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Abstract—Modern embedded systems face challenges in man-
aging on-chip temperature as they are increasingly realized in
powerful system-on-chips. This paper presents thermal-aware
design and management of embedded systems by tightly coupling
two mechanisms, thermal-aware utilization bound and real-time
dynamic thermal management. The former provides the processor
utilization upper-bound to meet the chip temperature constraint
that depends not only on the system configurations and workloads
but also chip cooling capacity and environment. The latter
adaptively optimizes rates of individual task executions subject
to the thermal-aware utilization bound. Our experiments on an
automotive controller demonstrate the thermal-aware utilization
bound and improved system utilization by 18.2% compared with
existing approaches.

1. INTRODUCTION

Embedded systems are increasingly realized in state-of-
the-art system-on-chips (SoCs) for real-time processing and
control such as in autonomous vehicles. As a result, power
densities in such devices are increasing at a significant rate,
thus increasing the on-chip temperature to dangerously high
levels. Increasing the on-chip temperature causes functional
errors and adversely affects long-term reliability. Furthermore,
increasing the leakage power dissipation may lead to thermal
runaway [1], which is detrimental to safety-critical embedded
systems. Modern processors rely on dynamic thermal man-
agement to manage the chip temperature by using hardware
throttling such as dynamic voltage/frequency scaling (DVFS)
and clock gating. However, such mechanisms delay time-
critical task executions and cause unacceptable performance
degradation for real-time applications where computational
jobs must complete within their deadlines.

To remedy this performance degradation, proposals for
thermal-aware real-time DVFS [2], [3] and task scheduling [4],
[5] aim to optimally schedule task executions and volt-
age/frequency scaling over time. However, existing proposals
for thermal-aware scheduling require an accurate processor
thermal model at the time of system design while the chip tem-
perature is greatly affected by runtime workload and surround-
ing environment. Given factors impacting the system thermal
behavior, we consider a simple yet fundamental question: can
we determine an upper bound of processor utilization such that
the thermal requirements are met if the processor utilization
remains below this bound?' Such a bound depends not only

ISimilar to the schedulable utilization bound; real-time schedulers guaran-
tee all the task deadlines if the processor utilization is less than the bound.
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on the hardware configurations and application workloads but
also ambient temperature and chip cooling capacity.

This paper presents a thermal-aware utilization bound,
which is an upper bound on the utilization that guarantees
the temperature constraint, and real-time dynamic thermal
management (RT-DTM), which is task-level thermal manage-
ment to adaptively control heat generation by individual task
executions via period adaptation. We first present a task-
level power and thermal model to determine the thermal-
aware utilization bound by experimentally characterizing heat
generation of the individual tasks on the devices. For the task-
level thermal model, we first identify the device switching
activity factor during each individual task execution. We then
develop RT-DTM that adaptively optimizes the task period
subject to the thermal-aware utilization bound. Finally, we
have implemented and evaluated RT-DTM on an automotive
controller [6] using a suite of embedded benchmarks [7]. The
proposed thermal model was validated and used to determine
the thermal-aware utilization bound for different workloads,
ambient temperatures, and chip thermal characteristics. RT-
DTM provides an 18.2% improvement of processor utilization
over an existing solution [8] while meeting the temperature
constraint.

The main contributions of this paper include:

o Characterization of a thermal-aware utilization bound by
studying the impact of different tasks, ambient tempera-
ture, and chip cooling capacity;

o Development of a RT-DTM for runtime thermal control;

« Demonstration of the thermal-aware utilization bound and
proposed RT-DTM on an industrial controller.

II. RELATED WORKS

Thermal management has received attention in recent years
and architecture-level thermal simulators have been widely
used to predict processor thermal behavior [9]. Thermal man-
agement in time-critical systems focuses on thermal-aware
scheduling [4], [5], real-time DVES [2], [3], and task thermal
shaping [10]; however, these previous studies did not address
the chip temperature constraint. Various studies [11] have
considered the temperature constraint to guarantee thermal
schedulability for periodic tasks. A thermal-aware server
framework has been proposed to regulate the operating tem-
perature for GPUs [12] and mixed-criticality systems [13]. To
ease thermal analysis, these studies assume heat generation
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only depends on the processor speed regardless of the work-
load thermal characteristics. To the best of our knowledge,
little has been done to model the predictable thermal behavior
of embedded real-time systems by capturing the dynamic and
leakage power caused by task workloads.

