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Abstract—The density of modern microprocessors is so high,
that operating all their units at full power would destroy them by
thermal runaway. Hence, thermal control is vital, but at the same
time has to integrate with power/performance management, to
not unduly limit computational speed. In addition, the controller
must be simple and computationally light, as millisecond-scale
response is required. Finally, since microprocessors face a variety
of operating conditions, postsilicon tuning is an issue. We here
present a solution, by exploiting event-based control and a
hardware/software partition to maximize efficiency, lightness, and
flexibility. We show experiments on real hardware, evidencing the
obtained advantages over the state of the art.

Index Terms—DarKk silicon, event-based control, microproces-
sors, power/performance management, temperature control.

I. INTRODUCTION

N THE last years, the power density of microprocessors

(hereinafter uPs for short) has been increasing dramati-
cally [1]. This has led to the so-called “dark silicon” prob-
lem [2], which is the impossibility of operating all the units
of a uP at full power without destroying the device by thermal
runaway. In addition, modern uPs contain multiple cores and
run a huge number of tasks with a very time-varying resource
usage. Hence, not only the maximum consumable power can
burn the chip, but the chip’s power consumption is subject
to large, abrupt, and hardly predictable variations—a scenario
that made some researchers doubt on the future of multicore
scaling [3]. In addition, as power densities get higher, thermal
dynamics get faster. Some years ago, it was possible to control
a uP’s temperature with a fan. Nowadays, such an actuator
is too slow. The only way to reduce thermal dissipation is
to transiently diminish the computational power, for example,
reducing the clock frequency. However, the clock frequency
is also subject to power/performance management, that selects
low frequencies when the system load is low, to save power,
and high frequencies when the load is high, for a fast response.

On the one hand, therefore, an effective temperature control
is vital for a uP, but on the other hand, preserving thermal
safety should not unduly affect computational speed. The
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thermal/performance tradeoff is nowadays a relevant research
theme; a recent result on the matter is the “sprint comput-
ing” approach [4] that exploits thermal dynamics to tran-
siently exceed a uP’s thermal design power (TDP) without
reaching unsafe temperatures. Sprint computing has found
an application, as a hardware controller, in the Intel Turbo
Boost 2.0 [5].

In this paper, building on the preliminary results of [6], we
present a thermal/performance management solution that is
easy to integrate with any power/performance policy. The pre-
sented solution exploits event-based control and a convenient
hardware/software partition. Besides guaranteeing safe and
effective operation, our solution has a very low computational
overhead and a high configurability, to address the variety of
deployment and operating conditions that a 4P has to face.

This paper is organized as follows. Section II provides an
overview of the problem, leading in Section III to motivate the
proposed approach. Sections IV and V deal with the system
model and the control synthesis, while Section VI describes
the event-based realization. Section VII presents experimental
results, comparing the proposed scheme with the state of the
art. Section VIII draws some conclusions and outlines future
research.

II. PROBLEM OVERVIEW

In a xP, small volumes of active silicon release thermal
power, depending on the computational load and on the clock
frequency, to a chip-wide bulk substrate. There are also some
direct connections among the active volumes, mainly via
the conducting metal layers. The bulk exchanges through a
metallic spreader with a sink that disperses heat into the
environment. The objective of thermal control is to maintain
the active silicon volumes at a safe temperature.

The temperatures of the active volumes swing against the
local temperatures of the bulk, that in turn swing against that
of the spreader and sink. The capacity of the active volumes
is invariantly smaller than that of the bulk zones surrounding
them, and the capacity of these is smaller than that of the
spreader and sink. The overall thermal dynamics has thus three
main time scales. From fastest to slowest, these correspond to
active silicon, bulk, and spreader/sink.

Technology tends to scale down to smaller dimensions,
which modifies the said time scales correspondingly. This
modification can make previous control solutions unusable.
In particular, to govern the fastest dynamics of active silicon,
acting on the heat sink (e.g., with a fan) is nowadays too slow
to be feasible. The only suitable actuators act on the clock;
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dynamic voltage and frequency scaling (DVFES) modifies its
frequency, whereas “clock gating” cuts off some of its cycles.
Such actions, however, reduce both power dissipation and
computational speed, making thermal management inherently
coupled with that of power/performance.

The history of thermal/power/performance control in uPs
can be broadly divided in three eras. The most ancient extends
up to the introduction of the Intel Pentium; at the time power
densities were so low, and geometries so large, that there was
not even the need for a heat sink. Thermal control was no
problem, and the only “power/performance” management was
software tools to freeze the uP in the absence of load—a
useful feature for laptop batteries those days. Research on the
matter was practically absent.

Then, uPs started to need a heat sink, and the second era
begun. However, the volumes and surfaces of active areas
(thus, thermal capacities and conductances) were still large
enough to allow operating all the units at full power. One
had just to design the chip so as to sustain the worst possible
thermal stress (which was feasible) and then provide decent
dissipation conditions with the sink. From the application
viewpoint, such a scenario separated thermal control from
power/performance management. The former, given the long
time scales, was dealt with by a fan. For the latter, software
components were created (e.g., the Linux “governors”) to act
on DVEFES based on the measured load. Research papers started
appearing, but mostly from the computer engineering side.
A pioneering work is [7], where possible actuators are dis-
cussed, and the idea appears of introducing control to handle
a chip that cannot sustain all units at full power. However,
for “control,” the authors mean a threshold-based mechanism
that intervenes only when a critical temperature is reached,
and is generally stateless. Controllers in a more strict sense
were introduced later on; for example, [8] proposes a PI-based
solution (but does not discuss implementability issues).

We are now in the third era, the “dark silicon” one [3]. Ther-
mal and power/performance management cannot be separated
in frequency anymore. A certain divergence can be observed
between academic research and the technologies introduced
by the uP industry. Many research papers were pub-
lished, with progressively more advanced control techniques,
including linear-quadratic regulators [9], model predictive
control [10]-[14], convex optimization [15], extremum seeking
control [16], and much more. However, such advanced tech-
niques are typically tested on purpose-specific simulators, and
are very difficult to port to real hardware, due to limitations
in terms of sensors and actuators. For example, at present,
typical on-chip temperature sensors have a resolution of 1 °C
and an even higher noise band, and many xPs have multiple
cores, but one DVFES actuator for all of them. Moreover,
advanced controls are often computationally heavyweight,
which conflicts with the need to operate at the time scale now
required, and many are centralized, adding the problem of
moving data around the chip fast enough.

The industry has been facing the problem differently.
Thermal control has been moved to hardware, using simple
controllers with fixed and fast rates, activated only when a tem-
perature threshold is trespassed; software power/performance

management has been preserved. As for the actuators, DVFS
is the preferred one for power/performance, whereas hardware
thermal controllers can either take over DVFS, or act, e.g.,
by clock gating. This choice has solid motivations, the main
one being to guarantee a safe thermal protection—rather than
control in the full sense of the term—Ieaving total freedom
to power/performance governors. However, for the same rea-
sons, integration between the two functionalities is given up
structurally, and thermal management has to incur the rigidity
of hardware.

