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Abstract

Processor thermal control in real-time systems is crucial because overheated proces-
sors may result in critical performance degradation or even system failure. The main
challenges in processor thermal control in real-time systems are as follows: (i) the
need to satisfy both real-time and thermal constraints; (ii) uncertain system dynamics;
and (iii) thermal sensor noise. The first two issues have been resolved in substan-
tial studies while the issue of sensor noise has not been thoroughly addressed. In
this paper, we experimentally identify that even a small zero-mean sensor noise can
induce a significant steady-state error in processor thermal control. This steady-state
temperature error is contrary to the intuition that zero-mean sensor noise normally
induces zero-mean fluctuations around the target temperature. We rigorously analyze
the phenomenon based on the stochastic averaging theory and quantify the error in a
closed form in terms of noise statistics and system parameters. We propose a thermal
control architecture for effectively eliminating the thermal error and tightly controlling
the processor temperature. Through extensive experiments, we validate the proposed
architecture.
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1 Introduction

Thermal control in real-time systems is critical because overheated processors can
result in serious performance degradation or even system failure. The main challenges
in processor thermal control can be summarized as follows: (i) the need to satisfy both
real-time and thermal constraints; (ii) uncertain system dynamics; (iii) thermal sensor
noise.

Thermal-aware real-time scheduling schemes deal with (i) under the assumption
of accurate system models. Feedback-based thermal control approaches are further
proposed to take into account uncertain system dynamics, which resolves both (i) and
(ii).

In the meantime, most existing studies do not explicitly consider the thermal sensor
noise, which is substantial and common on microprocessors in practice (Rotem et al.
2006; Long et al. 2008). Though varied by several factors such as sensor accuracy,
sensor placement, and processor architecture, the difference between sensor reading
and the actual hotspot temperature can frequently be as large as 10 °C (Rotem et al.
2006; Long et al. 2008). Accordingly, we need to develop a thermal control scheme
that can address not only (i) and (ii), but also the practical issue of (iii).

In this paper, we present an effective thermal control architecture for real-time
systems. In particular, our key contributions are twofold.

— Werigorously analyze the noise-induced error in a general framework and quantify
it in a closed form in terms of noise statistics and system parameters.

— We propose an effective thermal control architecture and empirically validate its
performance through extensive experiments.

Our starting point is the observation that even a small zero-mean sensor noise
in processor thermal control can result in a significant steady-state error. It should be
noted that this steady-sate error is totally different from typical zero-mean temperature
fluctuations. A non-zero steady-state error will cause either system under-utilization,
or much more seriously, processor overheating: When the actual temperature is lower
than the target value, the processor will be under-utilized. When the actual is higher
than the target, the processor will be overheated in spite of feedback thermal control.

Furthermore, we discover that an intuitive attempt for resolving this phenomenon
without fundamental understanding fails to reduce the temperature error. Hence, we
need to thoroughly understand and analyze the phenomenon of a non-zero temperature
error, and develop an effective solution for eliminating the error.

The remainder of this paper is organized as follows: We give related work in Sect. 2.
In Sect. 3.1, as our motivation, we empirically show that a small zero-mean sensor
noise can cause significant error in feedback thermal control. We further demonstrate
that an intuitive effort for resolving the situation is ineffective. The system models
are given in Sect. 3.2. We rigorously analyze the noise-induced temperature error
and quantify it in a closed form in Sect. 3.3. In addition, we propose an effective
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temperature control architecture, which can eliminate the noise-induced error. Through
extensive experiments, we empirically validate the proposed architecture in Sect. 4.
Our conclusion follows in Sect. 5.

2 Related work

As the power density of CPU increases, thermal hotspots and severe temperature
variations on the die may occur. Accordingly, thermal management mechanisms are
needed to mitigate thermal problems (Kornaros and Pnevmatikatos 2013; Prakash
et al. 2016; Khairnasov and Naumova 2015). In Beneventi et al. (2014), the authors
present a gray box approach to system identification of thermal model to acquire
more accurate thermal model. Utilization-aware power management is proposed in
reliable processors that switches the power level of processors to increase energy
efficiency and prevent excess of supplied power (Avirneni et al. 2016). In addition,
thermal management techniques of CPU for cyber-physical systems (CPS) are recently
studied in Krishna and Koren (2017).

