handling in the is known as [49].
Placing all the power policy responsibility on the brings several draw-
backs. Firstly, the complex interaction between power, temperature, workload,

45
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and physical parameters in an integrated [SoC} coupled with additional safety
and security requirements, might be too complex for the [OS| to manage while
simultaneously optimizing workload performance [73|. Secondly, the does not
have introspection on the application behavior and events, but can only operate
on timer-based tick instants, or slower. Finally, in a [CPU] thermal constant,
power and current can vary so quickly that [OSPM|[SW]is unable to deal with
them timely .

Historically, these issues called for a paradigm shift in [PM] responsibilities
within an integrated system. The new paradigm transitions from an [OS}centric
to a delegation-based model where (or collaborate with general-
purpose, embedded The implications of such a model were not fully
taken into account when industry-standard [PM|[EW] such as [ACP]| described
in section was first proposed. Throughout the years, [IPC| and mobile
platforms from leading industry competitors started adopting this model with
proprietary architectures [38].

A delegation-based scheme implies clear responsibility boundaries between
the [HLC| and the [LLC] Therefore, a key design element becomes the [PMI]
between these two components. As the backbone of the connection traversing
two (possibly) heterogeneous and stacks, its design demands several
features: (i) and independence, (i) modularity, (iii) flexibility,
and (iv) low-latency overhead. The last property is particularly important in a
delegation-based approach: the [LLC]is subject to soft real-time constraints and
periodically applies the power policy.

To date, power management evaluations have mainly focused on optimizing
[DVES| policies according to application performance patterns and the underlying
architectural power profiles . Additionally, some efforts have concentrated
on control algorithms to dynamically adjust voltage and frequency operating
points within multicore systems . In systems, where dynamic workloads
are prevalent, the delay between a change in workload and the application of
optimal operating points for each core can degrade end-to-end control quality,
leading to reduced energy efficiency. Therefore, an exhaustive analysis of latency
overhead introduced by is essential to fully understand how it affects the
performance of modern [HPC| processors.

The study presented in this chapter focuses on Arm-based server systems
and employs the open-standard [SCMI| protocol as a representative example. As
of today, SCM]|is the only [OSPM]standard with a holistic and open description
of seamlessly coupled with existing industry-standard [FW] e.g., [ACPIL
We justify our choice in detail in section

The assessment was carried out using an open-source design,
coupled with a [FPGA] implementation of a [HIL[] framework for power and
thermal management simulation . Such a framework is essential for the
type of analysis conducted, as it enables the emulation of the key elements
constituting the power management scheme of a processor, allowing for the
inspection of all interactions occurring among these components. It relies on
(i) an Arm-based platform co-design, and (ii) a Xilinx Ultrascale+
leveraging a fully-featured, [SCMI}capable Linux [SoC} as detailed in section
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To the best of the author’s knowledge, the study presented in this chapter
provides the first fine-grained and quantitative analysis of modern [PM]] behavior
and its impact on runtime power management. This chapter is based on the
journal publication [119], whose main contributions are summarized below:

1. Integration of an FPGA-based hardware-in-the-loop framework.
The FPGA-based platform introduced in chapter [3| [88] was extended
to analyze the communication backbone between high-level and
the hardware and firmware of the [LLC| This was achieved by integrating
the complete Linux [SCMI| software stack and implementing a dedicated
SCMI mailbox unit (SCMI-MU )| compliant with the message handling unit]
MHU)tv1 specification.

2. Quantitative characterization of communication latency. The
performance of hardware/software low-level in Arm architectures
was evaluated in terms of latency metrics. The dispatch time of [SCMI]
messages through the Linux [OSPM]stack was measured to be 70.5 us, while
the average processing time for SCMI| response messages was 603 us.

3. Analysis of control-loop performance and firmware optimization.
Using the developed setup, the entire power-management control scheme
was assessed under different configurations—namely, periodic and event-
driven high-level control. The study quantified how latency within the
[PM]] affects end-to-end control-loop performance, and demonstrated
that optimized firmware can reduce the overall round-trip latency from
approximately 1.3ms to 114 ys. This improvement results in up to 3%
faster application execution time for the evaluated representative workload.

4.2 Background and Related Works

4.2.1 Overview and Terminology

In this section, we recall the main terminology and components for

[PM] of modern [HPC|[SoCs| pictured in fig. The taxonomy is based on the
three largest domains—{HLC] [LLC] and their interface.
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Figure 4.1: Overview of the main components of modern The
figure highlights the linking to the from a [HW] and [SW]
perspective in Arm-based server-class (a) Architecture of the power
management scheme in an application-class processor, (b) Block diagram of
a state-of-the-art HIL platform for power management systems emulation, (c)
Block diagram of the extended HIL platform proposed in this chapter.

The UEFT’s [PM|[ACP]] specification distinguishes among three types of [PM}
system, device, and processor . Similarly, Arm differentiates between system,
device, and core services @ Processor (or core) and device services are
typically requested by the [OSPM] while system services are provided without
mediation, for example, by the on the motherboard @ This
chapter focuses on the [OSPM}directed processor and device [PM] We will refer
to a single general-purpose compute unit of a many-core system as [PE]

The[LL | periodically interfaces with[PVT]sensors and actuators and responds
to [HLC]s directives from the and user’s applications through dedicated
[AW] and [SW]|[PMIs| discussed in section These on-die interactions are
collectively known as in-band services , and are the main focus of the
present analysis. Finally, the [LLC| interfaces with the [BMC|on the motherboard
to support off-chip system services, also called out-of-band . These comprise
fine-grain telemetry on the chip power and performance status, chip-level and
system-level power capping, and reporting errors and faults in the chip and
central processes.




49

4.2.2 HLC Components
Hardware Layer

Modern server-class are heterogeneous many-core chiplet architectures.

Each chiplet integrates tens to hundreds of [AP|[PEg| [GPUs| and [domain-specifid

[accelerators (DSAs)l Chiplets communicate through performant links and
interface with advanced memory endpoints, such as 3D |high-bandwidth memory|

stacks.

Power Management Software Stack

The [HLC[s [OSPM]| is the agent that controls the system’s power policy . We
rely on terminology adopted in the Linux [OSPM] used in this chapter. The usual

tasks subsumed by the [OSPM] are idle and performance [PM] device [PM]
and power monitoring. These tasks are managed by [OSPM] governors, routines
tightly coupled with the[OS] kernel scheduling policy. An[HPC|workload consists
of parallel applications distributed across all of a set of processors, with
one process per core. Under these conditions, the performance, powersave,
and userspace governors exhibit the same behavior in practice, selecting the
highest available operating frequency. However, state-of-the-art processor [PM]
strategies often leverage application [PM] runtime, which isolates different phases
of the application and requests a new [DVEFY] level from the at phase
transitions. Two major approaches exist for identifying application phases,
(i) timer-based (or periodic), which involves periodically reading performance
counters to identify computational bottleneck regions (i.e., memory- or
bound), and (ii) event-driven, which uses application code instrumentation (which
can be programmer-driven, parallel programming-driven, or compiler-driven) to
flag the entry into different code regions.

4.2.3 LLC Components
Hardware Layer

are usually 32-bit microcontrollers with optional general-purpose or domain-
specific modules, from efficient data moving engines to microcode-driven co-
processors or [PMCAg to accelerate the PM] policy. The[LLC|is subject to soft and
hard real-time requirements, thus demanding streamlined interrupt processing
and context switch capabilities . Moreover, its I/O interface has to sustain

out-of-band communication through standard [PMTIs] such as [PMBUS| [113]
and [AVSBUS| [112].

Power Management Software Stack

The policy can be scheduled as a bare-metal layer , or leverage a
lightweight (e.g., FreeRTOS ), as in the open-source ControlPULP
employed in the work presented in this chapter. The latter is based on RISC-
V parallel cores and an associated cascade control [PM|[FW] It supports the
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co-simulation of the design with power and thermal simulators in Xilinx Zynq
Ultrascale+ ZCU102 FPGA [122], as reported in fig. [l.1p.

4.2.4 HLC-LLC Interface

Industry-Standard Firmware Layer

ACPI| [117] is an open standard framework that establishes a register set

(tables and definition blocks) to define power states. The primary intention is to
enable [PM] and system configuration without directly calling [FW] natively from
the [OS] [ACP]] provides a set of [PM]services to a compliant [OSPM] implementa-
tion: (1) [Low Power Idle (LPI)|to handle power and clock gate regulators; (2)
device states; (3) |collaborative processor performance control (CPPC)|for [DVES
enforcement; and (4) power meters for capping limits. [CPPC|allows the @
to express [DVES| performance requirements to the [LLC| whose [FW] makes a
final decision on the selected frequency and voltage based on all constraints. The

communication channel between [HLC| and [CLC]is formally defined as

communication channel (PCC)|by |JACPI it can be a generic mailbox mechanism,
or rely on [fixed functional hardware (FFH)| i.e., [ACPI| registers hardwired for

specific use.

OS-Agnostic Firmware Layer

Most industry vendors rely on proprietary interfaces between the [HLC] and [LLC]
Intel leverages model-specific registers (MSRs)| mapped as to tune
[PEY performance, where performance requests are handled through the intel -
pstate governor in Linux, while power capping is enforced via the [Running
Average Power Limit (RAPL)| framework. In IBM systems, the [OpenPower]
abstraction layer (OPAL)|framework relies on [special purpose registers (SPRs)
and a shared memory region within the [OCC]|to exchange control and telemetry
data with the [LLCl

Arm, on the other hand, avoids the limitations imposed by and
introduces the System Control and Management Interface protocol to
handle performance, monitoring, and low-power regulation requests between the
[HL and [CLC defines an interface channel for secure and non-secure
communication between an agent (e.g., a and a platform (i.e., the .
The platform receives and interprets commands through a shared memory area
(mailbox unit) and issues responses according to a standardized message-based
protocol. The design of [SCMI] reflects the industry trend of delegating power
and performance management to a dedicated subsystem , providing a flexible
and platform-agnostic abstraction layer.

A specification with analogous goals is currently being defined within the
RISC-V ecosystem: . shares the same architectural principles
and objectives as [SCM]] offering a standardized communication channel be-
tween the operating system and the platform management controller for power,
performance, and telemetry control. Both interfaces rely on message-based
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communication over shared memory regions, synchronized through doorbell-like
signaling mechanisms to trigger command and response exchanges. While [SCM]|
is a mature and widely adopted standard within the Arm ecosystem, [RPM]|is an
open specification still under active development. Given the strong conceptual
and structural similarity between the two protocols, the latency characterization
presented in this work for SCMI] is directly applicable to future RPMI}based
implementations.

Despite the widespread adoption of proprietary [HLCHLLC] interfaces in cur-
rent commercial x86-based platforms, a quantitative and systematic comparison
of the communication latency across different power-management interfaces is
currently not possible. While register-based mechanisms such as and
enable low-latency access to the firmware interface, vendors typically expose
and document only end-to-end power and performance management reaction
times, which include internal firmware execution and platform-specific control
loops. The latency contribution of the communication interface itself
is therefore not publicly characterized. As a consequence, existing studies do
not allow isolating and evaluating the communication overhead of [HLCHLLC|
interfaces. This work addresses this gap by providing an experimental character-
ization of the latency introduced by a standardized [HLCHLLC| communication
interface for power and performance management. Specifically, we analyze the
performance cost introduced by delegation-based architecture in modern [PM]
frameworks. We first characterize the intrinsic latency incurred when traversing
the hierarchy —from the to the and quantify its impact
on end-to-end control responsiveness. Building on this characterization, we then
propose a firmware-level optimization strategy that exploits the measured [SCM]|
latency to improve overall PM] efficiency. The following section introduces the
experimental methodology used to perform this co-design.