For the sake of completeness, we have to notice that in the
literature alternatives to DVFS-based control can be found.
The major one worth discussing is to control temperature via
thread migration from ‘“hot” to “cold” cores, taking care to
maximize performance [17]-[19]. However, the time for a
task migration can vary by orders of magnitude depending
on the presence or absence of hardware support, and depends
on unpredictable facts like the amount of memory/cache to
move [20], [21]. Also, and most important, exploiting task
migration means bringing into play relevant parts of the oper-
ating systems—most notably, the scheduler—that already have
to obey a number of other constraints. Issues like this are not
to be neglected in complex systems: the more functionalities
a component is involved into, the more checks are in order
when that component is maintained or redesigned. Since for
example scheduling, power/performance and thermal control
are typically managed by different developers, care has to be
taken not to create undue couplings among the effects of their
design choices. As such, we strongly prefer to aim at a solution
that is as transparent and as agnostic as possible concerning
the operating system, in particular not being affected by
modifications in the scheduling and task migration policies.

III. MOTIVATION OF THE PROPOSED APPROACH

Controlling the active silicon dynamics already requires
millisecond-scale reaction. It is not totally clear how much
innovative layouts like 3-D stacking [22] will exacerbate
this, but the trend is evident [23], [24]. Complex fixed-rate
controllers are thus problematic. If realized in software, they
steal a relevant computational power. If made in hardware,
they require silicon area, complicate the chip design, and affect

consumption.
Moreover, when considering the integration with
power/performance management, one has to remember

that CPU load is necessarily measured over a time interval,!
and this interval cannot be too small, or the measurement
would be too noisy to be useful. The problem is that the time
scale of the fast thermal dynamics is already comparable
to sensible load measurement intervals, and will eventually
become smaller. When this happens, the time scales of power/
performance management, tied to the load measurement
period, and of thermal control, tied to the active silicon
thermal dynamics, will be flipped. To give just one example
of the consequences, combining thermal/power/performance

lAvoiding complications useless herein, think of the load as the percent of
the said interval in which the xP was not idle.



management by hooking thermal control to the load
measurement period will become infeasible.

The mainstream industrial solution, as said earlier, is to
leave power/performance to software and include hardware
fixed-rate temperature controllers of simple structure, which
act on the DVFS command at a millisecond scale, and are
activated only when a really critical temperature is reached.
For example, the hardware thermal protection of sixth gener-
ation core i5 Intel uPs is activated at 100 °C, which is well
above “normal” operating temperatures.

In our opinion, this has two drawbacks: it prevents a coupled
management of thermal and power/performance issues, and
allows for limited tuning to face various installation condi-
tions. It is worth noticing that in the past, for “installation
conditions,” one basically meant thermal exchanges: in this
respect, relevant differences were the presence or absence of a
fan, the casing and the like—in one word, what makes a server
differ from a laptop, a tablet from a smartphone, and so forth.
Nowadays, for tuning a thermal controller, the dynamics of the
heat dissipation mechanism is so slow to be hardly relevant,
no matter how that mechanism is realized. In addition, the
small active silicon capacities do not filter out fast load
variability as they did with larger geometries: if an application
switches between high and low power request in millisec-
onds, with modern uPs, the resulting temperature swings are
well visible. Therefore, to provide installation and operation
adaptability, at present, one has to account for the type of
applications, the operating system scheduling and resource
allocation policy, load balancing, task migration, and similar
components of a computing system—definitely, a variability
that a software-configurable control is more keen to address
successfully.

We believe that event-based control is the way to go.
An event-based controller can react faster than a fixed-rate
one, and do so only when needed. Its action can thus be
effective at high frequency, where the capacity of the bulk
practically decouples the dynamics of active silicon volumes—
as will be shortly proved by experiments—and allows for
a decentralized structure; at the same time, when no high-
frequency activity is needed, such a controller requires a low
computational effort. We further believe in the benefits of a
hardware/software partition. The event triggering mechanism
can be realized in hardware as a simple state machine, with
minimum area and consumption, while the control law can be
software, maximizing adaptability to the various installation
and operating conditions.

IV. CONTROLLED SYSTEM MODEL

We start from some open-loop experimental results,
obtained with an Intel core i5-6600K running Linux. The
considered pP—the same used in the experimental setup of
Section VII—has four cores, denoted in the following by Cores
0-3. We disabled all software thermal controls, leaving only
the hardware protection, which, however, never intervened.
We present four tests, summarized in the following.

1) We subjected Core O to an abrupt load step from 0%
to 100%, at time 0.1 s, using the cpuburn thermal
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Fig. 1. Temperature responses in open-loop tests 1-4.

stresser [25], that fills the core pipelines with mathe-
matical instructions. The other cores were left unloaded
if not for the inevitable operating system activities. The
frequency was kept fixed at its maximum value through
the userspace governor [26].

2) We kept Core 0 at 100% load with cpuburn and Cores
1-3 unloaded, and applied a DVFS step (the 6600k has
a single DVFS for all the cores) from the minimum
to the maximum frequency, at time 0.1 s, with the
userspace governor.

3) We repeated test 1 with a program we wrote and named
cachemiss, that contrary to cpuburn occupies the
core by just allocating and deallocating memory, with
hardly any arithmetic/logic activity.

4) We repeated test 2 with cachemiss.

The responses of the core temperatures in the four tests, raw
as coming from the on-chip sensors, are shown in Fig. 1.

We first observe that in all the tests, after the fast thermal
transient, the temperature increment of Cores 1-3 is about 1/10
of that of Core 0. Also, though the measurement resolution is
low, it seems that Core O responds as a first-order system,
while Cores 1-3 exhibit a higher order dynamics (the figure
shows just the initial part of the temperature response of
Cores 1-3). Finally, a 0%—100% load step produces a quite
different power step depending on the application, as shown
by the different temperature variations produced on Core 0 by
cpuburn and cachemiss.

Generalizing from numerous tests like those just shown,
we conclude that at the time scale required for the control
of the active silicon temperature, the system is decoupled.
Coupling is provided by the bulk, the metal connections, and
the heat spreader, but all of these apparently act in the long run
with respect to the scale mentioned above. As a consequence,
the control system can be totally decentralized, and given
the observed dynamics, can be composed of quite simple
purely reactive SISO controllers. This makes our approach
different from predictive or optimal control ones, like those
quoted in Section II, and reliefs from the necessity of devis-
ing a prediction-targeted disturbance model—a difficult task



that may require articulated mathematics, as witnessed, e.g.,
by Bogdan [27].

Of course, we assume that if core temperatures as provided
by the on-chip sensors stay within the prescribed limits, then
no thermal problem exists at all. In other words, concerning
the sizing and positioning of the sensors, hence the represen-
tativeness of their output as for the chip health, we cannot but
trust the experience, thus the choices, of the manufacturers.

For completeness, one may want to make a distinction
between two types of coupling that we name “physical” and
“operational.” Physical coupling is caused by thermal contact;
its existence and entity—no matter how quantified—-are just
a matter of fact. Operational coupling is caused by the activity
of the processor, including intrachip communication, but also,
for example, thread migration, and so forth. In fact one may
question whether or not operational coupling is coupling in
system theoretical terms, as it is obtained by coordinately
manipulating inputs to the thermal system and does not reside
in the system itself, however if we consider “controlled sys-
tem” the running software as well, then discussing operational
coupling is practically sound.

