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Abstract—This paper proposes hyper-period thermal man-
agement to minimize the peak temperature while guaranteeing
hard real-time constraints for real-time systems. To establish the
criterion of the optimal solution, a closed-form representation
of the peak temperature is derived. With this formulation and
the linear convex hull of an arrival curve, an approach which
derives hyper-periodic thermal management schemes is proposed
to minimize the peak temperature. Case studies show that our
approach achieves lower peak temperature compared to previous
work.

I. INTRODUCTION

Nowadays, the exponentially increasing power density in
current electronic processors has caused increasingly high
temperature in embedded systems. The die temperature on
current processors can easily reach 120°C [1]. This high
temperature of the circuits severely reduces the reliability of a
system. Therefore, thermal management is essential in modern
embedded system design.

To manage the temperature, a common method is using
hardware cooling devices to remove heat from the processor.
However, the packaging cost increases exponentially as
the power dissipation of electronic devices increases. It is
estimated that the packaging technology costs $3/watt of
dissipated heat [2]. Besides, the increasing size of cooling
devices limits the usability for hand-held devices. Therefore,
alternative technologies which manage on-chip temperature by
dynamically detecting and alleviating thermal violations have
been adopted to improve the reliability and performance. Such
technologies can be generally termed as Dynamic Thermal
Management (DTM) techniques [3].

DTM techniques control the temperature by altering the
power consumption of processors, as power consumption
directly contributes to heat generation [4]. Power consumption
of processors is sourced mostly from dynamic and leakage
power consumption. To reduce dynamic and leakage power
consumption, two main mechanisms have been employed, i.e.,
Dynamic Voltage Frequency Scaling (DVFS) and Dynamic
Power Management (DPM), respectively [5]. The DVFS adjusts
the supply voltage or frequency of the processor to reduce the
dynamic power consumption such that the on-chip temperature
does not go beyond the constraint. On the other hand, in DPM,
the leakage current is diminished by transiting the processor
to sleep state such that the temperature can be reduced. Since
dynamic power dominated the power consumption in early
processors [6], DVFS has been adopted widely in temperature
management researches [1], [7]-[10].

The DPM technologies, however, is adopted in this paper.
The reason is that the leakage power increases exponentially
and becomes comparable or even greater than dynamic
power [6] in recent processors since transistor technology
is shifting toward sub-micron domains. It is reported that
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leakage power dominates the total power consumption in
32nm or more advanced processors [11]. This indicates that
DpM technologies can achieve a better efficiency in optimizing
the temperature on modern processors. Therefore, this paper
investigates the DPM technology which switches a processor
between active and sleep modes in certain paces to minimize
the peak temperature.

The subject of designing a DPM approach is to determine
when and how long the processor should be switched to
sleep mode. In [5] a thermally optimal stop-go scheduling,
which is named JUst Sufficient Throttling (JUST), is developed
to minimize the peak temperature within given makespan
constraints. This scheduling can only handle static order tasks
and is not intended for universal event arrivals. For irregularly
arriving events, one option is transiting the processor to
the sleep state according to the event arrivals. Kumar and
et al. [2], presented an online/offline-combined approach to
minimize the peak temperature for non-deterministic tasks
and named it Cool Shaper. In order to reduce the peak
temperature, this approach dynamically delays the execution
of workload in runtime with a pre-computed shaper, whose
parameters are offline computed. Since erratically transiting
the processor makes the prediction of the thermal behavior
almost impossible, the peak temperature is obtained by offline
simulation, which requires considerable calculation effort. In
addition, since the performance of the processor is reduced
when DPM technologies are deployed, the execution time
penalty should be considered carefully to ensure that all events
finish within their deadlines. This evaluation is also difficult to
complete due to the unpredictability in power state transition.
To simplify the predications towards temperature evolution and
execution time penalty, one can put the processor to sleep state
in a pre-designed way. Masud Ahmed et al. [4] presented
an offline algorithm which utilizes thermal-aware periodic
resources to minimize the peak temperature for sporadic
tasks. Moreover, Cheng et al. [12] proposed periodic thermal
management to reduce peak temperature for general event
arrivals. Although periodically putting the processor to a lower
power state allows us forecast the processor behaviours offline,
the processor behavior is restricted by the rigid periodic pattern
which cannot fully exploit the idle time when events arrives
at a lower rate.