Especially, in real-time systems, there is a need for a CPU thermal control technique
that takes into account real-time constraints (Pathan 2017). To this end, thermal-aware
real-time scheduling has been extensively studied (Chantem et al. 2011; Sheikh et al.
2012; Tsai et al. 2017; Zhou and Wei 2015; Zhou et al. 2016; Mohageqi et al. 2016;
Ahmed et al. 2016). Nevertheless, these approaches typically rely on accurate system
models of thermal dynamics, task execution times, power consumption, and ambient
temperature. In practice, these models may not be sufficiently accurate due to various
environmental changes.

There is another line of research on thermal control for real-time systems such as
Saen et al. (2007) and Floyd et al. (2007), whose primary goal is to resolve the thermal
issue by adjusting system parameters such as clock frequency, voltage and bandwidth
allocation.

More recently, feedback thermal control methods are proposed for precluding pro-
cessor overheating by tuning the task rate or CPU power. In Yue et al. (2012), a
Thermal-Aware Feedback Control Scheduling (TAFCS) is proposed for soft real-time
systems based on a nested feedback control loop structure called Thermal Control
under Utilization Bound (TCUB) in Fu et al. (2010). The key difference between
TAFCS and TCUB is that TAFCS uses a miss rate controller instead of the utilization
controller in TCUB. The feedback thermal controller outputs the miss rate refer-
ence, and based on this reference value, the miss rate controller outputs the target
frequency of the CPU. On the contrary, an algorithm called Temperature Regulated
Capacity Bound (TRCB) is proposed in Hettiarachchi et al. (2012), whose main goal
is to design thermal-resilient hard real-time systems. In Cui et al. (2017), the authors
propose a highly adaptive fuzzy controller for thermal management to deal with the
control quality problem according to the model uncertainty of the feedback thermal
control system.

A thermal-aware service rate assignment problem in CPS is proposed in Chu et al.
(2012), where a dynamic-programming based service rate assignment is introduced
within a feedback control framework in order to prevent system overheating. To eval-
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uate the proposed scheme in Chu et al. (2012), the authors introduce new performance
metrics of the normalized value density, the normalized remaining power consump-
tion, and the unfeasible ratio. A resource management for processor thermal control is
proposed in Segovia et al. (2011), where the controller is based on the nested feedback
controller structure that consists of the thermal controller and the resource manager,
and then a service level table is defined for evaluating the proposed resource manager.

Feedback thermal control is also extended to multicore processors in Becker et al.
(2014), where the authors propose two schemes of dynamic power management for
thermal control of many-core real-time systems. Since neighboring CPUs can make
more heat than separate ones, the proposed approaches spread the tasks in order to
alleviate overheating between the cores. Feedback thermal control on multicore pro-
cessors is also analyzed in Fu et al. (2012), where Real-Time Multicore Thermal
Control (RT-MTC) is proposed for thermal control of multicore systems. RT-MTC
controls the temperature and the utilization of multicore processors through dynamic
voltage and frequency scaling (DVES).

Another direction of research is to predict the processor temperature for improving
the quality of thermal control. In Yun et al. (2013), a proactive peak temperature
manager (PTM) is introduced, which periodically measures future core temperature
and maintains the peak temperature of the cores below a given threshold. The goal
of PTM is to make all the timing constraints of the task set satisfied in time-critical
multi-core systems.

In summary, there has been no thermal control method for real-time systems that
properly takes into account the impact of sensor measurement noise. One exception
is the work in Kim et al. (2015), where preliminary simulation study under a limited
model is reported. Here, we significantly extend the work in Kim et al. (2015) in the
following two directions. First, our analysis here is carried out under a general system
architecture and plant dynamics while that in Kim et al. (2015) is substantially limited
to the so-called Internal Model Control (IMC) architecture with a first-order plant
only. Second, we empirically validate our analytic results with a testbed while the
performance evaluation in Kim et al. (2015) is carried out with simulation only.

3 System modeling and analysis
3.1 Motivation: why sensor noise matters?

In this section, we show that random sensor noise can significantly degrade thermal
control performance.