In the experiments of Fig. 1, there is neither core-to-core
communication nor task migration or remote spawning, hence
only physical coupling is evidenced. This is enough to justify
our proposal of a controller per core, as the said proposal
also entails a purely reactive approach, not caring whether the
local load generating the experienced thermal stress comes
from threads spawned locally or from another core. Of course
applications can introduce operational coupling, but given
again the reactive approach adopted, this makes no difference
for the controller of a core, as it is just seen as an additional
thermal stress for that core. The only relevant point in this
respect is that operational coupling can be affected by the
way the operating system allocates tasks to cores, which also
influences communication. This is outside the scope of this
paper, however, and correspondingly the proposed solution is
transparent to task allocation and migration.

On a similar front, a malicious software cannot generate
an unexpected power consumption pattern to cause a work-
load prediction to systematically fail, and thus endanger the
system—again, because we do not rely on any workload pre-
diction at all. Such an attack can thus provoke a performance
degradation, but not jeopardize the chip safety.

The tests of Fig. 1 also show that the duration of fast thermal
transients is dominated by a single time constant that does not
appear to change in the various conditions examined. This
is consistent with physics: uncertainty is concentrated in the
way load and frequency turn into power—a phenomenon that
is practically instantaneous. As such, we write our control-
oriented model for one core in the form

dT.(t)
dt

where C. is the core heat capacity, G., is the equivalent
core-bulk thermal conductance, f. is the frequency, £, is the
load, T, is the core temperature, and 7} that of the bulk.
The function g(¢., T, t) is the frequency-to-power gain: in
principle it depends on the load, the temperature if leakage

Ce

=g(le, Te, 1) fe(t) — Gep(Te (1) — Tp()) (1)

effects need accounting for, and directly on time, to represent
the variability of the software behavior.

The measurable quantities are 7, and {.. However, by
generating two different thermal stresses for the same load
with cpuburn and cachemiss, we just showed that using
{. as a proxy for power, which is what one really needs for
control, can be very misleading. Estimating power requires
information on the activity of individual units within a core.
Some uPs contain “performance counters” from which the
said information can be inferred, but doing so fast enough
can be problematic, and in any case is architecture-specific.
Also, the load-to-power gain is software-dependent, and thus
it can change even faster than the fastest thermal dynamics.
This significantly diminishes the importance of the dependence
of g(-,-,-) on T.. Finally, as g(-, -, -) depends on the short-
time software behavior, its upper and lower bounds can be
estimated by profiling the architecture, but its form is ulti-
mately unknown. Hence, to synthesize the controller, we shall
consider the simplified linear, time-varying (LTV) model

O — 40 o) - Gam -0y @
where Tp(t) will be treated as a (slow) additive load dis-
turbance, and g(#) as a time-varying gain, or equivalently a
multiplicative input disturbance, with known upper and lower
bounds. Incidentally, the use of LTV models for temperature
control problems can be encountered in the literature (see the
recent papers [28], [29]).

V. CONTROL SYNTHESIS

In this section, we first show that (2) can be stabilized—
in the sense specified in the following—by a fixed-parameter
PI, then introduce a procedure to tune the said PI, and finally
structure the complete continuous-time control scheme.

A. Ensuring Stability

To compact the notation, we study the feedback system
composed of the following.
1) The LTV first-order SISO process

xp(t) = apxp(t) +bp(g(u(?) +d())
y(@) =xp(r)

with ap <0, bp > 0, and 0 < g1 < g(¢r) < g» < ocOVI,

where u(?) is the control input, y(f) is the controlled

variable, and d(¢) is an additive disturbance.
2) The fixed-parameter PI controller

XR(1) = br(w(r) — y(1)
u(r) = xg(1) + dr(w(t) — y(1))
where w(r) is the set point.

The considered feedback system, in which the process
model (3) corresponds to (2) by setting

u(t) = fet), xp@)=y@)=1c(t), d(t)= GeprTp(t)
ap = —Gwp/Ce bp=1/C, 5)

3)

“)

is depicted in Fig. 2.



Fig. 2. Considered control loop.

Defining the state vector x(z) = [xp(t) xg(¢)]’, the closed
loop is ruled by

x(1) = A)x(1) + by(O)w (1) + bad(t) (6)
where
bg = [bp 0
A1) = a(t)Ay + (1 —a(t)) Az
by () = a(t)by1 + (1 —a(t))buo (7
with
—b d b
AU@}==[aP :Eihu R P%qu
t —
bui12) = [bpgl{;[f}dR} , a(t) = % (8)

hence 0 < a < 1. Our goal is to show that for the time-
varying autonomous system x (t) = A(#)x(¢), with matrix A(t)
as per (7), there exist PI parameterizations that make the origin
of the state space a globally asymptotically stable equilibrium.

For any constant @, the corresponding constant matrix A is
Hurwitz if and only if

ap _ _
br >0, dp > ——, g=g1 +a(g2—g1) )
bpg
and, therefore—mind the sign of ap—the set

Mg 021 = [bR >0, dg > (10)

ap ]
bpgr
contains all the PI parameterizations that make both A and A»
Hurwitz. Ensured this, a sufficient condition for our claim to
be true is that for some (bg, dr), A1 and A, admit a common
Lyapunov function.

In force of [30, Th. 3.1], the said matrices admit a common
(quadratic) Lyapunov function if and only if AjA> and A1A, !
have no real negative eigenvalues.

The eigenvalues of AjA, ' are 1 and g1/8&2, both real
positive, whereas the characteristic polynomial of AjA> is

PA A (S)
2 2 52 2
="+ (bp(apdr +br)(g1 + g2) — bpdrgigr — ap)s
+bpbggi82. (1n
Hence, a sufficient stability condition—adequate for us—is

that (bg, dr) € Iljg,,¢2], and both the roots of pa, 4, (s) have
a nonnegative real part, that is

bp(apdr +br)(g1 + 82) — bpdggiga —ap <0.  (12)

Since the process (3), focusing on the input u(z), can be
viewed as a time-varying gain cascaded to a linear, time-
invariant dynamics, an interesting particular case is when the

PI is tuned by canceling the pole of the said dynamics, that
is, when —bg/dr = ap. In this case, condition (12) reduces
to

—b}dygigr —ap <0 (13)

that is satisfied for any value of dp.

B. Tuning the PI

Given the need for adaptability evidenced in the introduc-
tory part, we need a tuning procedure based on data that can be
gathered after deployment. We chose to employ step response
information like that shown in Fig. 1. The procedure outlined
in this section could thus be automated to run for example at
boot time, although we do not discuss the matter in this paper.

The procedure consists of keeping the core minimally
loaded, which makes g(¢) almost constant and close to gi,
and applying a DVFS step in open loop, then leading the core
to consume (almost) its maximum power, thereby making g (¢)
approach g», and repeating the DVFS step test.