4.3 Methodology: HIL Framework on FPGA

fig. shows the block diagram of the proposed [HIL] emulation framework
to model and evaluate the in the end-to-end [PM] stack. The
lower layer comprises the underlying ControlPULP controller, i.e., its [RTL|[HW]
description (H). ControlPULP is emulated in the [PL]of the FPGA}SoC] to which

we added a[SCMI-MU]| (&) to provide the transport for [SCMI| protocol. At
the same time, the Linux image (B) running on the has been modified

to propagate [OSPM] requests to the ControlPULP [LLC]| via the [SCMI-MU]
Additionally, a shared memory interface (B) is in place to emulate virtual
sensors and actuators. Indeed, the simulated plant () provides a thermal, power,
performance, and monitoring framework to simulate the power consumption and
temperature of a high-end [CPU] The plant simulation is programmed in C and
runs on the [PSls Arm A53 cores.
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4.3.1 SCMI-MU Implementation
We implement a [HW]mailbox unit, named [SCMI-MU] according to Arm’s [SCM]]|

standard, designed to be compatible with high-level [SCMI| drivers in the Linux
kernel. Tts design provides all the MHU-v1 functionality [5], ensuring alignment with
the corresponding low-level drivers in the Linux system. As shown in fig. the

is accessible from both the [PS|and the [LLC| through a 32-bit AXI Lite
front-end [1]. The [SCMI-MU| implements 33 32-bit registers for [SCMI|compliance

and serves as a shared space for storing host messages from multiple agents. The
interrupt generation logic comprises two 32-bit registers, named doorbell and
completion, respectively 73], and an interrupt generation logic. Both registers
generate a level-sensitive, interrupt to the when set and gate the
interrupt when cleared. On the [LLC] side, the doorbell interrupts are routed
through a RISC-V [CLIC| which handles ControlPULP hardware interrupts
and improves real-time performances [16]. On the side, the completion
interrupts are routed through the Arm GIC-V2 [10]. When a message is fetched
by the [LLC] the doorbell register is cleared so as not to block subsequent writes.
This mechanism lets the sender know if the receiver has fetched the message.

4.3.2 Linux SCMI Software Stack

As mentioned in section in Linux, application-level PM policies require
the cpufreq_userspace governor to set frequency setpoints. The SCMI stack is
responsible for the interaction between the governor and the[LLC|and is composed
of the following main routines: cpufreq, scmi_cpufreq, perf, mailbox, arm_-
scmi driver, and arm mhu. The [HLC| writes a target frequency value for core 4
in an interface file in the system virtual filesystem in Linux which automatically
calls the cpufreq driver methods. We use release v4.19.0 of the Linux kernel,
compatible with Arm MHU-v1, where the cpufreq and scmi_cpufreq are tightly
coupled for message transmission and reception. The trellis graph in fig.
shows the interaction between the Linux kernel drivers upon the arrival of a
new target frequency from the user. The scmi_cpufreq driver directly calls
perf, which prepares an [SCMI| message through the perf_level set command.
The drivers in the bottom layers transmit the message through the [SCMI-MU]
Once the message is sent, ControlPULP processes the request, applies the target
frequencies to the cores, and triggers the completion signal. On the [OSPM]
such a signal is mapped to an [interrupt service routine (ISR)| handled by the
arm_mhu driver, which reads the transaction identifier, decodes the message in
shared memory, and resets the completion register. Figure [£.2is split into three

parts: the transmission window @ on the agent side, ranges from store -
scaling setspeed() in cpufreq to message delivery in the shared memory by
arm_mhu; the decode window @ on both platform and agent sides ranges from
the doorbell-triggered [[SR] hook in the [LLC] to the completion-triggered [[SR]
hook in the [HLC|via arm_mhu; and the reception window on the agent side
covers function calls until the return of cpufreq.
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Figure 4.2: Sequence of function calls within the Linux CPUFreq stack, for a
perf_level_set SCMI request.

4.3.3 LLC SCMI Firmware Module

The [SCMI[FW]module executes on the ControlPULP [LLC} The primary purpose
of this module is to enable the exchange of SCMI messages between the governor,
running on the [ILC] and the power policy [FW] executing on the [LLC]

Note that [SCMI] channel management operations are subject to timing
constraints imposed by the Linux [SCMI] drivers through [SW] timers tasked to
detect channel congestion, upon expiration of which the ongoing transaction
may be canceled. The native FreeRTOS-based [SW] stack on top of the [LLC]is
leveraged to ensure fast platform—agent reaction time in compliance with these
timing constraints.

The comprises two sections: (1) a low-level, management
layer and (2) a high-level decoding layer for the governor’s command. The
management layer contains methods to access the shared memory, as
well as populating its registers related to interrupt generation. The decoding
layer, on the other hand, is embedded within ControlPULP’s[PCF|as a FreeRTOS
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task, called decoding task, which leverages the methods exposed by the hardware
management layer to access messages from/to the After decoding
the values of the header and payload fields of the message, the [FW]maps the
[SCMI] message into a command. The [SCMI| specification supports a wide range
of message types; the firmware implemented in this work focuses on perf_level
set commands to handle new frequency setpoint values for a given performance
domain, common to all cores in our simulation setup.

On a new message arrival, a doorbell interrupt signal triggers an [[SR] which
saves the message waiting for the decoding task to execute. The latter is queued
for execution until scheduled by FreeRTOS, having lower priority compared to
the power and thermal policy tasks. The decoding task reads the transaction
identifier from the doorbell register and the rest of the message from the shared
memory. It then clears the doorbell register to signal message reception to the
sender and performs decoding. After decoding, it populates the shared memory
with the response and rings the completion interrupt.

4.3.4 LLC Power Management Policy Optimized for La-
tency

In this chapter, we propose an|[LLC|[PM] policy optimized for latency. The default
ControlPULP policy (PCF) [88] relies on a periodic control task executed
every 500 ps (configured to account for ms-scale temperature time constant and
is-scale locking time); it executes a cascade of a model-based power capping
algorithm and [PID] thermal capping algorithm. The [SCMI| new frequency setting
is read by the algorithm during the 500 ps period to compute the novel power
management settings frequencies and voltage level), which are then applied
in the next task period. This induces a latency of at least one period between
the receipt of an incoming message and a change in the output frequency
of the control task. This is intrinsic to the control scheme stability and thermal
and power capping capabilities. We propose to bypass this latency and directly
apply the new [SCMI] setting if the new operating point has a lower frequency,
and yet power, with regard to the [PCEJs computed one for the previous cycles.
This allows us to reduce the latency in case of [HLC| requests, which reduces the
actual power consumption. We named this policy [LLC| Optimized.

4.3.5 HLC Policy

The [HLC| is a [SW] component tasked to analyze the executed workload and
generate target frequencies fi for each i-th controlled core, communicated to the
[CL.C] via [SCMI[PMI], as in fig. Although relying on actual SCMI| drivers and
the Linux stack for command transmission, [LLC]s responses to [SCMI| commands
are still applied to the simulated cores.

In this manuscript, we consider two different HLC policies: a periodic one
(HLC;) and an event-driven one (HLC.). The HLC; computes the target fre-
quency for each simulated core f% with a global periodicity of T, for each
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simulation time step k using a last-value predictor. Indicating with 8 the max-
imum acceptable execution time overhead within the next T}, f}ymaz, the
maximum frequency, N;,, and N;. the number of memory-bound and [CPU}
bound instructions executed during the previous T%,, CPI;. and CPI;y,, the
cycle-per-instruction metrics of compute-bound and memory-bound instructions,
respectively [90], f4[k] read as follows [20]:

f},mam “Nic[k=1] - CPI;c [k — 1]
Nim [k =1]-CPILip [k —1]- (B —1) 4+ Ny [k = 1) - CPL. [k —1]- 8
(4.1)
Differently, the HLC, assumes perfect phases instrumentation and selects
the right f7 using an oracle at phase transition. This [HLC| policy emulates the
best-case scenario for instrumentation-based power management policies.

fi k] =

4.4 FEvaluation

section characterizes the SCMI call stack and evaluates its latency. sec-

tion evaluates the impact of on an end-to-end [PM] policy running on
[EPGANHITL

4.4.1 SCMI Latency Characterization

The test has been conducted, setting in round-robin three different frequency
setpoints to the cpufreq_userspace with a 1s period. This is larger than the
latency, avoiding message collisions. The first latency analysis focuses on
the three [HLC| time windows described in section namely, from calling
store_scaling setspeed() to cpufreqnotify transition(). The second
focuses on the [LLC|[FW] measuring its latency from the [SCMI] notification.

HLC End-to-End Latency Analysis

We use the Linux kernel tool ftrace for a fine-grained breakdown of [SCMI}related
function calls. ftrace logs them with a timing precision of 1 ps. We applied it to
1000 frequency setpoint requests. In all the tests conducted in this in this evaluation,
the [PS] was configured to run at 1.2 GHz.

The total time for executing a perf_level set request is detailed in table
We show minimum, maximum, and average time across the 1000 setpoint requests
sent to the [LLCl From table we notice that @ to @ account for about

8.7%, 74.7%, and 16.5% of the total average time, respectively. Their distribution

over 1000 samples is shown in fig. ‘We observe that @ exhibits a probability
distribution falling within a narrow range of only 3 ps, so we consider its mean

value of 70.5 ps as relevant. @ shows an almost uniform distribution in the

range between 83 ps and 1205 ps, while for @, we can notice a bimodal
distribution with two peaks centered around 75 pus and 164 ps.
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Figure 4.3: Delay time distribution for (a) transmission window, (b) decode
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We ascribe the variance of @ to the time needed for the to detect

the interrupt request caused by the doorbell signal, while the variance of

is ascribed to the execution of the complete() function, which is responsible
for managing the coordination of threads waiting for an [SCMI| transaction to
end. To further interpret the observed variability in @, we also analyzed the
interrupt routing behavior of the SCMI| transport on the target platform. During
the latency characterization runs on the ZCU102 board [122], the interrupt
associated with the SCMI| mailbox doorbell was always handled by the same
CPU core, as observed from the Linux interrupt accounting table [97]. Therefore,

the measured jitter in @ cannot be attributed to interrupt migration across
cores, and is instead mainly explained by the [0S wake-up and scheduling latency
of the software components involved in the transaction handling, as
well as by contention on shared processing resources on the core serving the
interrupt. These effects reflect realistic operating conditions of Linux-based power
management stacks, where power-management activities execute concurrently
with other system workloads.

Table 4.1: SCMI call stack time measured at 1.2 GHz.

Minimum Average Maximum
[us] [cycles] [ms] [cycles] [ps] [cycles]
@ 69 82.60k 70.50 84.60k 73 87.60k
@ 83 99.60k  603.50 724.20k 1205 = 1446k
@ 68 81.60k  133.80 160.56k 246  295.20k
Total 220 264k 807.80 969.36k 1449 1828k

Table 4.2: ControlPULP SCMI decoding time @20 MHz.

Increment Sum
fus] [cycles] [us] [cycles]
CLIC to ISR 2.30 46 2.30 46
ISR exec. 5.20 104 7.50 150
ISR to dec. task 0.65 13 8.15 163

Dec task exec. 5.00 100 13.15 263
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LLC End-to-End Latency Analysis

We measured the latency of the [SCMI|[FW] module on the [LLC| with the
same setup, on 1000 perf_level set M requests. We leverage performance
counters of the CV32E40P [106] core to record the time.