In this paper, we explore how to apply hyper-periodic
DPM to optimize the peak temperature for general event
arrivals while the deadlines constraints are guaranteed.
Compared to periodic thermal management, hyper-period
thermal management can relax the strictness in periodic
policies and offer a tighter approximation to the required bound
such that a lower peak temperature can be achieved. The
hyper-period is derived offline in order to achieve minimum
runtime overhead. A single core processor that has two power
dissipation modes, ‘active’ and ‘sleep’ mode, is considered.
For the purpose of modeling the non-deterministic event



Fig. I: Hardware model

arrivals and service provided by the processors, the arrival
curve model [13] is employed. The detailed contributions of
this paper are as follows:

e  The closed-form solution of the peak temperature w.r.t.
the hyper-periodic thermal management is developed.

e Based on the closed form and a linear convex-hull
approximation of the service bound, an approach is
developed to derive hyper-periodic thermal manage-
ment. The generated scheme contains multiple on/off
periods within one hyper-period.

e Simulations are made to study the effectiveness of
our approach and the results are compared to that
of related work in the literature. Our approach can
achieve lower peak temperature compared to the
periodic thermal management.

The rest of this paper is organized as follows. Section II
presents system models. Section IIT defines the problem.
Section IV derives the closed-form solution of the peak
temperature. Section V presents our HPTM algorithms. Several
cases are studied in Section VI and Section VII concludes.

II. SYSTEM MODEL
A. Hardware Model

In this paper, we consider a single core processor which has
two power dissipation modes, i.e., ‘active’ and ‘sleep’ mode.
The workload is handled with a constant speed only when
the processor is in ‘active’ mode with power consumption F,.
When there is no event to serve, the processor can be turned to
‘sleep” mode with a lower power consumption P;. The time and
power overheads during mode-switching are also considered
in this paper. fuwrs and fg., units of time are required to
switch the processor from ‘active’ model to ‘sleep’ model
and back. Fig. 1 graphically illustrates the hardware model.
The processor consumes power P, during mode-switching but
offers no service. Due to the limit of mode-switching, f, 7 and
t,n» Which denote the time length for which the processor is
turned to ‘sleep’ and ‘active” mode, must be larger than tg,,s¢
and f,,, to cover the mode-switching overhead, this yields:

f.-;_f'f = r.m-‘n_f'f ton = Lywon (l)

B. Computational Model

The arrival curve @(A) = [6“(A),6/(A)] is introduced to
model general event arrivals [13], [14]. The upper arrival curve
@“(A) and the lower arrival curve @'(A) are the upper and
lower bound of R(t):

& (A) < R(1) —R(s) <a“(A), ¥t —s=A 2)

where R(t) represents the number of events that arrives at the
processor in time interval [0,7). The concept of arrival curve
unifies many other common timing models of event streams.

Similarly, the service curve B(A) = [B“(A),B'(A)] is
adopted to model the resource providing capability of the

processor [14]. Analogously, the upper service curve B¥(A)
and lower service curve B/(A) satisfy:

B'(A) < C(1)—C(s) <B“(A),Vt—s=A 3)

where C(f) is the number of total time slots that the processor
provides to handle the workload in time interval [0,1).

@(A) is event-based and specifies the bounds of the input
events number in any time interval A, while B(A) is time-based
and specifies the bounds of the amount of available execution
time in any time interval A. Thus, &(A) should be transformed
to time-based arrival curve ol(A). Suppose that the worst-case
execution time of one event in the arrival stream is ¢, then
the arrival curve transformation can be performed as o"(A) =

c-@"(A) and o (A) = c-@'(A) [15].

Now, for N-event streams, where N > 2, the event streams
81,82, .Sy are ordered according to their deadlines such that
D;, the relative deadline of event stream §;, is smaller than
that of §; when i < j. For simplicity, we depict the input by
tuple EM(N) = (@ (A),c1,D1,- -+, 0y (A),cn.Dy). Now, for
the workload modeled by EM(N), the worse-case deadline
constraints can be satisfied by a processor with service curve
B(A) if the following condition holds:

B'(A) > Bs(A).VA > 0. @)

where Pg(A) is the service bound and is calculated based on
the input and scheduling policy. Suppose the scheduling policy
is earliest deadline first (EDF), then the service bound for the
N-event streams can be formulated as [15]:

N
Ba(A) =) of(A—Dy). (5)
=1

Note that EDF isn’t necessarily the only scheduling policy
can be adopted here. For example, when fixed priority (FP)
scheduling is employed, the service bound can be formulated
with the backward approach used in [16] and fits in with our
approach as well as EDF.