The two responses so obtained, recalling the dominantly
first-order character of the controlled dynamics and the inde-
pendence of its time constant of the operating point, easily
yield the said time constant—r, to name it—and two extremal
values e min and ge max for the gain p. of a model in the
form

T,
P(s) = c(s) _ _ He (14)
F:(s) 1+ st
where interpreting based on (5)
¢ 81 )
Tc = Gch > Mc,min = G > Memax = G . (15)

We then tune (3) by cancelation, aiming at a dominant
closed-loop time constant 7° and assuming a nominal value
Ue,nom for p.—for example, the center of the [ ¢ min, f¢,max]
interval. This corresponds to requiring the open-loop transfer

function
Hc,nom br
9 _ +d
14 sz, ( s R)

to equal 1/s7°, and together with the fulfillment of the stability
condition (13), is achieved by setting

L(s) :=

(16)

dg= —" pr=—_
He,nomT
It is worth noticing that if the controller was really built
in the continuous time, one could make only the step test
aimed at estimating (. min, and use that value for the tuning
without stability issues. This is not true when the event-based
realization comes into play, however, whence the way we
designed the tuning experiment. Also, rigorously speaking,
tuning the PI this way does not provide guarantees on the
efficacy of the system at rejecting the multiplicative dis-
turbance g(r), which is the primary control purpose, since
the slow disturbance d(r)—yielded by the bulk dynamics—
is eliminated by the integral action. Nonetheless, it is quite
intuitive that widening the control band favors the required
rejection. Further discussions on stability and performance
are carried out directly on the event-based realization of the
proposed control, in Section VI later on.

A7)

o
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continuous time.

C. Continuous-Time Control Scheme

As anticipated, we aim at integrating thermal control with
power/performance management, and once again for adapt-
ability, the former has to be agnostic on both the rationale
of the latter, and how that rationale is realized. Given this,
the control scheme we adopted is composed of the PI just
synthesized that receives as set point a value “slightly lower”
than the limit temperature—how much lower will be briefly
discussed in Section VI-E, devoted to implementation.

Fig. 3 reports the scheme: 7.°(¢) is the set point for the
core temperature T,(¢), f(¢) is the frequency command in the
range [ fmin, fmaxl, and f,,(¢) is the frequency requested by
the power/performance manager, no matter what its policy is,
see [31], [32] and the papers quoted therein to appreciate the
variety of available solutions. As can be seen, integration with
power/performance management is simply achieved via over-
ride: the lower frequency is selected between that requested by
the power/performance management and that computed by the
PI, the state of which behaves in accordance with the selection.
Doing so results in a very simple structure that naturally makes
the power/performance request prevail when the temperature
is far enough below the limit, and thermal control take over
in the opposite case.

Prior to the event-based realization, we tested the control
scheme in the continuous time by means of a Modelica
simulator of the chip, built with the library presented in [6].
Fig. 4 shows an example in which the temperature of two
adjacent cores (Core A and Core B) is controlled to stay below
80 °C by their two PIs, while the two cores are alternately
subjected to a highly variable load, or left idle.

The simulated power/performance governor is very simple,
just allotting frequency proportionally to load, but this is

inessential for the purpose of the test. As can be seen, in the
frequency band of interest, decentralized control is absolutely
adequate, while the coupling provided by bulk, spreader, and
sink just results in a very low-frequency effect. We omit further
details to leave room for experimental data later on.

VI. EVENT-BASED REALIZATION

We have established that the proposed decentralized control
fits the problem, thus a fixed-rate realization of the proposed
controller fits as well. The point is that the sampling rate for
such a realization would be so high to result in an unacceptable
computational overhead. To avoid this, we now introduce an
event-based realization that for flexibility reasons endows each
core with a hardware event generator and a software controller.

A. Hardware Event Generator

The event generator combines a send-on-delta and a timeout
policy. Its operation is summarized by the flow diagram of
Fig. 5. The core temperature is sampled at a fixed, small
interval g (thus events are generated only at times that are
integer multiples of gy). If the new sample differs in magnitude
by more than A from the sample when the controller was
last run, the controller is invoked again, otherwise the sample
is dropped. If, however, a timeout ® expires since the last
control computation, the controller is run unconditionally.
To reduce noise-triggered events, it is convenient in practice
to complete the event generator with a mild—say first order—
lowpass filter on the sampled variable. This is easily realized
with a register, a multiplier, and an adder, and we assume
that neglecting the so introduced dynamics has no significant
influences on the analysis carried out in the following—an
assumption confirmed by the experiments. Fig. 5 does not
represent the filtering of the sampled variable for simplicity.

The value of ® is adapted to find a compromise between the
contrasting needs for control quality and low overhead. If the
controller was invoked due to a timeout, ® is increased up
to a maximum value ®,,. If instead the controller ran for a
temperature threshold event, ® is reduced to g5, which forces
the controller to run again at the next temperature sample. In
this case, however, the generator is then forced to wait for the
timeout independently of possible temperature events, to avoid
an excessive event frequency, see [33] for a discussion on this
matter. The flag indicated with waitTO in Fig. 5 serves to
this purpose.

The event generator can be realized in hardware as a quite
simple state machine. To obtain area and consumption over-
head estimates, we implemented and simulated the generator
in RTL Verilog, and then synthesized it in Cadence Encounter
with the NAND Gate Liberty standard cell library. Considering
an operating voltage of 1.1 V and a clock frequency of
667 MHz, we obtained a per-core area and power overhead
of 159 (um)? and 471 uW, respectively. Although detailed
evaluations in terms of silicon space, added-value costs, and
power overhead are architecture- and production-specific, thus
not within the scope of this paper, we bear to state that the
expected impact is quite low for any architecture.
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Fig. 5. Flow diagram for the hardware event generator’s behavior.

B. Software Controller

For the purpose of this section, we represent the controlled
system with a discrete-time model at timestep ¢;, and assume
that g; is small enough to make any conclusion drawn
using the said discrete-time model valid also for the real
system, where the process is continuous time. To maximize the
acceptability of this approximation, we employ the exponential
discretization method, which is exact as the process input
(the control signal) is constant on each period. Resorting for
compactness to the notation introduced in (3) and (4), and
distinguishing discrete-time quantities with a “*” superscript,
we thus describe the process with

X5 (h) = abxs(h — D) +bs(Rur(h — D)+ B5d*(h — 1)
y*(h) = xp(h)

(18)
where x7 is the state, while
bpg(h
ap = e, byp(h) = 7})‘%;(}) 9s) ("% — 1)
b
B = —= (et — 1) (19)
ap

and the time index h is associated with the sampling at
timestep gs. Analogously, we write the discrete-time PI in state
space form as
xp(k) = xpk — 1) + bp(w*(k — 1) — y*(k — 1)) 20)
u* (k) = xp(k) + dg(w* (k) — y*(k)).

The index k counts the control events, that owing to how
the event generator is built, can only occur at multiples of /.
When we need to locate the kth event in the sampling at step
qs, we shall indicate its & index with & (k), whereas when this
is not necessary we shall write, for the generic signal, v (k)
to indicate v (i (k)). Note also that (20) is a PI representation
equivalent to Fig. 3 when no saturation occurs, which is what
we need to study in this section.

t—tige > O?

waitTO = false

We admit that the set point can be sensed only at events,
which is reasonable as the limit temperature is seldom (if ever)
modified, so that from the controller’s viewpoint
w)y=whk —-1)=wk —-1), I =htk—1)...h(k)—1
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and finally, since we are concerned with stability, we consider
the case d = 0 for simplicity.