Consider the thermal feedback control of Fu et al. (2010) where utilization level
is controlled based on CPU temperature feedback in order to prevent processor over-
heating. This method is referred to as TCUB (Fu et al. 2010). Figure la shows the
CPU temperature from numerically simulating TCUB system when temperature sen-
sor noise is not present. Clearly, the desired CPU temperature of 65 °C is achieved.
Figure 1b shows the control performance when zero-mean Gaussian sensor noise
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Fig.1 Noise-induced error in
feedback thermal control
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with variance of 1 exists in the system.! The CPU temperature deviates from 65 °C
and fluctuates around 69 °C, which implies CPU overheating that is critical in most
applications.

As it turns out, the phenomenon is not due to the particular form of TCUB (Fu et al.
2010). In fact, it takes place in any thermal control systems that achieve the target
when there is no measurement noise. Detailed explanation will be given in Sect. 3.3.

It should be pointed out that this CPU temperature bias created by zero-mean sensor
noise does not seem intuitively straightforward. Typically, control system outputs
show zero-mean fluctuations when zero-mean sensor noise exists in the feedback
measurement. Furthermore, the scenario considered in the following only emphasizes
the counter-intuitive nature of the phenomenon: In response to the CPU temperature
exceeding the desired value by 4 °C, one may decide to lower the setpoint, from 65
to 61 °C, in an attempt to lower the CPU temperature. The result of such an attempt
is shown in Fig. lc. The CPU temperature does not decrease as much as one would
expect, and still exceeds the setpoint by more than 7 °C. This is a clear indication that
an intuitive approach to remedy the situation does not work at all.

Thus, it is necessary to understand the mechanism underlying this counter-intuitive
behavior in order to alleviate thermal control degradation due to sensor noise that
leads to CPU overheating. In the subsequent sections, we analyze the phenomenon by
modeling the thermal control systems, provide explanation and closed-form formula
that predicts the level of temperature bias induced by measurement noise, and propose
asolution that eliminates noise-induced temperature error. Parameters description used
in the analysis of the subsequent sections can be found in Table 1.

3.2 System model and description
3.2.1 CPU thermal dynamics

We adopt the system model in Fu et al. (2010), which is introduced here for complete-
ness. For the thermal dynamics of the processor, the well-known thermal RC model
is used as follows (Ferreira et al. 2007; Bellosa et al. 2003):

dr(r)
dt RnCn

1
(T(t)—T0)+C—P(t), ey
th

where T (¢) is the temperature of the processor, Tj is ambient temperature, P (t) is the
actual power consumed by the processor, Cy, is heat capacity and Ry, is heat resistance.
Equation (1) represents equation (3.3.3) in Bellosa et al. (2003), where c; and ¢; are
1/Cw and 1/ Ry, Cyy, respectively.

3.2.2 Overview of TCUB

The primary design objectives for feedback thermal control are twofold: (i) to prevent
processor overheating, and (ii) to maintain desired real-time system performance. In

I' Noise level with variance of 1 is a mild condition in practice (Rotem et al. 2006; Long et al. 2008).
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Table 1 Parameters description

Notation Parameters

T Temperature of processor

Ty Ambient temperature

P Actual power consumed by processor
R Thermal resistance

Cih Thermal capacitance

o Utilization lower bound

B Utilization upper bound

U Unfiltered utilization setpoint

Uy Utilization setpoint

TR Temperature setpoint

Ur Actual utilization of processor

R Task rate of processor

T Thermal controller sampling time
rk) kth sampled Tg

e(k) kth sampled control error

u(k) kth sampled control input

d(k) kth sampled disturbance

n(k) kth sampled sensor measurement noise

order to overcome various uncertainties in real-time systems, feedback thermal control
dynamically adjusts the processor temperature so that it matches the setpoint Tg, which
is specified by system requirement. In order to achieve these objectives, TCUB has
been proposed based on feedback control theory (Fu et al. 2010).