To reduce the complexity, the linear convex hull is
employed to approximate the service bound. A linear convex
hull of a curve is basically the tightest convex approximation of
the curve by linear segments. The linear convex hull is defined
in the following.

Def. I: In the Cartesian coordinate system, we denote a
straight line which passes through point v = (xy, yy) with slope
p as a 2-tuple (v, p) where xy, yy, p € Rz

Def. 2 (Linear convex hull): A linear convex hull for a
service bound is defined as segments

B(A) = min {(vi, pi)} (6)

I1<i<m
where p; > piy1, Xy; < Xy, and yy; <y, forall I <i<m.

An example can be found in Fig. 2, in which the service
bound Bg(A) is plotted as dash lines and the linear convex
hull is the black solid segments. For a given Pg(A), the linear
convex-hull can be derived by the algorithm presented in [17].

C. Thermal Model

The classic temperature model, which is based on the
Fourier law of heating [18], is adopted in this paper.

dT
CE =P G(T - T;mrh) (7)



where T, C, G and P denote the temperature, thermal
capacitance, thermal conductance, and power dissipation of the
processor, respectively. The ambient temperature is denoted
as Tyup. Moreover, the unit of all temperature variables is
set as the absolute temperature (Kelvin, K). We assume the
power dissipation has a linear relationship with respect to the
temperature, similar to [2], [18]. Then, the power dissipation
is formulated as P = lpT + 0, where @ and @ are constants.

Rewriting (7) )r’le]db "?T = —mT + n, where m = G—E'E =

Hi%rﬂﬂ*‘i. Then, we can have the steady-state temperature of the
currently power state as T*° = n/m with %,:; = 0. Since m and
n are constants, the closed-form solution of the temperature is
formulated as:

T(r) =T+ (T = %) €™ ®)
where Tj,;; indicates the initial temperature of the processor.

Now we take the two power consumption modes into
thermal model. Since the power dissipation during mode-
switching equals the consumption in ‘active’ mode, the power
dissipation is P, =@, T (t)+8, when the processor is in ‘active’
mode or mode-switching, otherwise the power consumptlon
is P, = @, T(t) + 0,. Finally, the coefficients in Eqn. 8 are
formulated as:

w _ Ba+ Gl
L= G=,

G-@; _._8,+GCT, 3
My = C‘PJ T == o q’:mh ; My= c (%)
Moreover, we also assume the following properties hold for
the thermal model.

e m,>0and m, >0.

e The steady-state temperature in ‘active’ mode is not
smaller than that in ‘sleep” mode, that is, T,;” > T;™".

e  The initial temperature Tipy = Typ < 1.

For brevity, we specify the thermal mode of the processor
by the tuple TM = (T.7°.m,, T°, my).

ITI. PROBLEM STATEMENT

Originated from periodic thermal management (PTM),
HpPTM combines several periods of different patterns of PTM
together to form a hyper-period and controls the processor by
repeating those PTM schemes in one hyper-period. Due to the
problem complexity, we first consider the hyper-period formed
based on two different patterns of PTM in this paper and plan
to extend our HPTM schemes with more patterns in future
researches. The following example illustrates the intuition of
HPTM.

In this example, the thermal model parameters are depicted
in Tab. I. The periodic management policy also adopts the
linear convex hull. The linear convex hull, Bg(A), is set as the
black solid line in Fig.2. To satisfy the deadline constraints,
the lower service curve derived should be no less than BB(A
For a given t,;r = 3ms, Fig.2 demonstrates the corresponding
PTM and HPTM schemes. As shown in the figure, although
derived based on the same bound B(A), the PTM and the HPTM
offer different lower service curves. Due to the strictness of
periodic pattern, PTM cannot fully exploit the lower events
coming rate after a burst happens, thus causing the gap between
the service curve and Pg(A) widen as A increases. On the
other hand, the HPTM, which includes two different patterns
of PTM in the hyper-period of itself, can better utilize the lower
events coming rate and narrow the gap, thus offering a tighter
lower service curve to the service bound. Based on the results
in section IV, the peak temperature for the PTM and HPTM
schemes can be calculated as 373.4 K, 367.6K, which proves
our observation.