We measure three intervals, namely from the doorbell-triggered [[SR] to the
end of the FreeRTOS-driven [SCMI] decoding task. The average dispersion of
performance counters (5 cycles) has been subtracted from the measurements.
We report the results in table with respect to the 20 MHz frequency of
ControlPULP in the [HILJs framework. In the table, the first row reports
ControlPULP’s [CLIC]| latency, [88]. The total [LLC|decoding time takes 263 clock
cycles, i.e., 13.15 ps @20 MHz.

We observe that in the end-to-end flow, the response time of the [LLC|
accounts for just 1.6% of the total average communication time, negligible when
compared with the latencies introduced by the SCMI[SW]stack on the [OSPM]
It must be noted that in real silicon, the [LLC| would run at 500 MHz, further
reducing this contribution significance. Likewise, we observe that the variability
of the entire [SCMI| communication latency is caused by the Linux stack only, as
the [LLC| variance is, by far, negligible.

As a remark, from the measurements, we note that the limiting factor of
request throughput is (i) @, which determines the speed at which the
messages in the mailbox can be processed by the decoding firmware, and (ii) the
size of the [SW] buffer in the SCMI| drivers, which collects pending requests and
rejects them when full.

4.4.2 Characterization of End-to-End Power Management
Policy

To assess the impact of [SCMIs latency on the control performance, we executed
a set of tests on the [HIL|[FPGA] framework. We select a square-shaped workload
trace with a period of Ty and a 50% duty cycle, alternating between CPU-
bound instructions (assumed to run at ff,,,,) and memory instructions, whose
throughput depends solely on memory subsystem speed. This synthetic workload
provides clearly defined and repeatable phase transitions, enabling an accurate
and reproducible evaluation of the timing behavior of the end-to-end power
management loop in response to workload changes.

We compare the proposed [SCMI] interface with an ideal near-zero latency
shared memory transport that bypasses the [OS] All time-related quantities
referring to the workload execution and to the control behavior are expressed
in the emulated time domain of the [HIT] framework. Additionally, we evaluate
multiple [HLC| configurations and control algorithms for the [LLC| to assess their
impact on performance. The simulated application consists of 500 workload
phases of 20ms each and lasts 10s when executing at the maximum frequency
( f%)maz = 3.4 GHz). During the tests, power and thermal capping targets are set
and enforced by the [LLC|[FW] When all the co-simulated cores execute at the
maximum frequency, both caps are exceeded. The [HLC]|sets the core’s frequency
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to 0.8 GHz during memory phases and the maximum one during compute phases.
The tests conducted with a periodic @ are configured with T, = 1 ms. With
the average [SCMI| communication latency being 70.5 ps, which is almost an
order of magnitude lower than the execution periodicity of both the control task
and the communication task (7. = 500 ps) [88], most of its effects on the control
performance are masked in the [LLC| For this reason, we restrict the evaluation
to Tyro < Twyr. We account for this difference in the emulation setup by
introducing a real-time delay of 1.7ms when forwarding new target frequencies
to the [SCMI| channel, so as to reproduce, in the emulated time domain, the
measured [SCMI| communication latency.

In the following, we named |control delay (CD)| the time elapsed from a
workload phase front to an actual change in the applied frequency. We performed
three tests: (i) with periodic [HLC] (ii) with an event-driven and (iii) with
the proposed [LLC] optimized [FW] presented in Section The event-driven
HLC| algorithm used in test (ii) is derived from previous work that optimizes
DVES| policies based on workload patterns 136]. The average for (i)
is 2.20ms for [SCMI]| communication and 1.94ms for the shared memory case.
Test (ii) results in an average of 1.35ms with communication and
1.16ms for the shared memory case, showing an improvement thanks to the
responsiveness of the event-driven [HLC| Finally, in the proposed optimized [CLC|
in (iii) the average reduces to 0.77ms. This average encompasses
two distinct scenarios: one in which a workload variation prompts an increase in
core frequency, and another where it prompts a decrease. In (iii), distinguishing
between these cases, we observe that the [CD]associated with frequency increases
is 1.42ms, whereas for frequency decreases, the[CD]is significantly lower, reaching
just 114 ps. fig. [4.4] shows the distribution of the [CD] during (i) and (ii), (i)-

fi a,b, and (ii) fi Hz
&t ensure cons1stegn o d reproducible experimental conditions across all the

evaluated configurations, the application speedups reported in this section are
obtained using the same synthetic workload adopted for the control-delay analysis.
While absolute speedup values may vary for real HPC applications exhibiting
irregular, communication-intensive, or memory-bound execution patterns, the
observed trends across different [HLC| and [LLC]| configurations capture the relative
impact of the proposed control strategies and of the[SCMI| communication latency
on the end-to-end power management behavior. Accordingly, table [4.3| reports
the application execution-time speedup for the same three test conﬁguratlons
with respect to the periodic [HLC| and the baseline ideal shared-memory [PMI]
From the reported results, we observe that the event-driven (ii) leads to
a speedup of +2.75%, which further increases to +3.18% with the proposed
[CLC}optimized [FW] Moreover, the [CD] introduced by the [SCMI]| protocol leads
to only a marginal reduction in the attained speedup (from —0.02% to —0.3%).
These speedups are enabled by a more timely reduction of frequency during
memory-bound phases, which improves the alignment between workload phases
and operating points and allows the [LLC|[FW] to exploit the locally available
power and thermal headroom of the controlled cores more effectively during
subsequent compute-intensive phases, while still enforcing power and thermal
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Figure 4.4: Control Delay distribution for different HLC configurations and
interfaces: (a) periodic HLC with shared memory, (b) periodic HLC with SCMI
mailbox, (c) event-driven HLC with shared memory, (d) event-driven HLC with
SCMI mailbox.

caps.

Table 4.3: Execution time speedup over different HLC and control algorithm
configurations.

Execution Time Speedup [%)]

Configuration Shared Memory SCMI
(i) HLC periodic 0.00 —0.02
(ii) HLC event-driven 2.75 2.71
(iii) HLC event-driven, Opt. Control 3.18 2.89

4.5 Discussion

In the previous section, we first analyzed the end-to-end latency associated

with exchanging frequency setpoint messages via the [SCMI interface.

Our analysis reveals that, while only 70.5 ps at 1.2 GHz are needed for the
communication of a new frequency setpoint from the [HLC]| to the [(TW][SCMI|
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mailbox, the highest latency occurs when the [OF] waits for an acknowledgment
from the [LLCJs [SCMI|[FW] module during the decode window. However, only
13.5 ps (which is the 2.2% of the total time of the decode window duration)
depends on [LLC]s SCMI|[FW], suggesting that the majority of the delay happens
in the interrupt request handling by the [OS] Additionally, the duration of the
decode window varies between 83 s and 1.2 ms at 1.2 GHz due to variability in
interrupt service time.

We then examined how the observed latency affects the control delay and how
it can affect the execution time of a reference workload under power and thermal
caps, considering the impact of different application-level power management
policies , the power management unit policies , and the
interface itself. Overall, if the SCMI| mailbox operates without congestion, the
latency from message transmission to its decoding does not significantly affect the
quality of power management control. Instead, the primary critical factors are
the policies used in both the application-level power management runtime and
the power controller’s power management The transition from a time-driven
to an event-driven power management led to a decreased latency in the power
management command from around 2.2 ms to 1.35 ms, resulting in an
application time reduction of around 2.7% for the execution of the evaluated
workload.

These results show that the end-to-end latency of the [PM] software stack,
from the application layer down to the [0S drivers and the PCU]firmware, is a key
factor in determining the responsiveness of the power-management loop and its
impact on application execution. In particular, our analysis highlights that the
relative contribution of the different components of the control stack—mamely
[HLC] policies and [LLC] control [FW}—dominates over the communication interface
itself in shaping the observed control delay. Based on the characterization
mentioned above, we identified that the latency to execute a power management
command is dominated by the [PCU]control policy and not by the communication
interface in the ARM [SCMI] standard. This finding is particularly relevant given
the growing interest in the uptake of the NVIDIA ARM Grace architectures in
today’s data centers.

In large-scale distributed systems, where applications are parallelized across
multiple computing nodes, with an alternation in computational and communi-
cation phases, lower latency in the power management command propagation
can enable higher energy savings. As an example, work from Cesarini et al. [34],
when evaluating power management runtimes in real data centers based on x86
processors, found that the performance-limiting factor of reactive policies was
the [PCU] latency of 500 ps in Intel systems. Our proposed approach lowers
the command propagation latency from 1.35 ms to 114 ps when reducing the
operating frequency. Future work will target optimization in the opposite case
when increasing the core’s frequency.

Looking ahead, this study has shed light on the key elements of the[PM] control
scheme and, in particular, how the PMI|influences end-to-end control quality. We
have identified which factors introduce the most significant latency contribution
and how this latency can affect workload execution times. Notably, we found that




62

policies at both the [HLC|and [LLC|levels have a more substantial impact than the
Linux software stack and hardware of the [PMI] As newer shared-memory-based
[PMI] such as [RPMI] become more widespread, it is expected that the primary
bottleneck in communication latency (including the acknowledgment message)
will be the delay introduced by the Linux operating system in handling interrupt
routines. In addition, developing core operating point control algorithms that
can proactively manage frequencies, without the frequent processing of setpoints
from the [HLC] could significantly reduce control delay and enhance system
efficiency.

4.6 Conclusions

In the work presented in this chapter, we extended the FPGA-based [HIT] platform
introduced in [88], integrating the communication backbone between the [HLC
and [CLC] employing the Linux [SCMI|[SW]stack, and implementing an[SCMI-MU]
These integrations enabled us to characterize the inherent delay of traversing
the stack, measuring a latency of 70.5 ps at 1.2 GHz, attributed to the
dispatching of an SCMI message through the Linux [OSPM]stack and an average
of 603 ps for processing the SCMI response from the [LLC] We then evaluated
the impact on end-to-end [PM] observing a minimal contribution of the [SCM]]|
interface to the cores’ execution time in a nominal periodic [HLC| simulation.
Ultimately, through the optimization of the [LLCJs control [FW] we reduced the
latency introduced by the [PM]| from around 1.3 ms to 114 ps, resulting in an
application execution-time reduction of approximately 3% for the evaluated
workload.




Chapter 5

Towards User-Space
Power-Management
Communication Interfaces

5.1 Introduction

Modern monolithic processor systems typically adopt a delegation-based paradigm
for power management, where a high-level issues performance requests—
i.e., target frequency levels for each performance domain—to a responsible
for enforcing the selected operating states. The usually implemented as a
microcontroller with sufficient computational capability, executes control loop
firmware that configures the processor operating points, expressed as frequency—
voltage pairs for individual cores, uncore domains, and other functional units.
The overarching objective is to minimize performance degradation while ensuring
operation within the physical constraints imposed by the processor’s physical
design, such as limits on power, temperature, and current.

In contemporary [HPC| processors, a dedicated typically undertakes these
low-level power-management duties, aggregating telemetry from distributed
on-chip sensors and applying the requested performance states. Within the
delegation-based scheme, the OSPM] and the controller exchange two primary
classes of information: (i) performance requests flowing from the to the
controller, and (ii) telemetry flowing back from the controller to the
including domain temperatures, voltage levels, and current performance states.
These exchanges are mediated by dedicated power-management interfaces that
couple the operating-system policy layer with the [TW] control layer.