The overall structure of TCUB is described in Fig. 2. TCUB has two control loops
that run at different time scales. The outer loop is responsible for thermal control while
the inner loop for utilization control. Since temperature dynamics is much slower than
the processor utilization dynamics, it is sufficient that the outer loop runs at a lower
sampling rate compared to the inner loop. At the end of the kth sampling period of
the outer loop, based on the measured temperature 7 (k) by the thermal sensor, the
PI controller calculates the utilization command U (k) that is checked for feasible
utilization in the saturation block, and finally the thermal controller calculates the
utilization setpoint U, (k) for the utilization controller of the inner loop. The role of the
inner-loop utilization controller is to tune the task rates R;’s so that the actual processor
utilization U (k) converges to the setpoint U, (k) given by the thermal controller. The
setpoint and the minimum and maximum utilization bounds are provided to the thermal
controller at the design phase, which are denoted by Tg, «, and B, respectively.

3.2.3 Thermal control system model
Figure 3 shows the block diagram representation of TCUB feedback thermal control

system (Fu et al. 2010), where K (z), G(z), and H(z) denote the PI controller, the
anti-windup controller, and the transfer function between the processor utilization and
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Fig.2 Overall structure of TCUB

the CPU temperature, respectively. The upper and lower bounds of the CPU utilization
in TCUB are denoted by the saturation block satg (u) with the following definition:

B, u>p
satfu)y=3u, a<u<p )
o, u < .

The signals AT (k), ATg, U (k), Us(k), are, respectively, CPU temperature lin-
earized with respect to a reference point, CPU temperature setpoint, utilization
command before and after the saturation bounds. The signal v(k) is the difference
between U (k) and U, (k) that is used as an input to the anti-windup controller G (z).

The maximum utilization bound B is determined by the schedulability region within
which it is feasible to meet the deadlines of the real-time tasks considered. The lower
bound « can be defined as the sum of the product of each minimum achievable task
execution time with the corresponding minimum allowable task rate.

The thermal controller needs to regulate the temperature of the processor to track
ATpg by its output U, (k) under the utilization bounds. Let 7' (k) be the temperature of
the processor in the kth sampling period. Then, from Fu et al. (2010), we use To + Tiqle
as a reference point to define AT (k) = T (k) — (To + Tigie), where Tp is the ambient
temperature and Tjge is the idle temperature determined by Tige = R Pige With
Piq1c being the power consumption when the processor is idle and Ry, being the heat
capacity.

The transfer function H (z) in Fig. 3 is

r
H(z) = —& 3)

where @ = exp(—T;/(RnC)) with T being the sampling interval of the control and
I' = (Gp Py — Pigie) Rn(1 — @) with G, being the ratio between the actual active
power at run time and the estimated active power P,. The transfer function K (z) is a
PI controller and given by
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where K = K;(1+“4%)andb = ;;g;;; (Fuetal. 2010; Kottenstette et al. 2011). The
constant K ,, K;, and w; are control gains from continuous dynamics. The anti-windup

controller G(z) is selected to be identical to H (z).

3.3 Analysis of a thermal controller with sensor noise

It turns out that control performance degradation in the form of bias at the system
output due to zero-mean sensor noise was first reported in Eun and Hamby (2014)
for PI controlled systems with anti-windup, where the phenomenon was referred to as
Noise Induced Tracking Error (NITE). The work of Kim et al. (2015) discovered that
NITE also occurs in thermal control systems which are designed using Internal Model
Control (IMC) structure known to have an intrinsic anti-windup mechanism. In this
section we provide a NITE analysis for a larger class of feedback systems. Specifically,
the novelty of the current analysis compared to those of Eun and Hamby (2014) and
Kim et al. (2015) are as follows. The analysis in Eun and Hamby (2014) is limited
to a PI controlled systems with specific type of anti-windup given by continuous-
time dynamics. The analysis of Kim et al. (2015), on the other hand, is formulated
in discrete time, and deals with an IMC type controller with only first order plant
dynamics. Analysis in current work, also given in discrete time, extends the work of
Kim et al. (2015) to control system architectures not limited to IMC type, and to the
plant dynamics not limited to first order.
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Fig.4 A block diagram of a PI controlled system with an anti-windup with measurement noise
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Fig.5 A block diagram of the systems equivalent to that of Fig. 4

Figure 4 shows a PI controlled system with an anti-windup. The anti-windup con-
sists of two transfer functions G1(z) and G»(z), and this structure is general enough to
include any known anti-windup mechanism. Measurement noise process is denoted by
n. The noise assumed to have zero-mean Gaussian distribution with standard deviation
denoted by o,,. The signals r(k), n(k), d(k), e(k), u(k), and yy (k) are, respectively,
reference, measurement noise, disturbance, tracking error, control input, and output.
We notice that the thermal control systems in this paper can also be represented by
the systems of Fig. 4. This can be done by setting the transfer function G, (z) = 0 and
G1(z) = G(2).

