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Abstract

The advent of multi-core platforms in critical realtime domains such as the avionics, automotive and railways to
achieve higher and higher computing performances has turned the view on thermal concerns of the underlying
chip die while it is still mandatory to meet all the temporal constraints. As a matter of fact, high chip temperature
may not only degrade system performance and reliability, but it may also damage the chip permanently. We
propose a methodology to address this problem, based on fixed task-to-core mapping and per-core analysis to
derive a sound system model without feedback loops. To this end, it is important to have a better and deeper
understanding of the existing thermal models in the literature. This is the main contribution of this research.
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Abstract—The advent of multi-core platforms in critical real-
time domains such as the avionics, automotive and railways
to achieve higher and higher computing performance has
turned the view on thermal concerns of the underlying chip
die while it is still mandatory to meet all the temporal
constraints. As a matter of fact, high chip temperature may
not only degrade system performance and reliability, but it
may also damage the chip permanently. In this paper, we
propose a methodology to address this problem, based on
fixed task-to-core mapping and per-core analysis to derive
a sound system model without feedback loop. To this end,
it is important to have a better and deeper understanding
of the existing thermal models in the literature. This is the
main contribution of this research.

1. Introduction

For several decades now, critical real-time systems
have consistently and continuously been under the spot-
lights of experts from both industry and academia. This
is because they exposed stringent functional and non-
functional requirements that have to be met, otherwise
catastrophic consequences may occur. In general, these
systems are modeled by using a finite set of recurrent
tasks to be executed on a targeted hardware platform
(e.g., the Intel Core2 from Intel, the 4-core Arm V7
Raspberry Pi 3 B and B+ from Arm; the TMS-320-C6678
from TI, the Tile-Gx3000 from Tilera, and the MPPA-
256 architecture from Kalray) and each task commonly
consists of a potentially infinite number of instances
(jobs). Each job is characterized by four parameters: (1) a
release time, which defines the instant time at which the
job becomes available and ready for execution; (2) a
worst-case execution time, which defines an upper-bound
on the actual execution time of the job on the targeted
platform; (3) a minimum inter-arrival time, which defines
how frequent is the release of a new job'; and finally
(4) a deadline, which defines a time window, from the
release, wherein the job has to complete its execution.
While each task’s functional correctness is important for
these systems, the time at which the result is produced
is also central. To this end purpose, several factors have
to be considered at the system design time. Examples
include the task interactions, concurrency, and interference
at the software level; and the mechanisms governing the
execution of the tasks (preferably with a great level of
details) at the hardware level. To date, an entire body
of knowledge, techniques and methodologies have been
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Figure 1. Classical control block diagram for thermal management.

proposed in the literature on the topic, some of which are
now mature, especially for single core platforms. How-
ever, new challenges arise almost on a daily basis. This
is due to the ever growing complexity and computational
demand of the applications at the software level and/or
the non-disclosure of valuable and detailed information on
the targeted platform by the hardware vendors. Despites
these noticeable limitations and the constant necessity for
miniaturization of the emerging hardware components,
we have been witnessing the integration of more and
more processing elements in smaller silicon areas in order
to achieve better performance. As a matter of fact, the
integration scale has been doubling every three years [1],
[2]. From a software viewpoint, this has resulted in forcing
the processor to execute workloads at high frequencies
most of the time. Hence, (¢) the necessity for hardware
miniaturization on one side; and (¢¢) the ever increasing
computational demand of the applications on the other
side, put together, have highlighted a serious problem: the
soaring power dissipation of the integrated circuits, which
in turn translates in temperature dissipation. Obviously,
high temperatures create a number of problems, because
transistors may fail to switch properly and therefore can
lead to transient and/or permanent errors for the entire
system. Specifically, an increment in the temperature until
an uncontrolled value can affect drastically the runtime
behavior of the tasks, and also the platform. This phe-
nomenon holds true irrespective of hosting the execution
of the tasks on a platform with a single or several cores.
According to Borkar [1], the price for cooling down a watt
of temperature in a processor is about $1 — $3 or more.
Consequently, this opens a broad avenue for research
for the design of cost-effective and more robust critical
real-time systems in critical real-time domains such as
the avionics, automotive and railways. To the best of
our knowledge, the thermal problem for critical real-time
systems has been addressed in the literature by either
switching off some core(s) [3], [4] or by re-scaling the
cores speed [5], [6], [7], [8]. Roughly speaking, this means
that the thermal management of the platform is handled
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by using a feedback control block diagram as illustrated
in Figure 1. Here, action is taken only when the reported
temperature by the thermal sensor rises above a predefined
threshold. Below the threshold, no specific optimization
and/or workload distribution strategy is used to maintain
both the temporal and thermal behavior of the system.
As a consequence, the time spent in cooling down the
system may cause temporal changes in the original tasks
schedule and then jeopardize the schedulability. Further-
more, not all platforms can support speed re-scalability,
unfortunately. In this work, we argue and believe that
the problem must be addressed from a different angle.
In our opinion, it is possible to create a new ‘“‘correct-
by-construction” framework, preferably unique, wherein
we model under the same umbrella both the temporal
and thermal “on-core” and “un-core” activities for each
processing element. For a given mapping, the on-core
model will capture the activity (temporal and thermal) of
the core under analysis, whereas the un-core model will
capture the interference (temporal and thermal) imposed
by other processing elements and share resources. As a
result, it will become easier to derive an analysis that
predicts the run-time behavior of the entire system without
any need of a feedback loop (see Figure 2).