When the sensor triggers the kth event, it transmits to the
controller the current and the previous samples of the con-
trolled variable, i.e., y*(h(k)) and y*(h(k)—1). The controller
then computes ©#*(k) and holds it up to the subsequent event,
hence

u*(l)

u*(h(k — 1))

—uwrk—1), I=htk—1)...h(k)—1. (22)

Prior to computing u*(k), x} is made consistent with the
received y*(h(k) — 1), thus

xg(h(k) —1)

u*(h(k) — 1)
—dg(w*(h(k) — 1) — xp(h(k) — 1))
u*(k —1) —dr(w*(k — 1) — xp(h(k) — 1))
(23)
and, therefore
xp(k) = xj(h(k) — 1) + b (w* (k — 1) — x}(h(k) — 1))
=u*(k—1)— dR(w*(k — 1) — xp(h(k) — 1))
—i—b}(w*(k — 1) —xp(h(k) — 1))
=u*k—-1)+ (b} — dR)(w*(k — 1) —xp(h(k) — 1))
(24)

from which, since

Wik —1) = x(k — 1) + dg(w*(k — 1) — xh(k — 1)) (25)



we get
xp(k) = xjtk —1) +dr(w*(k — 1) — xj(k — 1))
+(bk —dr)w*(k — 1)
— (bg —dr)xp(h(k) — 1)

= xplk — 1)+ brw*(k — 1) —drxp(k — 1)
— (bg — dr)xp(h(k) — 1).
If we now evidence the variation of x}, from the (k — 1)th

event until “immediately” (i.e., g5) before the k-to one by
writing

(26)

x5 (k) — 1) = x5k — 1) + oxh(k — 1) Q27

where the index k — 1 attributed to 5x;, is sensible, because
that quantity is known before the kth event is triggered, we
obtain
xp(k) = xjk — 1) — brxp(k — 1) + brw*(k — 1)
+(dr — bR)oxp(k —1).
Reasoning in a similar way for the controlled system’s state,
we have
xpk) = apap(h(k) — 1) + b (h (k) (h(k) — 1)
apxp(h(k) — 1) + bp(k)u*(k — 1)
ap(xpk — 1)+ oxp(k — 1)) + bp(k)u*(k — 1)

(28)

(@b — bh(k)dg)xh (k — 1) + bh(k)xg(k — 1)

+ b5 () drw* (k — 1) + a’boxs(k — 1). (29)

Putting it all together, we can describe the closed-loop
system in the k index—i.e., counting the events irrespectively
of their distance in the constant-rate sampled time with step
gqs—as

x*(k) = A*(k)x*(k — 1) + b*(k)w*(k — 1) + f*ox}(k — 1)
0*(k) = C*x*(k) + D*w™* (k)

where x*(k) := [x} (k) x3(k)]', 0* (k) := [y*(k) u* (k)] and

A*(k)Z[aP ‘_”,;’}kf")d"’ bPl(")}, b*(k)z[b”g%d"’}
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C. Event-Based Stability

As we did for the continuous-time scheme in Section V-A,
we now show that for the time-varying autonomous system
x*(k) = A*(k)x*(k — 1), with matrix A*(k) as per (30), there
exist parameterizations for the event-based PI just described
that make the origin of the state space a globally asymptoti-
cally stable equilibrium.

Recalling (19), as g(h(k)qgs) varies in the [g;, g2] interval,
b} (k) will vary in a [b}, b},] one, hence setting
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Fig. 6. Region in the (dg, b}) plane that makes both A} and A% Schur.

We can write
A (k) =y ()AT + (1 — y (k) A3,

Omitting lengthy but trivial computations based on the Jury
criterion, the set of (dg, b}) couples that make both AT and A3
Schur is the region internal to the triangle shown in Fig. 6,
where

0<y(k)<1 Vk. (32)

%
y— 1 b*a P x
P2 P2

Once ensured that AT and A; are Schur, to prove our claim
we need to prove that for some (dg, b}ke)7 they admit a common
Lyapunov function. According to the result in [34, Sec. 4], here
reported with some notation modifications to avoid confusion,
A7 and A} admit a common (quadratic) Lyapunov function if
and only if, defining the two matrices

P* = [pf;] =051 — (1 + A7)~

1+aj;.

p= (33)

1

0* = [¢i;] =051 — (1 +A3)"" (34)
and computing the quantities
1= Pl + P04l — Piada1 — P31di2
ry := det(Q%)
r3 i =ry — 27‘2
rq :=det(P*) +ry — (35)
the following conditions hold true.
1) r4 <0, or
ra > 0, —r3/2r4 ¢ [0, 1], or
r4 >0, —r3/2r4 € [0, 11, 1o — r3 /44 > 0.
2) The same as above replacing A} in Q* with —AZ.
With the (A}, A7) couple, we obtain r4 = 0; for

the (A}, —A3) couple, things are more complex, and for
convenience, we bring in the cancelation-based tuning pol-
icy introduced previously. In the discrete time—recall (18)
and (20)—this policy means setting b = (1 — a},)dg, which
yields the closed-loop complementary sensitivity function
T.(z) _ b;dR
T.°(z)  z—1+bhdg’
We already chose dg > 0 based on (10), but since it is

sensible to have the closed-loop pole in the range (0, 1) to
avoid oscillations, we introduce the further condition

0<1—0bpdg <1 Vbp € [b},bhs]

(36)

(37)
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Fig. 7. Event-based stability region for cancelation-based tuning.

whence

(38)

Setting by = (1 —a})dR, for the (A}, —A3) couple, we get

2a* b%. +b%,)dr — 2
ry = a*lz) . (b3 h p2)dr (39)
(1 —ap)bpy  dr(bpidr —2)
that is negative, for dg > 0, if
2 <dp < 2 (40)
= R < —.
Py + b by

The expression of —r3/2r4 is more complex and omitted,
except for noticing the following.

1) It is defined and continuous for dg # 2/(b}, + b%,).

2) Its limit for dg — 07 is

a*;,z +6ay +1
8ay,

which for 0 < aj, < 1 is greater than the unity.
3) Its derivative with dg is positive for 0 < dr < 4/
(b, +bpo):

Since b}, > by, > 0 implies 2/(b}, + bp,) > 1/b},,
in the dg range of interest either r4 < 0, or if this is not true,
—r3/2rs > 1 anyway. This proves the claim.

The obtained result is shown graphically in Fig. 7, where the
used stability region is evidenced by the thick black segment.