In current platforms, such interfaces typically rely, at the level, on dedi-
cated shared-memory regions or to enable bidirectional data exchange [11].
At the level, communication is commonly handled by kernel-resident power-
management governors bound to kernel drivers, which both expose the com-
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munication protocol to upper layers and implement low-level [HW] calls. These
drivers usually embed the protocol specification (message formats, handshake
rules, admissible telemetry), with prominent frameworks including [117],
[11], and [100]. Although certain specifications allow adding new
message classes (e.g., additional control commands or telemetry topics), such
extensions still require kernel-space modifications, complicating integration and
debugging and tying deployments to specific kernel versions and driver stacks.

As processor architectures evolve from single monolithic dies to chiplet-based
designs, each chiplet often integrates a local controller and distinct power domains.
The delegation-based model therefore shifts from a single centralized entity to
a distributed arrangement with multiple controllers—one per chiplet. Beyond
the standard controller exchanges and the on-chip/off-chip interfaces to
local resources (e.g., Sensors, , this paradigm requires robust
synchronization among multiple controllers. Today, inter-controller synchro-
nization is typically implemented over existing on-chip communication fabrics
(e.g., AXT 9], APB [8], or proprietary control interconnects), which are highly
design-dependent and do not scale gracefully as the number of chiplets, and thus
controllers, grows.

To address these limitations, this chapter presents a novel user-space com-
munication approach that moves the entire [OSPM] protocol stack to user space
via a shared-memory transport compliant with the [Micro XRCE-DDS| |44]
communication middleware.

The proposed interface is implemented on ControlPULP, a RISC-V—-based
[PCS] and extends across both the host processor’s [OSPM] and the controller.
On the [OSPM]side, the communication stack is relocated to user space, enabling
message exchange without kernel-resident protocol logic. On the controller
side, a lightweight implementation of the same interface is deployed within the
[PCS] where the [Micro XRCE-DDJ Client executes the corresponding low-level
communication tasks. This co-design establishes a user-space managed commu-
nication path between the host and the controller, enabling future integration of
policy managers and telemetry services without kernel mediation, and remaining
independent of kernel versioning and driver coupling on the host processor.
Furthermore, the [Micro XRCE-DDS| middleware inherently supports distributed
networks of endpoints (topics, publishers, and subscribers), providing a scalable
substrate for coordination and synchronization among multiple controllers within
the same processor.

The following contributions are presented in this work:

1. Integration of Micro XRCE-DDS to the ControlPULP PCS
(RISC-V). The communication middleware is integrated into ControlPULP,
a[PCS| based on the RISC-V [[nstruction Set Architecture (ISA)| enabling
standard-compliant publish/subscribe semantics on a resource-constrained
controller.

2. Shared-memory transport for user-space OSPM-—controller com-
munication. A shared-memory communication interface transport layer is

designed and implemented, compliant with [Micro XRCE-DDS| middleware.
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3. Execution-loop latency and memory-footprint evaluation. A quan-
titative assessment of [Micro XRCE-DDS| Client firmware message dispatch-
ing loop cycles and stack usage on ControlPULP is provided as a function
of the number of middleware topics, characterizing scalability and resource
requirements.

5.2 Related Works

5.2.1 Kernel-mediated power-thermal interfaces

Power and thermal management on contemporary platforms is commonly me-
diated by kernel-resident frameworks that expose high-level controls to the
operating system while encapsulating low-level [HW] access. [ACP}based designs
provide declarative firmware tables and kernel drivers to negotiate performance,
idle, and thermal states, with policy typically implemented in user space but
enforced through kernel interfaces [117]. Arm [SCM] generalizes this model
with a message-based protocol exposing services for performance, power, clock,
and sensors; Linux integrates a core stack and per-service drivers, with
optional extensibility via vendor-specific channels [12]. Policy daemons such as
thermald [59] and platform frameworks like Intel DPTF [58] execute userspace
control loops while relying on kernel drivers for actuation and telemetry. Similarly,
the CPUFreq [67] subsystem supports a userspace governor, yet the mechanism
for frequency transitions remains a kernel responsibility.

These approaches standardize interfaces and safety invariants, but they
tightly couple message formats, handshake semantics, and data models to kernel
versions and driver stacks. Adding new telemetry streams or control transactions
typically requires kernel-space development, complicating integration, testing,
and portability across distributions and platform releases.

5.2.2 Inter-controller synchronization in multi-chiplet sys-
tems

As designs shift from monolithic dies to multi-chiplet processors, power man-
agement becomes a distributed problem in which per-chiplet controllers must
coordinate budgets and states. Conventional implementations often employ
platform-specific buses [9],[8] and ad hoc protocols, which are design-dependent
and scale poorly as the number of controllers grows. Kernel drivers again mediate
access, constraining the evolution of synchronization semantics and hindering
reuse across silicon generations. Moreover, such solutions remain largely design-
dependent, tightly coupled to packaging technology and platform firmware, and
neither decouple the control plane from kernel mediation nor provide a scalable,
reusable synchronization substrate as controller counts grow.
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5.2.3 Micro XRCE-DDS

[Micro XRCE-DDS|is the [Data Distribution Service (DDS) profile for eX-
tremely Resource Constrained Environments, providing typed publish/subscribe
semantics with a lightweight Client—Agent architecture [44]. In common deploy-
ments, microcontroller Clients expose publishers/subscribers and communicate
with a host-side Agent that handles discovery, type registration, and bridging
to full [DDS)[Real-Time Publish Subscribe (RTPS)| domains. Transports are
pluggable and typically include UDP/IP [96],[95], and serial links (e.g., UART),
selected according to [HW] and [SW] constraints. This middleware enables [MCU|
endpoints to participate in standardized data exchange (topics, types, with
a modest footprint; however, host paths in practice traverse kernel-managed
networking stacks, leaving room for designs that minimize kernel mediation on
the control data path.

5.2.4 Summary

Kernel-mediated power-thermal interfaces (ACPI, SCMI, DPTF, CPUFreq) offer
mature safety and interoperability but are rigid to extend: adding message types
or telemetry typically entails kernel-space changes tightly coupled to specific
versions. In heterogeneous and multi-chiplet systems, host—controller messaging
and inter-controller synchronization remain funneled through kernel endpoints or
platform-specific fabrics; even with emerging [D2D] control links, solutions tend
to be design-dependent and do not by themselves standardize control semantics
or remove kernel mediation on the critical path. Meanwhile, [Micro XRCE-DDJ]
provides a typed, lightweight pub/sub model for constrained controllers.

The approach considered in this chapter places protocol handling and message
routing in userspace, backed by a shared-memory transport while leveraging

Micro XRCE-DDS| for typing, discovery, and routing. A lightweight Client on
the controller side complements the host Agent implementation.

5.3 Methodology

5.3.1 Platform Overview

Figure fig. outlines the stack deployed in this work on a Xilinx
ZCU102 [FPGA] board [122]. The hosts a quad Arm Cortex-A53 complex

running Linux, where the XRCE-DDS Agent executes entirely in user space.
On the [PL]side, the ControlPULP [PCS|[RTL] design is instantiated and runs a
lightweight (FreeRTOS) together with device drivers; it executes the
[Micro XRCE-DDY] Client. Both subsystems access a common [dynamic randony]
access memory (DRAM)| (4 GB) through the on-chip [double data rate (DDR
memory controller; this region provides the substrate for the shared-memory
transport used by Agent and Client.

At the middleware layer, the host side integrates [RTPS| services, while
the controller side links the DDS-XRCE Client library. Message serializa-
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Figure 5.1: [Micro XRCE-DDS| implementation overview on Xilinx ZCU102
board.

tion/deserialization is performed with MicroCDR . The shared-memory
transport is implemented symmetrically on both endpoints and is exposed to the
XRCE-DDS stack as a pluggable backend. Once the DRAM]region is mapped,
all message production/consumption, and telemetry handling reside in user space
on the host and in firmware on the PCS; the kernel remains limited to address
mapping and protection and does not mediate the data path.

5.3.2 Shared-Memory Transport
Shared-Memory Layout

The transport layer relies on a fixed shared-memory region accessible to both
the host processor and the [PCS} in this configuration, it resides in[DRAM] As
outlined in Figure fig. the region is partitioned into two unidirectional paths,
Agent—Client (A2C) and Client—Agent (C2A). Each path comprises a small set
of control fields and a payload buffer. Two fields identify the message buffers for
A2C and C2A directions, while two additional fields, A2C_intr and C2A_intr,
act as doorbells: the producer raises the doorbell to signal availability of a new
message; the consumer clears it upon successful consumption, thereby releasing
the buffer and providing backpressure when the flag is already set. The A2C_len
and C2A_len fields advertise the byte length of the message to be read in the
corresponding buffer and are propagated to upper layers for framing.
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Shared Memory Layout

A2C_intr (doorbell)

C2A _intr (doorbell)

A2C_buffer[0]

A2C_buffer]...]

A2C_buffer[BUF_SIZE-1]

C2A_buffer[0]
C2A _buffer...]
C2A buffer[BUF_SIZE-1]

A2C len

C2A len

Figure 5.2: Shared Memory Layout for XRCE custom transport implementation.

Transport Software Backend

The transport is provided as a custom backend on both Agent and Client. Both
endpoints access the same shared-memory organization at a common physical
region, translated into their address spaces.

On the host (Agent), an initialization phase maps the region with mmap ()
function to cover the entire layout; kernel involvement is confined to mapping,
while the XRCE stack remains in user space. Control fields are 32 bit, and each
payload buffer is provisioned with 4KiB. On the [PCS| a C struct mirroring
the layout in fig. is bound to the shared region, enabling direct field access
through pointers.

The producer—consumer interaction follows a strict sequence: write payload —
publish length — raise doorbell; the consumer reads length and payload and then
clears the doorbell to release the buffer. Timing parameters and measurement
procedures are detailed in Section [5.4]

5.4 Evaluation

5.4.1 Software Setup

In realistic deployments, the XRCE Agent executes on a host with substantially
higher compute capacity than the [PCS} its workload depends on the number of
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Clients and topics and is typically negligible compared to the host processors’
computing capabilities. In this evaluation, then, we focus on XRCE Client
read/write latency, message dispatching loop execution time, stack memory
occupation, and shared memory occupation metrics.

In this setup, the Agent [SW]runs on the Arm Cortex-A53 of the ZCU102
with the only modification being the custom shared-memory transport backend
described in section no changes were made to Agent logic or bridging.

The XRCE-DDS Client is built with the following compile-time parameters:

e UXR_CONFIG_CUSTOM_TRANSPORT _MTU=1024: the transport|Maximum Trans{
[mission Unit (MTU)|is set to 1024 bytes. Application payloads are con-
strained not to exceed this value.

e UXR_CONFIG_STREAM HISTORY=2: reliable streams keep at most two out-
standing submessages before an acknowledgment is received, bounding
buffering and stabilizing backpressure.

Middleware fragmentation is disabled. Fach application sample fits within
the transport mapping to a single shared—memory write/read without
XRCE-level fragmentation or message reassembly.

The Client instantiates a single XRCE participant. A first reliable out-
put stream is used exclusively for entity creation (participant, topics, publish-
ers/subscribers); acknowledgments generated by the Agent are consumed via
the shared—memory path. A second best_effort output stream carries topic
data. Best_effort is adopted for the data path because delivery confirmation
and backpressure are enforced at the transport layer by the shared—memory
handshake (length fields and doorbells), avoiding per—sample retransmission in
the middleware.