By manipulating the systems of Fig. 4, we can obtain the systems of Fig. 5, equiva-
lent to that of Fig. 4 When 0(2) = % and W(z) = WFZHGz(z)

The systems of Fig. 5 provide simplicity in terms of analysis of NITE phe-
nomenon. Therefore, by using the systems of Fig. 5, we provide the analysis of NITE
phenomenon. Here, the plant H(z) and the block Q(z) are strictly proper transfer
functions, while the block W (z) is proper one. The outputs of H(z) and Q(z) are
denoted by yg (z) and yg(2).

We assume the followings. The reference r and the disturbance d are assumed to
satisfy

o< wr _da=<p )
1—0()+W()H(1)
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Fig.6 An averaged version of the systems in Fig. 5

where W (1), Q(1), and H (1) are, respectively, the dc gains of W (z), Q(z), and H(2).
Equation (5) is introduced to exclude tracking loss purely due to input saturation, and
ensure that » and d are in the ranges where no steady-state tracking error occurs due
to saturation (Eun and Hamby 2014). If Eq. (5) does not hold, there will be a non-zero
steady-state error even without any sensor noise. This assumption is to ensure that the
control input in the steady state remains in the linear region of the actuator if n = 0.
We also assume H(1) # 0, W(1) # 0, Q(1) # oo. Most systems physically satisfy
these conditions.

According to the stochastic averaging theory (Bai et al. 1988), we apply stochastic
averaging to the systems of Fig. 5, and obtain averaged systems of Fig. 6 that are
driven only by deterministic signals. This approximation yields high accuracy when
the noise bandwidth is high compared to that of the system. In the averaged systems,
the random noise n disappears, and satg (u(k)) is replaced by

BB K): Wagorn) = 2B 4 2®) _aerf( (k) — )

2 2 \/EWooUn
_u(k) — 'Berf( uk) — B )
2 \/zwooan ©)
u(k)—a ii()—p)2
V21
where
2 [t 5
erf(§) = ﬁ/o exp(—t-) dt. @)

The parameter W, means lim,_, o W(z). As shown in Fig. 6, all signals are denoted
with bar.

The effect of averaging is captured in the function hg (u(k); Woooy,) that replaces
the actuator saturation satg (u(k)). The two functions are compared in Fig. 7 with the
parameters @ = 0.1 and g = 0.67 for several values of Wy,0;,. As shown in the figure,
the effect of the measurement noise manifests itself as a distortion from the saturation
function and the difference between the two increases as Wy,0,, increases. When o,
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Fig.7 Comparison between hg (it; Weoop) and satg () for several cases

tends to zero, hg (u(k); Wxo0,,) converges to satg (u(k)) as reported in Eun and Hamby
(2014).

Let us denote the asymptotic limits of r (k), d(k), yg (k), yo (k), e(k), and u(k) are,
respectively, denoted by r, d, yu, yo, e, and i for k — oo (e.g. e = limy_, o0 €(k)).
In steady state, as it follows from Fig. 6, yp and u satisfies

it = W) (r — ym) + QhE (it; Weoo), (8)
Yo = QB (it; Weooy), )

To account for cases where W (1) = oo, we rewrite Eq. (8) as

i 00
W = O I e Weson), (10)

We denote the value of noise induced tracking error » — yy by e. Then, we state the
key result on the noise-induced tracking error in Theorem 1.