2. Problem statement

Nowadays, multi-core platforms are pervasive in nu-
merous critical real-time systems due to the enormous
computing capabilities they offer. While meeting domain-
specific standards’ requirements (e.g., the ARINC-653
and DO-178C in the avionics; and the ISO-26262 in the
automotive) in terms of temporal requirements, our main
objective is to address the following question. As the
adoption of a multi-core platform exposes the underlying
chip die to several heating sources and the temperature of
each core can interfere with the thermal dissipation of the
neighboring cores, how to adapt and/or design a robust
and cost-effective thermal model of the platform that can
easily be coupled with the adopted temporal model of
the application so as to make it possible for the system
designer to capture in an accurate manner both the chip-
wide and the localized thermal behaviors of the system
at run-time? The derived thermal model, associated with
the temporal model, will allow for a sound thermal-aware
schedulability analysis for the entire system.

3. Overview of existing thermal models

Before going into details, it is worth mentioning that
power models as described in the literature have failed
to manage temperature, despite the well-known duality
between heat transfer and electrical phenomena. Conse-
quently, to pave the way towards a convincing solution to
the aforementioned problem, an educated strategy com-
mands us to proceed by exploring all the thermal models
that have been proposed in the literature in first place. In
this regard, only two thermal models have been developed
to the best of our knowledge: (1) a coarse-grained model
referred to as TEMPEST [9], which uses a Resistance-
Capacitance (RC) parallel circuit representation; and (2) a
fine-grained model referred to as HotSpot [10], [11],

which uses a RC serial circuit representation. Below, we
briefly discuss their advantages and disadvantages.

> TEMPEST. This model has been proposed by
Dhodapkar et al. [9]. Here, temperature is tracked
only at a macro-architectural level, i.e., at the
chip level. Consequently, this model is not flexible
and allows only for chip-wide thermal-aware tech-
niques such as Dynamic Voltage and Frequency
Scaling (DVFS) [12] and Fetch Toggling [13] for
reducing the processor peak temperatures. On the
positive side, TEMPEST is easily portable to new
hardware architectures and simple to implement
because it makes it possible to safely bound the
temperature of the underlying platform irrespec-
tive of the localization of eventual hotspots and it
is agnostic to the hardware run-time mechanisms.
However, it has been proven that localized heating
occurs much faster than chip-wide. In this case,
chip-wide treatments are too conservative, unfor-
tunately.

> HotSpot. This model has been proposed by
Skadron et al. [10]. In contrast to TEMPEST,
temperature is tracked at the granularity of indi-
vidual micro-architectural units and the equivalent
RC circuits have at least one node for each unit.
As such, this model allows for the detection of
hotspots and to promptly activate a thermal re-
sponse. The system designer can operate at block-
level on the underlying platform or even below,
and so, he can capture and handle the effects of
hotspots more accurately. However, the model is
way less portable and much more complex to im-
plement as it requires a detailed understanding of
the mechanisms governing the run-time behavior
of most hardware components (e.g., branch predic-
tor, load-store queue, D-cache etc.). In addition,
the sampling rate at which the detection of new
hotspots is performed have to be closely scruti-
nized as it plays a central role here, unfortunately.

4. Envisioned approach

From the discussion conducted in Section 3, it fol-
lows that the HotSpot model exposes better features than
TEMPEST for the design of an accurate thermal-aware
management technique upon a multi-core platform. How-
ever, the right level of abstraction that would make it
unnecessary to model all the micro-architectural units and
still achieve a sound analysis is missing. To fill this gap,
we plan to proceed in three phases as follows.

First, we plan to revisit the task-to-core mapping
strategies available in the literature in order to take into
account the thermal profile of each task in our mapping
procedure. During this phase, we will promote mapping
strategies for which the increase of the overall plat-
form temperature is as minimum as possible. This will
be achieved by using a stochastic-based approach for
example. Second, for the resulting mapping, we will
adopt a per-core analysis and build a unique “correct-
by-construction” framework wherein we model both the
temporal and thermal “on-core” and “un-core” activities
for each processing element. Our combined system model
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