After initialization, a parametrized number of topics is created, Niopics €
[1,16]. The application loop publishes 100 messages on each topic; each message
has a fixed payload size of 32 bytes and a value that increases monotonically
to enable end-to-end integrity checks at the Agent. For best_effort topic data,
the producer—consumer protocol on shared memory (write payload — publish
length — raise doorbell; consume — clear doorbell) provides flow control with
at most one outstanding buffer per direction.

5.4.2 Firmware Execution Time

Execution timing was measured using the architectural performance counters
available on ControlPULP, which provide cycle-accurate readings between two
accesses to dedicated All measurements were obtained at 20 MHz, corre-
sponding to the frequency of the ControlPULP timer. The goal of this analysis
is to characterize the latency of a single topic publication and to decompose it
into its main execution phases.

For each message, measurement begins at the serialization stage, reported
in table as the prepare phase. The serialized payload is then dispatched
through the XRCE-DDS session via uxr_run_session_time () function, which
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handles both message transmission and potential reception of Agent responses.
This function internally triggers one invocation of the transport write function
and a sequence of read calls for polling; in the adopted best-effort configuration,
acknowledgments are not generated, resulting in a continuous polling loop until
timeout expiration.

Both write and read functions perform sequential byte copies to and from
the shared-memory buffer, whose duration scales linearly with the message size.
To isolate pure software overheads from waiting times, the duration of busy-
wait phases—during which the Client polls for buffer availability—is measured
separately and excluded where appropriate. Hence, we report the per-message
execution breakdown, including: (i) message serialization (prepare); (ii) average
per-byte memory-copy cost for write and read paths; and (iii) residual middleware
bookkeeping excluding polling.

The serialization step takes approximately 49 us, while the average per-
byte copy time is 1.18 us for writes and 1.28 us for reads. For a 16 B message
(4B payload + 12B XRCE framing), the write-side memory copy therefore
accounts for roughly 18.9 us. After removing the waiting and transfer phases,
the residual software bookkeeping—including session management and function
invocations—amounts to approximately 420 ys. Summing these contributions,
the total active processing time per publication cycle is approximately 490 us,
representing the effective execution time of the Client firmware excluding idle
polling.

The measured throughput is consistent in both transmission and reception:
the effective data rate reaches about 0.8 MB/s, limited by the sequential memory-
copy loops. These results confirm the symmetry of the shared-memory transport
and the absence of software bottlenecks between the producer (Client) and
consumer (Agent) sides.

Table 5.1: Timing characterization of Client execution phases (ControlPULP @
20 MHz).

Measured phase Cycles Time [us]
Message serialization (prepare) 980 49.0
Write loop (per byte) 23.6 1.18
Read loop (per byte) 25.6 1.28
Middleware bookkeeping (excl. polling) 8400 420.0

5.4.3 Stack Usage Measurement

Stack usage is measured via a watermarking technique: before execution, the
entire stack region is filled with a known byte pattern; after the firmware
execution, a linear scan from the stack base locates the first overwritten address,
and the peak usage is computed as stack_end — first_overwritten. We evaluate the
Client under two allocation strategies: (i) dynamic (stack) allocation of XRCE
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Table 5.2: Peak stack usage and incremental cost per added topic.

N. Topics Peak Usage [B] Increment [B] Bytes per added topic

1 2084 - -

2 2356 +272 272.0
4 2900 +544 272.0
8 3972 +1072 268.0
16 6116 +2144 268.0

[Extensible Markup Language (XML)| descriptors (topics and datawriters) and
per—topic bookkeeping, and (ii) static allocation of the same structures.

Results in Table table[5.2)show a monotonic increase under dynamic allocation
of approximately +270 B per additional topic for Niopics € [1,16]. When the same
descriptors are moved to static storage, the measured peak remains essentially
constant (e.g., ~1,828 B in our setup), independent of Niopics- This indicates
that the observed growth is not intrinsic to the runtime publish path—which
operates sequentially with a fixed per—iteration frame—but stems from placing
per—topic descriptors on the stack; relocating these descriptors to static storage
(or the heap) removes the linear component and yields a flat stack profile across
topics.

5.4.4 Shared—Memory Occupation and Protocol Overhead

The shared-memory transport allocates two unidirectional buffers, each 4 KiB in
size, used for bidirectional exchanges between the Client and the Agent. These
buffers are sufficient to accommodate multiple MTU} sized frames (1024 B). Each
endpoint interacts with the shared region through four 32-bit control fields (1en
and doorbell per direction), which provide lightweight synchronization but do
not contribute to data—path overhead, as they are not part of the transmitted
payload.

To quantify the actual space occupation, we analyzed the payloads captured
by the Agent during Client execution. The log shows that a typical message for
XRCE entity creation (participant, topic, publisher, and datawriter) occupies
approximately 412 B in shared memory. The corresponding serialized content
contains several XRCE submessages, each including both control and data
sections, as shown in the Agent logs.

From these traces, the average protocol overhead per submessage is approxi-
mately 12—-14 B, consistent with the XRCE-DDS specification. For telemetry
samples of 32 B, this represents about 27% of the total message size, whereas for
larger messages in the range of 400-1024 B the protocol overhead falls below 5%.

The transport layer itself contributes only the static synchronization fields
(A2C_len, C2A len, A2C_intr, C2A_intr), which remain persistent in memory
and do not scale with message size.

As presented in table for small messages, the fixed XRCE overhead
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dominates the total byte count and reduces effective efficiency, as payload size
increases, the same fixed 12-14 B cost becomes negligible.

Table 5.3: Protocol overhead as a function of payload size.

Message type Payload[B] Overhead[B] Total[B] Overhead[%]
Telemetry sample 32 12 44 27.3
Entity creation (single) 100 12 112 10.7
Entity creation batch 400 12 412 2.9
Large sample (MTU]J) 1024 14 1038 1.4

5.5 Conclusions

The evaluation presented in this chapter characterized the timing, memory,
and communication behavior of the proposed user—space power-management
interface based on the middleware.

We first assessed the latency of a complete XRCE session loop on Con-
trolPULP. The measurements show that the actual processing time of a single
publication—encompassing message serialization, memory transfers, and middle-
ware bookkeeping—amounts to approximately 490 ps. This value represents the
effective execution time of the Client firmware, excluding idle polling periods im-
posed by session timeouts. In a realistic silicon implementation of ControlPULP,
where clock frequencies are up to 25x higher than in the FPGA]implementation,
the same operations would execute within only a few tens of microseconds,
ensuring ample timing margin for sub-millisecond control cycles.

We then evaluated peak stack usage during best-effort communication. Stack
occupation grows linearly with the number of created XRCE entities (topics and
datawriters), with an incremental cost of roughly 270 B per topic, while reaching
about 1.8 KiB when static allocation is adopted. No additional overhead was
observed at runtime: once entities are instantiated, the per—iteration stack frame
remains constant, with no dynamic structures allocated along the session loop.

Finally, we analyzed shared-memory usage for message exchange. For unfrag-
mented messages, the largest entity—creation message occupies approximately
412 B, while typical telemetry samples are limited by the 1KiB [MTU} The
main memory consumers are thus the XRCE entity—creation packets, whereas
steady—state topic communication remains lightweight and predictable.

Overall, the obtained results demonstrate that the proposed
[DDY] integration enables low-latency, low-footprint communication between the
host and the controller, in which the kernel is only involved in the initial shared-
memory mapping and does not host protocol logic. Thanks to the user-space
transport backend, this architecture allows power-management policies to be
implemented directly on top of the Agent stack, enabling policy daemons or
user-level services to exchange telemetry and performance requests without
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kernel-resident protocol handling and without requiring kernel/driver changes.
Given the bounded stack and shared-memory requirements on the controller side,
the same design naturally scales to multi-{PCS| configurations, where multiple
XRCE Client instances—each corresponding to a distinct chiplet controller—
communicate with a shared Agent through replicated shared-memory regions

within the global DRAM]
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Chapter 6

Compact Thermal and
Power Models for
Many-core chiplet-based
Architectures

6.1 Introduction

The increasing complexity of [HPC| workloads and [A] algorithms, such as
[Language Model (LLM)| has driven a continuous demand for higher performance
in modern systems. This has resulted in a widening gap between the growth in
computational performance and the slower improvements in energy efficiency,
leading to a steady rise in power consumption [92].

In processor design, the end of constant-power scaling, combined with the
relentless pursuit of performance, has shifted the paradigm from single-core
enhancements to the integration of many cores within a single package [46].
However, monolithic scaling is ultimately constrained by semiconductor manu-
facturing limits on die size and maximum core count, motivating the adoption
of chiplet-based architectures.

Over the past decade, chiplet-based designs have rapidly evolved. In the[HPC]
domain, processors have scaled from four chiplets configurations, such as Intel
Sapphire Rapids [35], to 13-chiplet designs, such as AMD EPYC Genoa [4]; in
accelerators, systems like Intel Ponte Vecchio|60| integrate up to 47 tiles. With
individual chiplets already close to the reticle size limit, further performance
scaling relies on increasing the number of chiplets per package directly leading to
a larger package area, higher total power consumption, and consequently more
severe thermal challenges.

As package power and chiplet integration continue to scale, thermal behavior
emerges as a primary performance constraint. A single overheated core can

(0]
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trigger package-level thermal protection mechanisms, forcing a global frequency
reduction and penalizing the performance of all workloads running on the proces-
sor. Elevated temperatures also exacerbate leakage power, tightening power and
current budgets and inducing successive layers of throttling, including power,
current, and thermal capping, with significant losses in both performance and
energy efficiency. Existing hardware protection mechanisms are predominantly
threshold-based and therefore inherently reactive, as intervention occurs only
after a hotspot has already formed. To guarantee safe operation across di-
verse workloads and cooling conditions, such mechanisms rely on conservative
guardbands that substantially limit the attainable performance and are often
ineffective in advanced cooling environments, such as liquid-cooled systems [80].

Predictive thermal information enables proactive control mechanisms. Thermal-
aware schedulers can exploit compact thermal models to estimate the impact of
alternative task placements and avoid hotspot formation, while power manage-
ment controllers can rely on the same models to implement advanced control
strategies, such as [Model Predictive Control (MPC)| that dynamically regu-
late voltage, frequency, and power limits of |[PEs| to improve the overall system
performance.

In this context, accurate thermal characterization and modeling are therefore
critical. Two main approaches can be identified. Simulation-driven models
rely on knowledge of the processor floorplan and detailed thermal parameters.
However, such information is typically unavailable for commercial platforms and,
even if accessible, depends strongly on the deployment environment and device
aging [74], [120]. Data-driven empirical models, on the other hand, extract
thermal behavior directly from measurements, avoiding dependence on physical
design details and enabling direct applicability to real systems [93], [26].

Prior work [40], [41], [93], [26] has focused on monolithic processors with
relatively few cores, where thermal interactions could always be analyzed under
full-core activation. In those cases, thermal models were also leveraged to
reconstruct the processor floorplan, a task made tractable by the limited number
of cores and the relatively simple die geometry, which avoided the need for
complex allocation formulations. This approach is infeasible in modern many-
core chiplet-based systems, where scalability constraints and the distributed
nature of chiplets introduce a far more challenging characterization problem.