III. THERMAL-AWARE DESIGN

This section presents how we model and characterize ther-
mal behavior, and derive the thermal-aware utilization bound.
System Thermal Model. Embedded control systems run
periodic workloads such as image processing, communication
and control functions. In the standard periodic task model [11],
each task 7; has an associated period, p;, and an execution
time, e;. Therefore, the processor utilization of 7; is e;/p;.
For a periodic task, task-specific dynamic power dissipation
increases with the busy period or processor utilization of
the task. For a given task set {r;}!,, the dynamic power
dissipation is characterized as follows:

Piyn =Y Payn(ms) = ) "oV f M

i=1 i=14"

where, V, f,e;,p;,; are the operating voltage, frequency,
execution time, period, and switching activity factor of task 7,
respectively. On the other hand, the leakage power increases
with temperature, and we consider the leakage power model
in [1]. The total power dissipation is the sum of dynamic and
leakage power dissipation written as:

n
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2
where, (3, 81, and 35 are the platform-specific leakage param-
eters that can be identified from offline thermal characteriza-
tion.

To translate this power dissipation to temperature, we con-
sider the RC thermal circuit [9] as:

dTenip(t) | Tenip(t) — T P
) - ol 3
Cun dt Ry, tot )

where Tepip(t) denotes the chip temperature measured by an
on-chip thermal sensor, T, denotes the surrounding ambient
temperature, Ry, is the chip thermal resistance, and Cy, is the
chip thermal capacitance. In the steady-state, i.e., H%‘f(t) =0,
the temperature reaches the steady-state temperature deter-

mined by the total power dissipation written as:

Tchip = Ptot . Rth + Ta~ (4)

Thermal Characterization. Using an on-chip thermal sensor
available on commodity chips [6], we can experimentally
characterize embedded platforms and workloads via system
identification, i.e., identify task-specific switching activity (o)
and platform-specific leakage parameters (5o, (1, (2) by
measuring Tihip. We first characterized the leakage parame-
ters by measuring the steady-state temperature under varied
ambient temperature (20°C to 60°C). We placed the target
platform in a thermal chamber to precisely control the ambient
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Fig. 1: Steady-state temperature from periodic tasks with
varied configurations of utilization (10% to 90%) and DVFS
(0.8GHz to 2.1 GHz)

temperature and made all cores sleep such that the dynamic
power dissipation did not increase the chip temperature. With
these steady-state temperature measurements, unknown leak-
age parameters can be identified using the standard regression
method. We then characterized individual tasks by sweeping
the operating frequency and utilization under constant room
temperature. A periodic task was executed to measure the
steady-state temperature for each discrete operating frequency
level (0.8GHz to 2.1GHz). The experiment is repeated for each
task individually, demonstrating the switching activity factor
of individual tasks from different steady-state temperatures
resulting from different voltage/frequency configuration. Sec.
V provides more details on the experiment setups and thermal
workloads.

Fig. 1 plots the measured steady-state temperature (points)
from periodic task execution vs. varied utilizations and DVFS
levels. The experiment of each benchmark application individ-
ually was repeated to characterize the switching activity factor
of individual applications. Our thermal model well predicted
the chip temperature measurement (dotted line) that character-
ized the switching activity factor. The tasks show significantly
different temperature increases, showing that tasks generate
different amounts of heat depending on the low-level switching
activity of the device. For example, PID is a simple feedback
control function with a CPU-intensive loop that results in
the highest steady-state temperature of 76.5°C. On the other
hand, blowfish has the lowest IPC resulting in the lowest
temperature, 63.7°C Thus, PID is characterized as the highest
switching activity factor. Our thermal model achieves 99% R?
fit in contrast to previous studies with 83% [8].
Thermal-Aware Utilization Bound. Using this thermal model
experimentally-derived on real chips, we can derive the utiliza-
tion upper-bound in a real-time system design that guarantees
the threshold temperature. By plugging threshold temperature
Thnax into Tepip in Eq. (4), the processor utilization of the given
task set must meet the chip temperature constraint as follows:

3% 7 Tinax — T
Z e%%“ﬂf + V(ﬁoTnZMXeT}M +8) < %}La 5)
i—1 1t )

where the left-hand side is the total power dissipation and
the right-hand side is the available thermal budget (7inax-T%)
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Fig. 2: Thermal-aware utilization for different operating fre-
quencies, ambient temperatures and thermal resistances

divided by the thermal resistance (Ryp), i.e., the chip power
budget. The processor utilization is bound by thermal budget
and chip cooling capacity, depending on the voltage/frequency
configurations and task workloads.

Fig. 2 illustrates this utilization upper-bound for different
tasks and thermal design configurations, i.e., the utilization
upper-bound for various tasks vs. different operating fre-
quencies, ambient temperatures and chip thermal resistances.
Fig. 2a shows that, with lower operating frequencies of 1.0 to
1.3GHz, the processor can be fully utilized across all appli-
cations. Dynamic power dissipation increases with operating
voltage/frequency, i.e., Pyyn o< V2f, so processor utilization
is rapidly bound by the temperature constraint. At maximum
operating frequency, only 39% of the processor time can be
used for the hottest task (PID), which is significantly lower
than 95% for the coolest task (blowfish). On average, up
to 69% of the processor utilization can be used across the
benchmark applications on the target platform.

In the case of the maximum frequency operation, Fig. 2b
plots the utilization bound for different ambient temperatures.
From the default ambient temperature of 25°C, the thermal
budget linearly decreases with an increase in the ambient
temperature. In our thermal model, the increase/decrease of
ambient temperature decreases/increases the thermal budget
with the utilization bound. At an ambient temperature of
0°C, up to 97.5% of processor utilization can be used across
applications on average, while only up to 40% at 50°C.

Fig. 2c illustrates the impact of the cooling capacity on the
utilization bound. Fig. 2c plots the utilization bound for varied
chip thermal resistance corresponding to different cooling
devices, i.e, a fan, heat sink, heat spreader, and bare chip.
According to our thermal model, an increase in thermal resis-
tance decreases the utilization bound inverse proportionally,
ie., £ ox 5. A passive heat sink with a thermal resistance
of 7.22 °C/W allows most of the tasks to fully utilize the
processor except for the hottest task, which is bound to 78% of
utilization. For the hottest task, the chip requires lower thermal
resistance to be fully utilized such as a cooling fan rated as
4.75 °C/W, suggesting that the cooling system design must
consider the thermal workload on the platform.

IV. THERMAL-AWARE MANAGEMENT

We now present a runtime management scheme called Real-
Time Dynamic Thermal Management (RT-DTM), which ad-
justs task periods to meet the thermal-aware utilization bound.
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Specifically, we present how to formulate the optimization
problem, perform runtime thermal control, and implement RT-
DTM.

Problem Definition. Given an m-core multi-core chip and
operating frequency f € [fmin, fmaz), @ real-time task set
{r:}(i =1,...,n), and a temperature threshold Ty, We want
to determine the task periods {p;} that maximize the processor
utilization as:

n

maximize S | — (6)
i1 Pi
S Tax — T
subject toz EalV f+V(BoT2 e + f2) < S
i=1
)
N
o em ®)
i—1 % f'rnam
V1. PP < pi < pi ©)

Eq. (6) defines the objective function maximizing the proces-
sor utilization for throughput maximization. Cost-conscious
embedded systems are designed to maximize the processor
utilization and achieve higher throughput with limited com-
puting resources. Eq. (7) specifies the upper bounds of the
chip temperature based on the thermal model. For real-time
systems with periodic task workloads, the on-chip temperature
remains close to the steady-state level that can be efficiently
predicted. Eq. (8) specifies the m-core schedulable utilization
bound to guarantee the deadlines of real-time tasks. When
DVES is applied, the system must meet this scaled schedulable
utilization bound [14]. Eq. (9) defines the minimum and max-
imum bounds of an allowable task period within [pin, pmax]
determined by system design. Here, p}’** guarantees the min-
imum requirement of the task execution whereas p™" is the
optimal task period.