D. Tuning the Event-Based PI

The event-based PI is tuned from the measured u., 7., and
from the specification 7°—see (17)—by setting
Te te (1— equ/rc)_

[e]

dgp = =, bp=
HeT HeT
Based on the tuning experiment described in Section V-B,
for the used uP, we have

(41)

7. = 20 ms
in = 1-c = 3.4 °C/GH
Hemin = 4 GHz — 0.96 GHz - g
21 °C
He,max = = 6.5 °C/GHz. (42)

4.2 GHz — 0.96 GHz

Widening the u. span by 20% for safety, and taking ¢ nom
as the said span’s midpoint, we get

temin = 2.7 °C/IGHz,  pemax = 7.8 °C/IGHz  (43)
Henom = 5.25 °C/GHz (44)
that with g = 5 ms and 7° = 10 ms give
a; — e—qs/rc — e—S ms/20 ms
=0.78
b;l = temin(l —ap) =2.7 °C/GHz - (1 — 0.78)
= 0.59 °C/GHz
;2 = Uemax(l —ap) =7.5 °C/GHz - (1 — 0.78)
= 1.72 °C/GHz
a= (- aj;)/b;’b = (1-0.78)/(1.72 °C/GHz)
= 0.13 GHz/°C
=0+ a*j))/bzz = (1+0.78)/(1.72°C/GHz)
= 1.03 GHz/°C
l/b;’;z = 1/(1.72 °C/GHz)
= 0.58 GHz/°C
dr = t¢/(fenom?®) = 20 ms/(5.25 °C/GHz - 10 ms)
= 0.38 GHz/°C
by = (1 —ap)dr = (1 —0.78) - 0.38 GHz/°C
= 0.08 GHz/°C. (45)

The controller tuning in (45), marked by the black dot
in Fig. 7 and well within the stability region, is the one used
for the experimental tests reported in Section VII.

E. Performance

Among the various possible indicators for control perfor-
mance, in this paper, we choose the closed-loop settling time.
Supposing that the continuous-time PI tuned as per (17)
provides satisfactory performance from this viewpoint, it is
necessary to ensure that this satisfactory behavior carries over
to the event-based realization. This requires to choose the
send-on-delta threshold A properly. The point is that deter-
mining how many k steps—i.e., events—it takes for the free
motion of (30) to converge to zero within a given tolerance is
straightforward, but this does not give information about the
same duration in time, as (30) does not account for the interval
between two events.

Denoting by N. the number of steps that the free motion
of (30) takes to converge, a worst case estimation of the
closed-loop settling time is obtained by multiplying N by the
duration of the prescribed timeout. In general, however, such
an estimate is too pessimistic. In fact it has to be pessimistic,
because if the majority of the events triggered during a
transient are caused by timeouts, excluding by hypothesis an
incorrectly tuned PI, the send-on-delta threshold is definitely
not adequate.

On the other hand, an optimistic estimate of the same
settling time can be obtained by assuming that the number
of h steps between each (k — 1)th and kth event is equal
to the send-on-delta threshold divided by the variation of y



over one h step, computed at the & step corresponding to the
(k — 1)th event, and rounded to the nearest integer. Summing
the so approximated inter-event periods up to the N steps to
convergence provides the settling time estimate.

We tested the two estimates mentioned above in a large
number of experimental cases, and found that they can some-
times be so far from one another, to be of no practical
use—that is why we do not delve into further details on
the possible heuristics to obtain A this way. Hence, although
we are convinced that the sought information on the settling
time can be obtained by the controlled system and the event-
based PI parameterization, there is still work to do in this
direction. For the moment, A is selected by means of a
design space exploration based on the tuning model (14),
parameterized from the DVFS step response, which proved
a successful enough technique in practice—see Section VII-B
through Section VII-D later on.

The same exploration allows to determine how much lower
the set point has to be with respect to the limit temperature,
as long as this limit has to be taken as a hard one (which is
not exactly the spirit of thermal management, however). Based
on experience with a large number of tests, we decided that a
temperature set point lower than the limit by about 1.5A is a
safe choice. For completeness, it is also worth noticing that the
selection of A is at present complicated by the low resolution
of typical on-chip sensors, as it is apparently meaningless
to set the threshold lower than the said resolution; however,
discussing these technological aspects would stray from the
scope of this paper.

Coming to the control overhead, we quantified it also
for the software controller. We benchmarked the code with
RDTSCP [35] instructions, and obtained an average of 40 clock
cycles per step on the uP we used for the tests. At 2.4 GHz,
this means that the time required to run the controller is 16 ns
(neglecting cache misses that, however, have a limited effect
given the minimal memory footprint); this places the proposed
solution among the fastest ones. For comparison, [14] claims
that a C implementation of their proposed control algorithm
requires 7 us. To further reduce its overhead, the control
algorithm can be realized with fixed point arithmetic, allowing
for a straightforward implementation in environments without
floating point, such as the Linux kernel. The controller can also
be made an interrupt service routine local to the core, avoiding
high-speed intercore communication (a significant problem of
centralized policies).

In addition to the PI parameters and to A, the event-
based realization requires to select g; and ®pax. Parameter
qs represents the fastest reaction time to a thermal event,
and can be selected as one would choose a “reasonable but
tendentiously small” sampling time for a fixed-rate control
realization. This decision is easily taken during the (online)
tuning procedure, based on the model parameters and the
desired response speed. In the case considered herein, a value
of 5 ms is suitable.

As for Onmax, if one cares only about thermal control there
is no limit, as the send-on-delta mechanism does not depend
on it; in [33], a general discussion on the matter can be found.
However, since our scheme is conceived to integrate with

power/performance, it is sensible to set the timeout to the
desired reaction time to load changes. In the case addressed
herein we set Op,x to 100 ms, so as to allow for very low
event rates in the absence of thermal stress while reacting to
load fast enough.

As said above for performance, there is still work to do
also about robustness. In this respect, the simplicity of the
used model becomes in some sense a problem, because the
uncertainty caused, e.g., by product and installation variability
may not be parametric, and even hard to describe in a
structured manner. What we could do at present to figure out
some “practical” robustness quantification, was to artificially
detune the controller and observe the results. We found that
even quite significant alterations of the controller parameters,
although within the nominal stability region, still yield stable
behaviors of the control system.

As a final remark, if the proposed hardware/software parti-
tion is adopted, the control reaction promptness is dictated by
hardware, hence sufficient by orders of magnitude [36], and
if the software generating the action is light enough, we do
not expect significant timing issues also in the future. In the
worst possible case, one could give up some configurability
and make the control computation hardware as well.

VII. EXPERIMENTAL RESULTS AND COMPARISONS

This section first describes the experimental setup used to
assess the proposed control, and compare it to the state of the
art. The matter is worth attention because mainstream solutions
differ from ours significantly, see Section III, hence ensuring
a fair and meaningful comparison is not trivial. Then, selected
experimental tests are presented and discussed.

A. Experimental Setup

We are presenting a complete (hardware plus software)
control solution for integrated thermal and power/performance
management. For testing, this poses two problems. First, we
need complete authority over the chip, without influences of
any preexisting thermal and power management. Second, we
cannot (at present) realize the state machine in hardware.

Concerning the first issue, the mentioned influences come
from the operating system and the hardware itself. As for
the operating system, we chose Linux for manageability
issues (replicating our results with other operating systems
is possible if deep enough access to the system is available).
To disable the default power/performance policy, we removed
the intel_pstate module and selected the userspace
Linux governor, which allows to set the clock frequency
directly.

As for hardware, in the following, we refer to the processor
used here (an Intel core i5-6600K), but considerations can
be easily generalized to other devices. We left the thermal
protection in place and operating, since it intervenes only at
100 °C, and thermal management should seldom (if ever) let
a core reach that temperature. Another important issue to care
about is the Turbo Boost that can set the clock frequency to
values higher than those permitted to the operating system.
Viewed from our thermal controller perspective, the Turbo
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Fig. 8.  Photograph of the processor with heat sink and fan (top) and
positioning of the heat sink thermocouple (bottom).