To address these limitations, the main goal of this chapter is to bridge this
gap by proposing a scalable, data-driven framework capable of enabling accurate
modeling and floorplan reconstruction without design-time knowledge.

e Distributed thermal modeling and intra-chiplet inference. We
propose a novel distributed [Multiple-Input Single-Output AutoRegressive]|
fmodel with eXogenous inputs (MISO-ARX)| identification methodology
that scales to chiplet-based processors and extracts the thermal coupling
between processor cores. As an enabling component, we also introduce
a hierarchical per-core power estimation model derived from processor-
level measurements, which provides the power traces required for thermal
identification on commercial platforms.
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e Processor floorplan inference and validation. We introduce a floor-
plan inference algorithm capable of reconstructing the complete layout of
a commercial many-core chiplet-based processor, including both chiplet
partitioning and fine-grained intra-chiplet core placement, without access
to vendor-disclosed floorplan information. By aligning empirically esti-
mated thermal coupling strengths with spatial adjacency constraints, the
proposed formulation yields a physically consistent topology.

The inferred layout is validated by comparing thermal prediction accu-
racy under different spatial input configurations. Models exploiting only
Manhattan-1 neighbors achieve a median of 3.988°C2, corresponding
to a 7.4% reduction with respect to single-core models, while the full-
information configuration achieves a median of 3.756°C? (12.8%
reduction). These results demonstrate that most of the predictive informa-
tion is spatially local and that the reconstructed adjacency meaningfully
reflects the dominant thermal interaction structure of the processor.

6.2 Related Work

6.2.1 Thermal Modeling
Simulation-Driven Thermal Modeling

Several approaches model processor temperatures through simulation frame-
works that rely on detailed knowledge of the floorplan, material properties,
and package structure. Notable examples include thermal-aware placement
and analysis tools for multi-chiplet systems [120], as well as compact transient
thermal simulators |[123]. These approaches can capture heat spreading with
fine-grained accuracy, often achieving mean absolute errors as low as 1.2°C. They
consistently report that thermal coupling is significantly stronger within each
chiplet than across chiplets, with inter-chiplet transfer depending heavily on
interposer spacing and packaging materials. However, they require inputs such
as per-block power dissipation and geometric details that are seldom available
for industrial processors. Moreover, their fidelity is sensitive to manufacturing
tolerances, device aging, and deployment conditions (e.g., cooling setup, ambient
temperature). As a result, simulation-driven models are primarily used at design
time and are not suitable for runtime thermal-aware management.

Empirical Thermal Modeling

Empirical identification overcomes these limitations by deriving thermal models
directly from measurements on the deployed system. This enables extracting
compact, physically consistent models, and in some cases, even recovering the
processor floorplan, without requiring internal design data. Early works [26]
applied optimization-based techniques to characterize a quad-core processor.

The approach in [41], [40] extended this line through [MISO-ARXH-noise models
with bias compensation, which yield stable dynamics under quantization noise
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and environmental disturbances. Subsequent studies validated these models
in production settings with controlled excitation [40]. However, all these
efforts focused on monolithic processors with few cores.

6.2.2 Floorplan Inference From Measurements

Beyond temperature prediction, empirical studies also investigated floorplan
inference from thermal couplings. As shown in [40], the relative placement of
cores and uncore blocks on a small monolithic processor can be recovered by
visually inspecting the coefficients derived from the identified thermal model,
since the limited number of components and the regular die geometry enable a
straightforward matching between coupling strengths and physical adjacency.
Other approaches infer spatial information from on-chip communication behavior.
For example, in [75] directional traffic performance counters of the on-chip mesh
interconnect are exploited to map cores and memory controllers to their physical
die locations. In contrast to the visual inspection strategy adopted in [40], mod-
ern many-core multichiplet processors exhibit a much more complex interaction
structure, and the weak geometric constraints make layout inference significantly
harder. Moreover, in our experimental setup, mesh traffic performance counters
required by communication-based techniques are not available. As a result,
an explicit quadratic assignment formulation is required to recover a floorplan
consistent with the observed thermal couplings.

6.2.3 Power Modeling From Performance Counters

A complementary line of work estimates package power using architectural
performance counters, typically via linear or regularized regression models [93].
These models are essential enablers for thermal identification when direct per-core
power measurements are unavailable. Prior work, however, has largely targeted
monolithic and general-purpose [HPC| workloads. Extending counter
selection and attribution mechanisms to many-core chiplet-based systems, while
retaining per-core resolution, remains an open challenge.

6.3 Methodology

The proposed thermal and power model learning infrastructure is illustrated in
Fig.[6.1] The system is organized into five primary functional layers: Workloads,
Monitoring and Processing, Power Modeling, Thermal Modeling, and Processor
Floorplan Inference, detailed in the following subsections.

6.3.1 Workloads

Following the approach in [26], we employ synthetic power viruses [32] that drive
selected cores to 100% utilization when activated. The activation patterns of
these viruses are controlled through input traces generated offline. Two types
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Figure 6.1: Monitoring and processing framework architecture overview.

of traces are employed in our experiments: [Pseudo-Random Binary Sequence]
which modulate the activation of power viruses across cores and thereby
provide the excitation diversity required for system identification; and STEPS,
consisting of sustained full-load activation on selected cores for fixed-duration
intervals, used to analyze power and thermal behavior under constant workload
conditions. Once a workload type is selected, each trace corresponds to one
execution round, and each round has its target cores for the specific kind of
workload.

6.3.2 Monitoring and processing

The monitoring and processing framework is organized into two complementary
components: Performance Monitoring presented in fig. responsible for the
acquisition and publication of architectural metrics, and Data Processing, which
handles the decoding, transformation, and temporal alignment of the collected
data for subsequent power and thermal model estimation.

Performance Monitoring

During each stress workload execution, the framework collects a comprehensive
set of architectural performance counters. In our setup, the selected counters
correspond to per-core frequency and temperature, core and package C-states, un-
core frequency, package temperature, and Top-Down microarchitectural metrics.
These measurements are logged locally and subsequently processed to decode,
aggregate, and align them with workload traces, providing consistent inputs for
the power and thermal models. The monitoring subsystem is orchestrated by
the PMU_PUB script [43], which acts as the main data acquisition engine within
the framework. PMU_PUB operates periodically, with a configurable sampling
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period, and queries the available hardware performance counters through two
complementary tools: perf_event and sensor_lib. The perf_event subsystem
is the standard Linux kernel interface for configuring and reading
[Monitoring Units (PMUs)| It allows user-space applications to monitor a wide
range of hardware events, such as instructions retired, cache misses, and fre-
quency states, through the kernel-mediated configuration of the underlying [PMU]
registers. Conversely, sensor_lib is a lightweight library developed within this
framework to access performance data exposed as architectural The
library encapsulates the necessary access mechanisms to read these registers
directly, enabling precise retrieval of per-core metrics such as temperature and
frequency, complementing the data acquired via perf_event. All collected
samples are aggregated and published synchronously through the MQTT
protocol to a local time-series database managed by Examon . This modular
publish/subscribe infrastructure decouples the monitoring layer from higher-level
analytics and visualization components.

MQTT
PMU_PUB
(
PERF_EVENT SENSOR_LIB
& J \

' '
PERF ‘L .

Figure 6.2: Performance monitoring software architecture overview.

Data Processing Pipeline

The data processing stage of the framework is responsible for decoding and
transforming the raw metrics collected from architectural performance counters
into logical and physical quantities suitable for power and thermal modeling.
This stage operates as a configurable processing loop that continuously parses
and elaborates the locally stored counter data. This processing engine takes as
input two main elements: the local database containing the raw performance
counter logs, and a configuration file that defines how each metric should be
processed. The configuration file specifies, for each counter, the metric to be
extracted, the type of operation to perform, and additional parameters such as
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bit width, handling rules for missing values, and whether a metric should be
delivered as an output. This structure allows the pipeline to be easily adapted to
different target platforms and monitoring setups without modifying the core code.
The elaborated data are then organized into structured pandas|77] dataframes,
separated by hierarchy level to facilitate metric-specific processing. Two main
categories of metrics are distinguished: core-level and package-level. Core-level
metrics refer to quantities associated with individual processing cores (e.g.,
per-core frequency and temperature); package-level metrics, instead, represent
quantities aggregated at the processor package level (e.g., package temperature,
uncore frequency). Once all metrics have been processed, the engine aligns the
resulting dataframes to a common time index to ensure synchronization across
all signals.

6.3.3 Thermal Model

We model core temperatures using a compact [MISO-ARXHnoise structure
proposed in [41], which yields stable and physically consistent dynamics even
under quantized and noisy sensor data. Following [41], we fix model order to n=2
and sampling period T5s=0.5s. For each target core, the model predicts the next
temperature sample from past temperature measurements and per-core power
traces. Model parameters are estimated via bias-compensated least squares
[41], using measured temperature samples and the corresponding per-core power
traces. Excitation is ensured through [PRBS| modulated power-virus workload,
while one-step-ahead prediction relies on a state-space realization and a Kalman
filter [94].

6.3.4 Power Model

The thermal identification strategy detailed in Sec. relies on per-core power
traces as inputs. Since such measurements are not available on commercial
processors, we derive them through a hierarchical modeling approach. First, we
derive a processor-level model using the ERG_PKG counter as the target. This
linear regression model is optimized via [Stochastic Gradient Descent (SGD)|and
utilizes both core metrics (e.g., average temperature, frequency, CO residency)
and uncore metrics (e.g., uncore frequency). Second, we derive the per-core
power model by redistributing the global coefficients. Specifically, the weights
associated with core-dependent metrics are normalized by the number of cores
in a processor. These normalized weights are then applied to the individual
performance counters of each core to estimate its specific power consumption,
while uncore metrics are treated as a shared background contribution. For
evaluation, the dataset was partitioned into training and test sets using a 60/40
split, and both the input features and the target variable were standardized
using a StandardScaler to ensure consistent scaling.
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6.3.5 Processor Floorplan Inference

In this chapter, the processor floorplan is defined as the mapping between each
core identifier and its physical position in the processor layout. Although the
detailed physical floorplan of the Intel Sapphire Rapids processor [35] is not
publicly disclosed, some coarse-grain architectural information is available from
vendor documentation.

Specifically, the processor integrates four chiplets, each hosting a fixed number
of cores, one [Memory Controller (MC)| and one permanently disabled core
reserved for yield and redundancy. Moreover, cores are known to be grouped
into chiplets, while their exact spatial arrangement within each chiplet is not
documented. This information does not determine the physical layout of the
cores, but it defines a set of structural constraints that any feasible floorplan
must satisfy. In our approach, these constraints are used to restrict the solution
space, while the actual placement of cores within each chiplet and the relative
positioning of the chiplets are inferred from the measured thermal coupling
strengths.

Given the thermal coupling information extracted in Sec. [6.3.3} our goal is to
infer a plausible physical floorplan of the processor and reduce the complexity
of per-core thermal models by restricting interactions to spatially local neigh-
borhoods. To this end, we formulate the problem as a [Quadratic Assignment|

Problem (QAD]

Problem Formulation. The processor integrates 56 active cores distributed
across four identical chiplets. Each chiplet, indexed by k € {0,1,2,3}, can be
represented as a 4 x 4 grid of 16 slots: one slot hosts the [MC| whose position is
known, while 15 slots are reserved for cores, among which one is permanently
disabled. Thus, for each chiplet, n. = 14 cores are effectively characterized, and
ns = 15 slots are available, excluding the fixed [MC| position. Formally, for each
chiplet k, let C,, = {1,...,n.} denote the set of active cores and Sy, = {1,...,ns}
the set of slot positions in the local 4 x 4 grid. We introduce binary assignment
variables:

z®) € {0,1}, VeeCy, Vs € Sk,

yS

where xﬁ’? = 1 if core c is assigned to slot s.