Theorem 1 The steady state tracking error of the system of Fig. 6 is given by

= Bor.
o _ = QG W) an
w(l)

Proof The value of i is calculated by solving

i — Q(DhL (@ Wagon) 1
H(HW(1) H()

— (B (it; Woso) + d) . (12)
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if o,, = 0, then (11) reduces to

g L= QWi (13)
WD)

if the plant H (z) has a pole at z = 1, for an equilibrium to exist, the input to the plant
H (z) must be zero in the steady state, that is,

hE (it; Wooo) +d = 0. (14)
Therefore, we obtain the steady state tracking error

z= W (15)
wW(1)

O

Theorem 1 shows the steady state tracking error in the systems of Fig. 6. Since
the thermal control systems of Fig. 4 can also be expressed as that of Fig. 5, NITE
in this thermal control system can be analyzed through Theorem 1 as well. In case of
the thermal control system, from (12), Q(1) is equal to 1, and » and W (1) correspond
to ATg and ﬁ, respectively. Also, Wy, and u of K(z) are denoted by « and U.
Theorem 1 implies that the thermal control system with measurement noise yields
CPU temperature tracking error, Tepror, to the level defined by e in (11).

The temperature error in (11) is proportional to the difference between U and
hg(U , ko). As one can see in Fig. 7, this difference increases as U approaches to
the boundary « or 8. Also, for given U, the difference increases as ko, increases.
Therefore, larger ko, yields higher level of temperature error. The difference is also a
function of ¥ which is given by the sum of the controller gains, K, + K. Thus, larger
proportional control gain, or larger integral control gain increases the temperature
error as well.

Since the temperature error is the product of the d.c. gain G (1) of the anti-windup
controller G(z) and U — hg (U, kop), removing the anti-windup controller eliminates
the noise-induced temperature error. Indeed, the noise-induced temperature error is a
phenomenon that uniquely takes place when a PI controlled system with anti-windup
is operating with measurement noise. Although removing anti-windup eliminates the
temperature error, this is not a desirable solution to deal with the effect of measurement
noise in thermal control as many cases had been reported regarding adverse effect of
controller windup (Goodwin et al. 2000).

In fact, Fig. 8 shows the response of the PI thermal control system without anti-
windup when ambient temperature dropped between 1000 and 4000 s due to a sudden
operating environment change. From 0 to 1000 s, noise-induced temperature error does
not take place as predicted by Theorem 1. However, controller windup phenomenon
occurs at 4000 s, which makes the CPU temperature exceed the setpoint for a prolonged
period of time. The desired target temperature is not achieved from 1000 to 4000 s
although CPU is running tasks at the maximum utilization level, due to lower ambient
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Fig.9 Thermal control system with virtual saturation

temperature, which is inevitable. As illustrated in this case, removing anti-windup is
not a desirable solution. It is necessary to develop a method that suppresses noise-
induced error while retaining anti-windup function.

3.4 Design of thermal control with virtual saturation

Now, we design an effective method for eliminating the noise-induced error in feedback
thermal control. The mechanism of the noise-induced temperature error is such that
the measurement noise is amplified by the controller gain, acts through the system
and persistently triggers the anti-windup controller. In order to prevent anti-windup
controller activation by the measurement noise, we introduce a virtual saturation block
which has a wider linear range than the actually allowed utilization range.
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The proposed scheme, referred to as Thermal Control under Utilization Bound with
Virtual Saturation (TCUB-VS), is illustrated in Fig. 9. In order to make U (k) lie inside
the linear region, TCUB-VS introduces a virtual saturation block with satg:(U k)),
where o’ = o — 3x0,, and B’ = B + 3k0,,. The margin of three standard deviations>
is determined using the Gaussian distribution of the noise process and is expected to
prevent anti-windup activation from noise about 99.7% of the time. In this manner,
we can eliminate the noise-induced activation of anti-windup while the true windup
behavior due to unexpected environment change would still be prevented.

The function hs :(l_] (k); koy) is depicted in Fig. 10. Clearly this gives an enlarged

linear region. Thus, the difference between U (k) and hg : (U (k); ko) is negligible in
the original linear region of [0.1, 0.67].

As illustrated in Fig. 10, for the steady-state utilization level U that satisfies
a<U< B, we obtain hg:((j(k); kop) ~ U. Therefore, from (11) in the averaged
dynamics, we arrive at Terror & 0. In this manner, TCUB-VS significantly suppress
the noise-induced error while maintaining anti-windup functionality.