Boost is a disturbance, so we had to disable it. Doing so does
not alter the comparison arena, because the Turbo Boost is
software transparent. However, with the Turbo Boost disabled,
it is difficult to reach temperatures high enough to really
stress the compared controls. We, therefore, overclocked the
machine up to 4.2 GHz, i.e., slightly more than the 3.9 GHz
achievable with the Turbo Boost. The rationale of our choice
is to subject the compared controllers to reasonably harsh
situations, without, however, causing an excessively severe
thermal stress, that they would never encounter in any real-
world installation.

In the experimental setup, see Fig. 8, the i5-6600K is
mounted on an ASUS Z170K motherboard, and powered by a
Corsair V6 650 supply. The power supply is deliberately over-
sized, to prevent possible abrupt current jolts from affecting
the results. The used temperature sensors are those aboard
the chip, which we accessed via MSRs? as the operating
system infrastructures are too slow. In addition, we inserted
a thermocouple in the heat sink by drilling a hole down to
about 3 mm from the side attached to the processor.

During the test we left in place the BIOS fan management,
that with minor variations from one computer model to another
operates to control the “package” temperature, wherever the
sensor that measures the said temperature is located. The key
point to have in mind for this test is that any action of the
fan affects the active silicon only by traversing the thermal
dynamics of the heat sink.

2Model Specific Registers, an Intel x86 feature for low-level fast access to
processor features; similar mechanisms, with variations inessential herein, are
provided by other manufacturers.

Coming to the second issue, as we could not realize the
state machine in hardware, we emulated it with a fast task
clocked at period g,. The resulting overhead is very low and
in any case disfavors our technique, so in the following, we
just neglect it. Also, though for best operation the software
controller should be a kernel thread, we decided to run it in
user space for simplicity.

In the following, we present three experimental tests, each
representative of a series of analogous ones, with the objectives
summarized in the following.

1) Demonstrate, as far as permitted by the available instru-
mentation, the presence of the multiple time scales
envisaged in Section II, and the ability of the proposed
solution to control the relevant dynamics.

2) Compare the proposed solution to a classical and wide-
spread one, where thermal issues are dealt with by hard-
ware protections, and the power/performance tradeoff is
managed by the operating system.

3) Compare the proposed solution to an advanced one,
namely, the recently introduced Linux thermal daemon
thermald [37].

As a final remark, since the i5-6600K has one DVES for all
its four cores, we configured our control to keep the hottest
core temperature below the limit, which makes the assessment
of the decoupled nature of the system somehow indirect.
Experimenting with multiple DVES inputs is among future
research directions.

B. Experiment 1—Multiscale Dynamics

This experiment is performed by having the uP under our
control while executing a benchmark taken from the Intel
optimized LINPACK parallel suite [38]. The used benchmark
consists in solving a system of linear equations. We used
the binaries optimized with the Intel compiler, because they
are maximally efficient, and, therefore, maximally stress the
architecture from the thermal standpoint.

Fig. 9 reports the results. The top plot shows that none of
the four cores’ temperatures exceeds the limit that was set to
80 °C—in fact by zooming one can see just a few samples
sparingly above the limit, but this is irrelevant for the sense
the limit itself has in the addressed problem.

It is also possible to appreciate two of the envisaged time
scales, namely, the fastest, captured by core sensors very near
to the active silicon, and the slowest, represented by the heat
sink. There is no sensor to actually view the intermediate-
scale thermal phenomena relative to the bulk, but we can state
that the observed results do support the modeling hypotheses
of Section II, and the consequent choices as for control.
In particular, from this test, it clearly appears that no control
action having to traverse the sink dynamics can be of any
use to contrast the fast thermal stress produced by the running
code, whereas the proposed controller successfully governs the
relevant dynamics.

This important fact can be further appreciated by noticing
the evident high-frequency content in the control signal, see
the bottom plot in Fig. 9. Thanks to the event-based realization,
however, on average only 48.7 control actions per second are
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Fig. 10. Experimental test 2—temperature of the hottest core with the Linux governors performance and powersave (plots a and g, respectively) and
with the proposed controller and different limit temperatures (plots b through f). The corresponding benchmark completion times are marked by the vertical

dashed lines.

required over the benchmark duration. The same event rate,
with a fixed-timestep controller, would require a sampling time
of around 20 ms: with a dominant controlled system time
constant of 20 ms, and the necessity of rejecting disturbances
quickly, such a sampling time is simply out of question.

Finally, notice that the frequency reaches the upper satura-
tion when the controlled temperatures go down. This happens
because the benchmark keeps the processor 100% loaded
throughout its execution, but alternates phases with many
computations—thus consuming much power—to phases where
the main activity is accessing memory, which is less power
intensive. This supports our statement in Section IV, that
using load as a proxy for power is potentially misleading, and,
therefore, backs up our proposal as for the way to integrate
thermal with power/performance management.

C. Experiment 2—Comparison With Linux Governors

This experiment is conducted with the same LINPACK
benchmark used in Section VII-B. The counterpart is pro-
vided by a very typical Linux machine setup, where thermal

management is delegated to the hardware protections, and the
power/performance tradeoff is managed by a governor chosen
among per formance, that sets the frequency constant to the
maximum, powersave, that sets it constant to the minimum,
and ondemand, that adapts the frequency to the load based
on some heuristics inessential to discuss herein.

The benchmark is run to completion with the
performance and the powersave governors, and
with the proposed event-based integrated controller. We also
tested the ondemand governor that yields practically the
same result of performance if not for a reduction of the
frequency only when the benchmark terminates. The outcome
of ondemand is thus omitted.

Fig. 10 shows the obtained results, and some synthetic
figures are given in Table I. In the figure, only the temperature
of the hottest core is plotted, so as to improve readability. The
frequency is not plotted for the same reason, but the table gives
its average value. The performance governor achieves the
fastest completion, but at the cost of making the hardware
protection intervene several times (in the figure, this is when



TABLE I

COMPARISON WITH LINUX GOVERNORS—AVERAGE EVENT RATES
WHERE APPLICABLE, COMPLETION TIMES, AVERAGE FREQUENCIES,
AND SLOWDOWN WITH RESPECT TO THE FASTEST
COMPLETION BY Performance

TABLE II

COMPARISON WITH Thermald—AVERAGE EVENT RATES WHERE
APPLICABLE, COMPLETION TIMES, SLOWDOWN, AND VALUE
OF THE PENALTY FUNCTION J AS PER (46)

Control avg. ev/s compl. time  slowdown J
Control avg. ev/s  compl. time avg. freq.  slowdown thermald /a 454s 4.36.10%°C%s
Performance n/a 124s 3.79GHz Event-based 30 479s 5.5% 2.49°C2g
Ev. based, 95°C 50 135s 3.24GHz 9%
Ev. based, 90°C 54 149s 3.12GHz 20%
Ev. based, 80°C 57 177s 2.64GHz 42%
Ev. based, 70°C 64 235s  1.95GHz 89% temperature error when above the limit, that is
Ev. based, 60°C 22 340s 1.36GHz 2.7x
Powersave n/a 479s 0.96GHz 39x Ufin
J =/ (T (t))dt (46)
t=0
) with
temperature is stuck around 100 °C). The powersave one,
conversely, yields the lowest temperature but the longest com- £(T) (T = Tiim)*> T > Tiim 7

pletion. The average frequency with performance is not
the maximum (4.2 GHz) owing to an action of the hardware
thermal protection that is evident in the figure.