The inference problem is formulated as a
N2 nr(kp) | (k k
max 303 (AN R e+ 0 Y,
ey s1C8, Lo e scomer

where:

o A(F) ¢ Rmexne i the thermal coupling matrix, derived from data-driven
estimation (Sec. , whose entries A\ quantify the strength of the

7,m
thermal interaction between cores 7 and m.
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o N(P) ¢ R*"s encodes the geometric adjacency between slots s and [
under orientation pattern p € {base, rotated}.

e 7 is a small corner penalty term that discourages excessive core clustering
in corner positions.

The objective promotes an assignment where cores with strong thermal couplings
are placed in geometrically close positions according to N(#). The optimization
is subject to a set of constraints ensuring a valid and physically consistent
floorplan assignment. Specifically:

e Unique assignment: each core must be assigned to exactly one slot;
e Slot capacity: each slot can host at most one core;

e MC exclusion: [MC|slots are prohibited and cannot be assigned to any
core.

Formally, for each chiplet k, these constraints can be written as:

Z xﬁ’? =1, Ve € Ck, (unique assignment) (6.1)
seSk
Z x&’“&) <1, Vs € S, (slot capacity) (6.2)
(’,‘EC}c

xg“s) =0, Vee Gy, s € S,EMC), (MC exclusion) (6.3)

where S,(CMC) C S, denotes the subset of slots reserved for the and therefore
excluded from assignment.

Model Refinements. To improve solver robustness and accelerate conver-
gence, several refinements are introduced:

1. Adjacency filtering. For each core, only the strongest thermal couplings
are retained by selecting the top-N entries per row of A®). The chosen
couplings are then attenuated through a scaling function (e.g., rank-based or
exponential decay). This attenuation prevents the formation of overly rigid
clusters around highly coupled cores, which would otherwise dominate the
objective function and penalize the placement flexibility of the remaining
ones. By softening secondary interactions, the solver explores a smoother
optimization landscape and avoids local optima driven by a few dominant
couplings.

2. Corner penalty. Without additional constraints, the optimization tends
to favor configurations where corner slots are assigned to disabled cores,
while active cores are relocated toward the chiplet center, thus increasing
the objective value. This effect arises not only because a corner slot has
fewer neighboring positions and therefore contributes less to the coupling
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term, but also because the active cores located near the boundary pull
other active cores inward while pushing the inactive one toward the corner,
since the latter does not improve the objective. Moreover, disabled cores
are excluded from the adjacency matrix A, as they are not visible to the
operating system and cannot execute workloads or expose performance
counters. Consequently, no explicit term in the objective function accounts
for their placement, and the solver naturally drives them toward peripheral
positions. To counteract this behavior, a small penalty term 7 is added to
the objective function, discouraging the allocation of active cores to corner
slots and reducing excessive peripheral bias.

Solver Implementation. All quadratic assignment subproblems are solved
using the Gurobi [52] optimizer, configured with a non-convex quadratic objective
and solution pool exploration enabled. The solver is employed both for the
chiplet-level floorplanning problems and for the reduced inter-chiplet placement
problem. For the intra-chiplet stage, each chiplet is optimized independently,
generating multiple candidate allocations. The solver explores combinations of
random seeds and corner penalty values to enrich the solution pool and mitigate
local optima. Each solution is stored together with its objective value and
provenance metadata (e.g., random seed and penalty setting) for subsequent
stability analysis.

Inter-chiplet placement. The global thermal coupling matrix is first coars-
ened by aggregating coefficients into 14x14 blocks, one per chiplet, and nulling
out the diagonal terms. This yields a reduced 4x4 matrix that captures the
average thermal interactions among chiplets. Solving a small assignment problem
on this reduced representation provides a relative 2x2 placement of the chiplets.
Due to symmetry in the [MC| orientation, two equivalent global orientations are
retained for subsequent stages.

Intra-chiplet floorplanning. Each chiplet is then optimized independently
using its local thermal coupling matrix A®), with memory-controller slots masked
out. The formulation described above is applied at the chiplet level to
determine a consistent assignment of cores to slots within each tile.

Global integration. Since the intra-chiplet optimization and the chiplet-level
orientation may produce multiple candidate configurations, a global integration
step is required. At this stage, partial solutions are combined into full-package
layouts and filtered through a consistency analysis, which identifies stable core-
to-slot assignments across multiple runs. The resulting candidate floorplans
are then evaluated using the full-resolution thermal coupling matrix and the
global neighborhood structure to select a configuration that best aligns thermal
interaction strengths with spatial proximity.
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6.4 FEvaluation

6.4.1 Experimental Setup

Experiments were performed on a single-node server hosting two Intel Xeon
Platinum 8480+ (Sapphire Rapids) [35], with only one processor enabled
per run. The single [CPU]| integrates 56 physical cores with Hyper-Threading
disabled. The node features 256 GB of DDR5 [Random Access Memory (RAM)|at
4800 MHz on a Supermicro X13DET-B motherboard, running Rocky Linux 9.5
with kernel 5.14. Cooling is provided by two rack-mounted air systems operating
at a fixed fan speed of ~15,000 RPM during all tests.

6.4.2 Power Model

Per-chiplet Power Consumption Since the per-core power model presented
in Sec. is obtained by averaging the coefficients of a linear model, it is
essential to validate the assumption that cores within different chiplets exhibit
the same power consumption under identical workloads. The actual distribution
of cores across chiplets is not disclosed by the vendor; therefore, at this stage we
rely on the representation provided by numactl Linux command, which groups
cores into four [Non-Uniform Memory Access (NUMA )| domains potentially corre-
sponding to the physical chiplets. If any imbalance in chiplet power consumption
were present, it would emerge from the experimental measurements.

The validation campaign is divided into two parts. In the first part, we execute
the STEPS workload in 20 rounds, grouped as five rounds per chiplet. Within
each round, we activate N € 1,2,4,8, 14 randomly selected cores from the same
chiplet. This test evaluates whether different chiplets consume systematically
different amounts of power for the same number of active cores.

In the second part, we analyze possible uncore power offsets by distributing
the same number of active cores across multiple chiplets. Specifically, we consider
12 configurations where 4, 8, or 14 cores are activated and spread across 2, 3, or
4 chiplets. This setup allows us to assess whether the activation of the first core
in a chiplet introduces an additional uncore power contribution.

Each workload execution is structured into three phases: an idle period of 5 s,
an active phase of 60 s, and a post-activity idle period of 15 s. All configurations
are repeated 10 times to enable statistical averaging of the results. Fig.
reports the average package power measured during the active phases when
activating N € {1,2,4,8,14} cores within a single chiplet at a time, repeating
the experiment independently for each chiplet. No consistent or systematic
differences emerge among chiplets for the same number of active cores. Similarly,
distributing active cores across multiple chiplets does not significantly alter
average package power consumption, provided that the total number of active
cores remains constant. These results hold for the PRBS workload, which, like
the STEPS workload, is CPU-bound.
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Figure 6.3: Average processor power consumption over different configurations
of active cores for each chiplet.

Idle Power Consumption To characterize idle power, we concatenate the
idle samples collected across both experimental campaigns. For each round, we
extract the 5-second interval preceding the active phase and compute the average
[CPU] power and average temperature. This produces a dataset of idle operating
points across a range of thermal conditions.

Fig. [6.4] shows the linear regression of idle power as a function of average
[CPU] temperature. In the observed range of 49.5-52.5°C, idle power exhibits a
clear dependence on temperature. The fitted linear model is

Paie =0.33 - T + 130,

with a coefficient of determination R? = 0.59. This model provides the reference
P.q1e used in subsequent analyses.

Metrics selection To identify a robust set of input metrics for the power
model, we began by considering the feature set proposed in . In our case,
however, preliminary tests revealed that only a subset of these metrics exhibited
non-negligible coeflicients when fitting the processor-level power model. This
can be explained by the different nature of our workloads: while targeted
realistic [HPC| applications, here we focus on binary workloads that exercise
the processor in a more constrained way. Following the methodology suggested
in , we therefore reinitialized our feature set using only the product of CO
residency and core frequency as a baseline, and progressively explored the
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contribution of the remaining metrics that had shown larger coefficients in the
preliminary analysis.

While this configuration allowed the model to capture average power con-
sumption, it failed to reproduce several dynamic effects observed in practice.
In particular, the model was unable to explain (i) the gradual drifts in average
power during both active and idle phases, and (ii) sharp spikes that typically
occur during high-load intervals.

To address this limitation, we added per-core temperature as an additional
input feature. With temperature included, the model successfully captured the
slow variations in power during sustained workload and idle periods, confirming
the significant role of thermal feedback in shaping dynamic power consumption.

Analysis of the performance counters further revealed that the unexplained
spikes coincided with variations in uncore activity. Consequently, we extended
the feature set with the uncore frequency counter (uclk).

The same model was subsequently evaluated on the PRBS workload, ob-
taining an [Root Mean Square Error (RMSE)| of 2.464 W over 500 samples at a
sampling period of Ts = 0.5 s.

The final set of selected metrics and their regression coefficients are summa-
rized in Table 611

Table 6.1: Selected input metrics and regression coefficients for the power model.

Metric Coefficient
temp_core 0.218433
freq*C0_core 1.517517
uclk_cpu 1.120655

6.4.3 Thermal Model

Applying the state-of-the-art approach [41],[26] directly to the full package would
result in a system identification problem with 56 cores and 6384 parameters.
Given the large number of cores in the target processor, the identification
performance of the adopted [MISO-ARX] thermal model may depend on the
number of exogenous inputs used for identification, and, more critically in
this context, on which cores are selected as inputs, since thermal interactions
are inherently distance-dependent. For this reason, the identified models are
exploited to derive a spatial coupling map aimed at reconstructing the processor
floorplan.

A key aspect of this process is the design of the identification dataset, defined
by the selection of which cores execute the excitation workload in each round
and by how such selections are organized across rounds. Since the goal is to
emphasize local thermal interactions, the dataset is constructed so that, over
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Figure 6.4: Idle power vs. temperature dependency.

the entire identification campaign, every pair of cores in the processor executes
the workload in the same round at least once.

Using only a very small number of simultaneously executing cores may lead
to weakly informative temperature traces, as the generated heat is rapidly
spread over neighboring regions and local interactions become less observable.
Conversely, involving a large number of cores in the same round injects a large
and spatially distributed thermal excitation into the system, which reduces the
contrast between local and non-local thermal interactions and makes individual
pairwise couplings harder to distinguish, ultimately limiting the usefulness of
the resulting coupling map for floorplan reconstruction. To balance these effects,
each round is defined by a subset of 14 randomly selected cores executing the
PRBS workload for identification. In total, we performed 660 rounds.

The thermal coefficients obtained from all rounds were then averaged, and
the Euclidean norm of the exogenous terms was computed for each core to build
a coupling map. Formally, for each pair of cores ¢, m, the coupling strength is

defined as 1
Aim 3 ‘b

_ (r)
|R’L’m| reER;

3 )
2l

,m

where bEQm are the exogenous MISO-ARXH-noise coefficients estimated in round

r, and R; ,, is the set of rounds where both ¢ and m are active. The resulting
matrix A represents the global coupling map.