It should be noted that a low-pass filter is one of alternative candidates to mitigate
the NITE phenomenon. However, a low-pass filter is sensitive in terms of system
stability unless carefully designed while the proposed approach, TCUB-VS, can be
easily implemented by simply enlarging the saturation bound without any significant
loss in stability (Fu et al. 2010).

2 We have chosen three standard deviations in an arbitrary manner. We can use a different value if needed.
However, use of too high a margin value slows down the transient of temperature control. Three standard
deviations can eliminate NITE substantially while at the same time causing little degradation of the transient
performance of the temperature control.
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Fig. 11 The hardware platform used in the experiment

Table 2 Thermal related parameters for experiment

Parameters Notation Value
Thermal resistance Rin 0.883K/W
Thermal capacitance Cih 309.02J/K
Control system gains Kp 0.6066

K; 0.001

(2] 0.964

r 3.0186
Utilization upper bound B 0.67
Utilization lower bound o 0.1
Thermal controller sampling time Ts 10s

4 Experiments

Here, we evaluate the performance of TCUB-VS through extensive empirical stud-
ies by implementing the proposed architecture. The hardware platform used for the
experiment is a Samsung DM700T2A-ASC7 desktop with an Intel i5-760 @ 2.793
GHz and the Linux kernel 3.13 with Ubuntu 14.04.2 LTS, as shown in Fig. 11.
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Fig. 12 Motivation scenario revisited

TCUB-VS monitors the CPU temperature and allows the CPU to operate with the
utilization value calculated by the thermal controller. In order to perform these opera-
tions, TCUB-VS consists of the following three components; temperature monitoring,
thermal controller, and utilization controller.

Temperature monitoring These days, a processor typically has a digital thermal sensor

(DTS) for each core, which can be supported by the operating system or third-party
packages. In Linux, Im-sensors which is a free and open-source application, provides

@ Springer



18 Real-Time Systems (2020) 56:1-27

110 ‘ ‘
TCUB-VS
100 - ——TCUB w/o anti-windup |4
(&) -~ Setpoint
< 90 ]
&
Z
o]
g
R
g
&
-]
[a W
O

0 500 1000 1500 2000 2500 3000 3500
Time (s)

Fig. 13 Controller windup revisited

tools and drivers for monitoring temperatures of CPU cores. We use Im-sensors to get
the temperature of CPU cores for our experiment.

Thermal controller In order to properly design the parameters of TCUB-VS, we obtain
the CPU thermal parameters as follows. First, the thermal resistance can be obtained
using linear regression from the relationship between CPU utilization and tempera-
ture. In addition, thermal capacitance is acquired by using the discrete thermal RC
model (Ferreira et al. 2007; Bellosa et al. 2003), CPU power consumption (Intel
2009), and temperature transient graph empirically obtained from our platform. Ther-
mal capacitance and thermal resistance of the CPU, and the parameters of TCUB-VS
are summarized in Table 2.

Utilization controller To change CPU utilization, we generate workload by using CRC
benchmark. For each core, we run a thread that controls CPU utilization by regulating
the work time and the sleep time. We use the system tick counter for the work time.
We implement the sleep time using usleep function.

Here, we study five scenarios. The first two revisit the problems in Figs. 1 and 8,
respectively. Then, we discuss the CPU under-utilization problem and execution time
variation of CPU. Finally, we show that the noise-induced temperature error exists with
a different hardware platform. In all of the scenarios, we confirm that the proposed
TCUB-VS can effectively eliminate the error.

4.1 Experiment I: motivating scenario revisited

In Fig. 1, we show that TCUB fails to achieve the desired CPU temperature due to
sensor measurement noise even when the intuitive attempt to eliminate the tempera-
ture error lowers the target temperature. Figure 12 shows the temperature responses of
TCUB-VS and TCUB under the same experimental condition. In particular, Fig. 12a
shows the case of T = 65 °C, where TCUB-VS can achieve the desired CPU temper-
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Fig. 14 Under-utilization problem of TCUB

ature while TCUB shows noise-induced steady state error. In the case of Tp = 61 °C,
Fig. 12b shows that TCUB-VS eliminates the noise-induced error as expected while
the steady-state error of TCUB becomes even larger than that in Fig. 12a. These results
indicate that TCUB-VS can eliminate the noise-induced steady state error regardless
of the target temperature.
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4.2 Experiment Il: windup scenario revisited