The point in this test is that by acting on the limit temper-
ature, the proposed controller allows to move with continuity
between the two extremal behaviors of the performance
and the powersave governors. This can be appreciated from
both the data in Table I and the plots in Fig. 10; we could
not perform an event-based test at 100 °C, because it would
be impossible to distinguish the action of the controller from
that of the hardware thermal protection. In any case, as the
limit temperature is increased, the slowdown with respect to
performance approaches zero, indicating that the proposed
control does not unduly limit computational speed. As for the
average event rates, once again they apparently could not be
achieved with a fixed-timestep controller.

The outcome of this test not only further corroborates
the proposed integration of thermal and power/performance
management, but indicates that the latter can be somehow
obtained as a consequence of the former. Although further
study is required, one can in fact conjecture that a convenient
scheduling of the limit temperature can be used as a means to
drive a computing system toward a “powerful” or an “energy
saving” behavior, all with a single—and simple—controller
like the one proposed herein.

D. Experiment 3—Comparison With the Linux
Thermal Daemon

We finally compare the proposed controller to thermald,
a recently introduced solution for thermal management, now
available by default in several Linux distributions, that com-
prehends a PID controller, and is a good representative of the
present state of the art.

The test shown here is done with a more articulated
benchmark, which alternates two LINPACK executions with
cpuburn, so as to provide a diverse load—and especially
power—profile. The test is performed with a standard Linux
configuration, including the intel_pstate module and the
default governor; the temperature limit is set to 80 °C.

To compare the thermal behaviors, in this test, we use
a penalty function J given by the integral of the squared

0 T < Tiim

where T is the controlled temperature, Tijiy is the limit, and
[0, #fn] is the experiment timespan. The rationale is to penalize
a short but large limit violation more than staying for a
longer time just above the limit. This choice is sensible if
one considers the chip stress that follows in the long run
from repeating many times either type of temperature limit
violation, see e.g. [39] or the comprehensive work [40] and
some papers quoted therein.

Fig. 11 shows the obtained results, and some numbers are
given in Table II. In the figure, it is possible to distinguish
the LINPACK phases, with their high software-induced power
variability, and the cpuburn ones—around 200 s and at the
end of the test—where power is conversely almost constant if
frequency is.

The first thing that emerges is that the completion time
with thermald is lower, but only at the cost of a very
significant degradation in the thermal behavior with respect
to the proposed control. It is, however, particularly interesting
to observe in more detail the control signals (center and
lower plots). Contrary to the proposed controller, thermald
acts with a time scale that is tendentiously too slow for the
dynamics to govern, except for just a couple of small periods
around 130 and 420 s (the high-frequency control activity
observed when the temperature approaches 100 °C is produced
by the hardware protection).

Hence, in this test, the proposed controller does exhibit
an advance over the state of the art, but from a research
viewpoint, this is not the very key point. The main lesson
learned is the real necessity of making thermal management
as independent as possible of the operating system, especially
when the controlled hardware requires fast and timely action.

Indeed, the difficulties experienced by thermald come
basically from the various preexisting operating system com-
ponents involved in its operation that were not designed having
the said involvement in mind.> As a qualitative proof for this
statement, observing the bottom plot in Fig. 11, one notices a

3There is not the space for a complete description, but at https://01.org/linux-
thermal-daemon/documentation/introduction-thermal-daemon the interested
reader can find a block diagram, and the mention of some of the involved inter-
faces and modules like /sys/devices/platform/coretemp.x, /sys/class/thermal/,
p_state and so on.
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Fig. 11. Experimental test 3—temperature of the hottest core with proposed controller (a) and thermald (b) (top) and frequency with the two controllers

(center and bottom); in the top plot, the two benchmark completion times are marked by the vertical dashed lines.

very oscillatory control behavior also in the cpuburn phases,
i.e., a poor degree of stability. A complete analysis is not
possible due to the difficulty of modeling thermald as a
dynamic system. However, most likely a reason for the lack
of stability is that the control action decided by the daemon has
to traverse components that operate each with its own timing,
and thus introduce a potentially significant and variable delay.
Summarizing, on one hand, this test supports the statement
of Section II that a good solution has to be transparent and
agnostic as for the operating system, and on the other hand,
backs up the idea of splitting the solution into a hardware
part to promptly call for action with guaranteed timing, and a
software part to make that action as configurable as needed.

VIII. CONCLUSION AND FUTURE WORK

In this paper, we presented a thermal controller for high-
density microprocessors that integrates seamlessly with any
power/performance management policy, and if simplicity is
desired, can itself handle the power/performance tradeoff by
acting on the limit temperature.

We motivated our approach by analyzing the history and
the trends of the processor industry with respect to the treated
problem, showing that nowadays the said problem is on the
one hand vital for the chips, and on the other hand very keen
to unduly limit computational speed if not properly addressed.

We outlined the characteristics that an effective solution has
to possess in terms of performance, computational lightness,
configurability, and independence with respect to the operating
system.

We analyzed the controlled system, based on open-loop
experiments and first-principle modeling, and concluded that
a decentralized control is adequate. We set up the control in
the continuous time, proved its stability accounting for its

LTV nature, and verified in simulation the efficacy of the
decentralized structure.

We showed that given the requirements as previously stated,
an event-based realization is highly beneficial (not to say
necessary) by determining the sampling time that a fixed rate
one would require for an acceptable performance.

We designed such a realization, conveniently partitioning it
into a hardware event generator and a software controller—an
idea that we think may be fruitfully applied to other computer-
related control problems, incidentally. The proposed structure
was motivated as well suited to provide at the same time the
necessary promptness and configurability.

We proved stability also for the event-based realization,
carried out a preliminary performance analysis, and provided
configuration guidelines.

We implemented the presented solution on real hardware,
and showed by convenient testing that it fulfills the require-
ments, and yields visible advantages over the state of the art. In
particular, we verified that our solution can play both the role
of a thermal controller and of a power/performance manager,
in a more flexible manner than the present governors. We
also proved that the necessary promptness cannot be achieved
without bypassing the operating system modules.

As a consequence of the so proven practical viability and
effectiveness, the proposed control is the subject of a recently
filed Patent Cooperation Treaty application.

Future work will be directed at fully automating the
calibration of the event-based controller, at completing the
performance analysis, and at a more extensive benchmarking.
Moreover, the controller will be ported to different processor
architectures, with a particular focus on those offering per-
core DVFS, and different actuation schemes will be studied,
for example addressing the integration of the proposed control



with clock gating, duty cycle modulation, and even the voltage
controller, so as to widen the variety of applications for the
methodological ideas here proposed.

Also, research may consider taking information from the
proposed controller for the use of a task allocator, and in
heavy-duty NoCs, one could maybe even treat the commu-
nication unities the same as cores, if proper resynchronisers
exist to allow for their operating frequency to be modified.

More in general, finally, hardware/software partitioning will
be studied to address other computing systems control and
design problems, as is definitely seems a promising approach.
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