Runtime Thermal Management. Real-time embedded sys-
tems are often exposed to a wide range of external temperature
because of surrounding components and environments. Thus,
we need to adaptively control the chip temperature under
the dynamically-changing ambient temperature. Our thermal
model abstracts the surrounding temperature as the ambi-
ent temperature, which is the steady-state chip temperature
reached in the ambient state. RT-DTM periodically measures
the on-chip temperature to obtain the ambient temperature then
adapt task periods and operating frequency. When the on-chip
temperature is measured every At, the ambient temperature
can be computed from Eq. (3) as:

RCip,
At

— Rip - P (10)

a —

(Tig) — Tir—1)) + Tie—1g
where Tj;) and T],_q; are the two consecutive temperature
measurements, and FP;,; is the total power dissipation. By
obtaining the ambient temperature at runtime, the task periods
can be adapted according to the optimization for the current
ambient temperature.
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V. EVALUATION

Experiment Setup. Our evaluation platform was Nvidia Tegra
K1 with quad-core ARM A15 running between 0.2GHz to
2.1GHz rated at an 8 W thermal design power (TDP). For
periodic task workloads, we used Mibench embedded bench-
marks targeting real-time applications. To demonstrate the per-
formance of our RT-DTM, we consider baseline without any
thermal management (BASE) and dynamic thermal manage-
ment using real-time DVFS (RT-DVES) [14]. Under RT-DVFS,
the operating frequency is reduced after the chip temperature
hits the temperature threshold while the proposed scheme (RT-
DTM) adapts task periods and lowers the frequency only if
there is no feasible task period. Both schemes were only
allowed to reduce the frequency to no less than the minimum
scaling level that guarantees real-time deadlines. While both
schemes meet real-time deadlines in our experiments, we focus
on comparing the temperature control and utilization. The
temperature threshold was set to 60°C for RT-DVFS and RT-
DTM to ensure the threshold is reached, while no threshold
was set for BASE.

Performance Evaluation. Fig. 3 shows the real-time chip
temperature, operating frequency, and utilization. The trace for
BASE showed that the processor operated at the maximum fre-
quency with a processor utilization of 99.7%, which resulted in
a high chip temperature of 71.3°C with a temperature variation
of 1.51°C. With the thermal throttling disabled, the test work-
load may increase the chip temperature as much as possible,
which may cause a thermal runaway or system failure. Under
RT-DVFS, the chip temperature hits the threshold at 70s, so the
operating frequency is reduced to 0.8GHz. However, the chip
temperature remains close to the threshold so the operating
frequency is reduced again to 0.4 GHz at 200s, resulting in
the lowest utilization of 67.2%. With the reduced operating
frequency, the chip temperature is dramatically reduced to the
lowest temperature of 54.7°C with a high temperature variation
of 2.0°C. This large variation indicates that discrete DVFS
was too coarse to maintain a stable temperature. RT-DTM
is shown to control the temperature close to the threshold,
optimizing utilization under the temperature constraint. RT-
DTM as opposed to RT-DVFS was able to maintain the
maximum operating frequency most of the time by optimally
adjusting task periods, achieving 79.4% processor utilization,
an 18.2% improvement over RT-DVFS. Under RT-DTM, the
chip temperature stably controlled operating at a 59.0°C with
a low temperature variation of 0.8°C.

VI. CONCLUSION

Thermal management of real-time embedded systems poses
new challenges: execute real-time workloads while meeting
the processor thermal constraints. To address this problem, we
propose a thermal-aware utilization bound that allows a proac-
tive bound of the processor utilization in the system design
before the temperature reaches the threshold. The proposed
RT-DTM adaptively optimizes the processor utilization to
meet both real-time and thermal constraints. Our experimental
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Fig. 3: Real-time temperature, operating frequency, utilization
for different thermal management methods.

demonstration on an automotive controller showed that RT-
DTM can significantly improve processor utilization over the
existing methods.
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