As shown in Fig. [6.5] this map highlights strong thermal interactions within
each chiplet and weaker ones across chiplets, thus validating the assumed corre-
spondence between [NUMA| domains and chiplet organization.

The predictive performance of the identified thermal model under full-chip
excitation—i.e., with all 56 cores simultaneously active—is evaluated separately
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in Sec. where different input configurations are compared.
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Figure 6.5: Global thermal coupling coefficient map in logarithmic scale. Each
row index identifies the core for which the thermal model is derived, whereas each
column index denotes the core whose exogenous thermal coefficients contribute
to the modeled temperature, producing the value reported in the heatmap.

6.4.4 Processor Floorplan Inference

Resulting floorplan. Applying the inference procedure described in Sec. [6.3.5]
to the global thermal coupling matrix yields the processor floorplan shown in
Fig. [6.6] The figure reports the four inferred chiplets, labeled C0-C3, together
with the allocation of cores within each chiplet, identified by their core IDs. In
addition to active cores, the layout also shows the positions of the redundant cores
(marked as “R”) and the memory controllers (“MC”), whose presence and count
per chiplet are known from public documentation and were therefore imposed
as structural constraints in the optimization process. While the positions of
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Figure 6.6: Inferred processor floorplan showing the four chiplets (C0-C3) and
the mapping of core identifiers to physical positions. Core IDs label active cores,
“MC” indicates memory controllers, and “R” denotes redundant cores.

the memory controllers are fixed, the locations of both active and redundant
cores are entirely determined by the proposed inference algorithm. The inferred
allocation exhibits a regular row-wise ordering of core identifiers within each
chiplet, with the linear core numbering disrupted only by the presence of memory
controllers and redundant cores. This organization is qualitatively consistent with
publicly documented architectural observations for Intel Xeon Max processors,
which are Sapphire Rapids variants sharing the same four-chiplet, up to 56-core
structure |76], and supports the physical plausibility of the reconstructed layout.

Validation. The inferred floorplan is validated by comparing the predictive
accuracy of thermal models identified under different input configurations derived
from the reconstructed spatial topology in Fig.

Thermal identification is performed under full-chip PRBS excitation, in
which all cores execute the workload simultaneously. For each core, the available
power and temperature traces are split into 60% identification data and 40%
test data. One-step-ahead prediction is evaluated on the test portion using the
MISO-ARXH-noise model described in Sec. and the is computed for
each core.

Four input configurations are considered, corresponding to different subsets
of exogenous core power traces: (i) all, including the target core together with
all remaining cores; (ii) cross, including the target core and its Manhattan-1
neighbors according to the inferred floorplan; (iii) single, including just the target
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core; (iv) corners, including the target core and the four chiplet corner cores.

The resulting prediction error distributions across cores are summarized in
Fig. The all configuration provides a reference lower bound on the achievable
prediction error, as it exploits the maximum available exogenous information.
It achieves a median of 3.756°C?, corresponding to a 12.8% reduction
with respect to the single configuration (median 4.306°C?). The single
configuration serves as a baseline and already achieves relatively low prediction
errors, indicating that a significant portion of the thermal dynamics is captured
by the autoregressive component and local power dissipation. Incorporating
spatially adjacent cores through the cross configuration consistently reduces
the to a median value of 3.988°C?, corresponding to a 7.4% improvement
over single. Importantly, cross and corners use input sets of equal cardinality.
However, corners achieves only a marginal improvement (median 4.189°C?,
i.e., 2.7% over single). The systematic advantage of cross therefore cannot be
attributed to model dimensionality, but to spatial coherence with the inferred
topology.

While the all configuration achieves the lowest overall error, the improvement
over cross is moderate, indicating that most of the predictive information is
already captured by spatially local neighbors. Overall, the systematic ranking

all < cross < corners = single

provides empirical validation of the inferred floorplan, demonstrating that the
reconstructed spatial adjacency meaningfully reflects the dominant thermal
interaction structure of the processor. Although the adopted model structure
follows established state-of-the-art identification techniques, achieving this level
of accuracy on a 56-core multi-chiplet commercial processor under full-chip
excitation represents, to the best of our knowledge, one of the first empirical
validations of compact data-driven thermal models at this scale.

6.5 Conclusion

This chapter presented a scalable empirical framework for power and thermal
modeling of a modern many-core chiplet-based processor. The methodology
operates without access to the vendor-disclosed core-level physical floorplan,
while exploiting publicly available structural information.

A hierarchical power modeling strategy was first introduced to estimate
per-core power traces from processor-level measurements. The resulting power
model achieves an [RMSE] of 2.464 W under PRBS excitation, providing inputs
for subsequent thermal identification.

A distributed MISO-ARXHnoise identification methodology was then applied
to a 56-core multi-chiplet processor. From structured excitation experiments,
a global thermal coupling map was extracted and used to formulate floorplan
reconstruction as a constrained quadratic assignment problem, enabling recovery
of both chiplet partitioning and intra-chiplet core placement consistent with the
imposed architectural constraints.
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tions of the thermal model.
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Predictive validation under full-chip excitation provides an independent
assessment of the inferred topology. The configuration exploiting all cores
achieves a median m of 3.756 °C2, while the single-core configuration yields
4.306 °C?. Incorporating only Manhattan-1 neighbors reduces the median
to 3.988 °C2, corresponding to a 7.4% improvement over the single-core case,
whereas non-local chiplet corner cores provide only marginal gains.

Restricting the thermal model to Manhattan-1 neighbors drastically reduces
the number of exogenous inputs—from 55 to at most 4 per core—while incurring
only a limited increase in prediction error compared to the full model. This
demonstrates that most of the relevant predictive information is spatially local
and that substantial model simplification can be achieved without significant
loss in accuracy.

Overall, the proposed framework demonstrates that compact, topology-
aware thermal models can be derived directly from measurements on large-
scale commercial chiplet-based processors, bridging the gap between small-scale
monolithic studies and realistic many-core architectures.
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Chapter 7

Context and Technological
Framework

The research work presented in this thesis has been developed within the broader
context of the European and international efforts toward open, energy-efficient,
and [PC] architectures.

The RISC-V [[SA] — released under an open license — represents a major
technological shift in modern processor design. Its open nature allows unrestricted
use, modification, and extension of the [[SA] fostering a collaborative ecosystem
across academia, industry, and open-source communities. Owing to its modularity
and extensibility, RISC-V has rapidly gained traction not only in the embedded
domain but also in [HPC| and data-center hardware, where heterogeneous and
energy-efficient accelerators are increasingly required. The ability to design
custom, domain-specific extensions while preserving software compatibility makes
RISC-V a cornerstone technology for next-generation, power-aware computing
systems [121].

Within this context, the ControlPULP platform, introduced in Chap-
ter [3] has been jointly developed by the University of Bologna and ETH Ziirich.
ControlPULP is entirely based on the open RISC-V ISA and serves as a hard-
ware-software [PCY| subsystem for fine-grained power and thermal management.
It has been integrated within the Rheal processor developed by SiPearl
as part of the European Processor Initiative (EPI) [27]. The Rheal pro-
cessor, which successfully completed its tape-out in August 2025, represents
the first European general-purpose [HPClclass [CPU] designed to reach ezas-
cale-level performance while leveraging open and modular design principles.
ControlPULP constitutes one of its key embedded controllers, enabling scalable
and programmable management of power and thermal policies in compliance
with RISC-V standards.

The second main contribution of this thesis, presented in Chapter [4] focuses
on the implementation of the SCMI| communication framework. This interface,
developed and validated on Arm-based server platforms, provides a standardized
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protocol for exchanging performance and power management directives between
high-level operating system agents and low-level controllers. Interestingly, [SCMI|
shares strong conceptual similarities with the emerging specification [100],
making the developed framework a solid foundation for future RISC-V-based
power management infrastructures.

Furthermore, both ControlPULP and the developed communication interfaces
— including the XRCE-based introduced in chapter [5|for distributed power and
thermal management coordination — will serve as core components within the
upcoming DARE project (Dependable and Secure Runtime for Distributed and
Heterogeneous Computing) [37]. Funded under the European Horizon framework,
DARE aims to deliver an open and dependable software-hardware stack for next-
generation heterogeneous HPC platforms, enabling adaptive and energy-aware
runtime management across chiplets and accelerators. The reuse and extension
of ControlPULP within DARE highlight the continuity and scalability of the
research outcomes achieved in this thesis.



Chapter 8

Conclusions and Future
Work

This dissertation has explored the design, implementation, and experimental
characterization of scalable infrastructures for power and thermal management in
modern many-core and chiplet-based processors. The proposed methodologies ad-
dress the increasing complexity of hardware—software coordination in power and
temperature-constrained computing systems, combining open hardware archi-
tectures, low-latency communication interfaces, and data-driven thermal-power
models.

The first contribution introduced ControlPULP, an open and scalable RISC-
V-based [PCY| designed to execute fine-grained control loops at sub-millisecond
time scales. Its parallel microcontroller architecture and [DMA}assisted sensing
enable reproducible research on distributed, high-performance power and thermal
control, marking a step toward open and programmable control planes for next-
generation processors.

The second contribution focused on the quantitative characterization of
standardized power-management interfaces. Through a [FPGA}assisted [HIT]
framework, this work provided the first detailed breakdown of latencies in
[SCMI}based delegation schemes, revealing the impact of firmware and protocol
overheads on the responsiveness of dynamic voltage and frequency scaling. These
results highlight the importance of low-latency control paths for stable and
efficient runtime management.

The third contribution proposed a user-space communication framework
for distributed [PCS| networks, based on the [Micro XRCE-DDS| middleware.
By relocating the control path to user space and introducing a shared-memory
transport, this approach removes kernel-mediated bottlenecks and enables flexible
coordination among multiple controllers and application-level policy managers.
This design demonstrates the feasibility of scalable, middleware-based control
networks capable of spanning chiplets and subsystems within complex [HPC]|
architectures.
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Finally, the fourth contribution developed a compact empirical methodology
for power and thermal modeling in multi-chiplet processors. By leveraging dis-
tributed [MISO-ARX] identification, the proposed approach captures cross-chiplet
thermal couplings directly from measurement data and reconstructs lightweight
yet accurate models suitable for predictive control on commercial silicon such as
Intel Sapphire Rapids. Together, these contributions provide a coherent frame-
work that spans from hardware control substrates to communication interfaces
and modeling methodologies, enabling open, reproducible exploration of energy
management in heterogeneous computing systems.

Looking forward, several directions emerge from this research. A natural
continuation involves extending the methodologies developed around [SCMI|
toward the emerging RISC-V Platform Management Interface , fostering
open and standardized power-management frameworks for future RISC-V-based
[HPC| processors. At the same time, the modeling techniques proposed here could
be adapted to processors operating under advanced cooling solutions—such
as liquid or hybrid systems—or to [GPUlclass accelerators characterized by
high spatial thermal gradients and rapid transients. Building upon the
KRCE-DDS| interface, further developments may also explore the integration of
user-space power controllers with higher-level [HPC| runtime supervisors, enabling
distributed policy enforcement based on telemetry aggregated from multiple
subsystems. Finally, combining the empirical models developed in this work
with predictive or learning-based strategies could lead to intelligent controllers
capable of dynamically adapting to changing workloads, cooling conditions, and
device aging.

In conclusion, this thesis advances the state of the art in power and thermal
management by bridging open hardware, standardized communication, and
data-driven modeling. Its results lay the groundwork for open, distributed, and
adaptive management frameworks for future chiplet-based and heterogeneous
high-performance computing systems.
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