As shown in Fig. 8, we can eliminate noise-induced error by removing the anti-windup
function, while the controller suffers from the windup phenomenon. Figure 13 shows
the responses of TCUB-VS and TCUB without anti-windup. In the scenario, the initial
target temperature is 75 °C, and the ambient temperature abruptly increases due to the
change of the operating environment, e.g., from indoor to outdoor. The two temperature
responses in Fig. 13 are quite similar until 1800 s. In this interval, the temperatures
of both cases are lower than the target value due to low ambient temperature. After
1800 s, the ambient temperature increases by 15 °C that is sufficient to achieve the
target temperature. Then, TCUB without anti-windup suffers from controller windup,
which results in failure of temperature control. The proposed TCUB-VS can prevent
windup phenomenon and tightly controls the temperature around the target value.

4.3 Experiment lll: under-utilization problem

In the experiment, we compare TCUB-VS and TCUB under the situation when the
target CPU temperature cannot be achieved even if the CPU utilization reaches its
maximum-possible value. Here, the CPU fan speed is set to 2935 RPM which is higher
than that in other experimental scenarios. The higher fan speed reduces the thermal
resistance that leads to lower the CPU temperature with the same CPU utilization.

Figure 14 shows that TCUB shows under-utilization. Both TCUB in Fig. 14a and
TCUB-VS in Fig. 15a do not achieve the target temperature due to low thermal resis-
tance. Nevertheless, TCUB achieves only 40% of CPU utilization while the upper
bound is 66%, which is a significant under-utilization of CPU resources. This under-
utilization also results from the NITE phenomenon.

When the operating point of utilization is lower than the midpoint of the range, the
NITE results in CPU overheating as shown in the motivating example in Sect. 3.1.
In the meantime, when the operating point is higher than the midpoint, the NITE
decreases the CPU temperature, which results in under-utilization. TCUB-VS can
resolve this under-utilization as shown in Fig. 15b, where the CPU utilization reaches
its upper bound.

4.4 Experiment IV: execution time variation

In this scenario, we compare TCUB-VS and TCUB when there exists uncertainty in
task execution times. The actual task execution time can be different from the estimated
time due to various system uncertainties. We introduce the execution time factor (etf),
which is the ratio between the actual and the estimated task execution times.

Figure 16 shows the thermal control response with etf =2 and etf =0.5, respectively.
When etf =2, the actual task execution time is twice the estimated time, and etf =0.5,
in contrast, means that the actual task execution time is half of the estimated time. In
both cases, TCUB-VS can tightly control the CPU temperature while TCUB shows
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Fig. 15 TCUB-VS for solving under-utilization problem

CPU overheating. It should be noted that TCUB can properly control the temperature
under execution time variation when there is no sensor measurement noise, as reported
in Fu et al. (2010).
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Fig. 16 Two responses with execution time variation

4.5 Experiment V: different hardware platform

In order to evaluate performance with a different hardware platform, we carry out the
experiment with a different laptop (Toshiba PORTEGE R830). Here, we set the target
temperature of 60 °C. As shown in Fig. 17, TCUB-VS does not show any noise-induced
temperature error while the response of TCUB exhibits severe bias. As expected from
our analysis, noise-induced temperature error still appears with a different hardware
platform, and TCUB-VS can effectively eliminate the error.
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Fig. 17 Thermal control responses with a different processor

5 Conclusion

We have studied the important practical issue of sensor noise in processor thermal
control for real-time systems. In particular, we have discovered that a small zero-
mean sensor noise can induce a significant steady-state error in processor thermal
control. First, we have extended the previous preliminary analysis by considering a
general system architecture. Then, based on the general model, we have quantified the
error in a closed-form expression in terms of noise statistics and system parameters.
Then, we have proposed an efficient thermal control algorithm, TCUB-VS, which can
eliminate the noise-induced error. In order to evaluate the performance of the proposed
algorithm, we have conducted extensive experiments with our testbed. Our empirical
results have confirmed that the proposed scheme can remove the noise-induced error
and maintain the desired processor temperature for real-time performance.
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