# of events PTM —u _/____/
10t Herw --——-__._/

n

4 8 12 16 20 24 A/ms

Fig. 2: The lower service curves derived by PTM and HPTM schemes.

A. Formation of HPTM

We first define some notations. A PTM is specified by a
tuple < t,4.00¢f >, Where f,, and f,7y denote the time interval
for which the processor is switched to ‘active’ and ‘sleep’
mode, respectively. In this paper, a HPTM scheme is generated
from two patterns of PTM. For brevity, we denote the certain
PT™ which has the larger 7,7 as PTM; and the other as PTM;.
That is,

I 2
I‘off- E 'r()ff (]0)

The corresponding numbers of PTM> and PTM; in one hyper-
period are denoted as N> and N, respectively. Moreover, since
the processor should be turned on first from the initial state,
we assume that PTM; and PTM> are combined together in a
style, which is denoted as A, so that the processor is firstly
turned on and then off in each interval period of the hyper-
period. Therefore, a HPTM can be specified by the tuple
HpTM (N;, PTM|, N2, PTM2, A).

Now, one should further determine if 7}, > 2, or 7}, <12,
to derive the lower service curve, For simplicity, we assume
that ¢}, is always not bigger than ¢2, or not smaller than t2,.
Otherwise, our roblem will be too complicated to analyze.
First, suppose ), > t2,. Since r” < rzf then PTM» has a
lower long term slope and the lower service curve begins with
N> periods of PTM; and then N periods of PTM;. This kind of
lower service curve doesn’t match the shape of general service
bound very well, due to the fact that the lower slope section of
a service bound usually comes after a burst, which demands a

higher slope PTM. Therefore, we consider !, <12,.

Finally, we discuss the value of N>. For different values
of N,, the scheme to derive the lower service curve is also
different. In addition, the complexity of the scheme increases
when N> grows. From experimental results, we also notice that
the result improvement from a bigger Ns is slight. Therefore,
we restrict ourselves to the scenario of N; =1 in this paper
for simplicity of analysis. In conclusion, we study how to
minimize the peak temperature under deadline constraints with
the HPTM schemes holding these regulatinns:

'f.f}ff < 'rgfj" on = Ion » Ny =1 (11)

For this kind of HPTM schemes, after point {r{ ﬂr,0) the
lower service curve repeats the hyper-period which is N
consecutive periods of PTM, followed by one period of PTM3,
as shown in Fig. 2 and Fig. 4.

B. problem statement

We consider the temperature varying in a time interval L,
where L >> t, and L/t 1s an integer, #, indicates the length of
the hyper-period. Due to the time overhead of mode-switching,
the (t;,.1, 7r) cannot be directly utilized in thermal and service
curve analysis, where i = 1, 2. Therefore we define that: ', and

g, denote the time intervals in which the processor consumes



power F, and P in a period of PTM;. Analogously, f,, and
i}, denote the time intervals in which the processor can serve
and not serve coming events in the period. Based on hardware
model, they are formulated as:

'f.::cf = I:Jn T lswoff » r-:'f P 'f.-rJ_!'f —Lswoff (12)
":-M = ":m —fswon I;n\- = f:;_f'_{' + Lswon (]3)

where i = 1,2. Now our problem is defined as:

Given a system characterized by the hardware model and the
thermal model TM described above, task streams that are
modeled by EM(N), our goal is to derive a hyper-periodic
thermac' managemmf HPTM (N1, PT™My, 1, PTMa2, A) where
f; ” and t2, > 1}, such that the peak temperature is

on —
mmrmwe while all the deadline constraints can be met.

IV. PEAK TEMPERATURE ANALYSIS

Before presenting the formula for calculating the peak
temperature of HPTM, we show some basic lemmas that can
help us understand how the temperature evolves with a HPTM.
First, some results of PTM thermal analysis in [12] are
presented.

e  Given a periodic thermal management PTM (Z,,. t,77),
the peak temperature of the processor is:

=M+ (1-MTF, (14)

| —eMalact
SR =
|—e Matact =Mslyp

where A =

e Denoting the local maximal temperature in the jth
period of PTM as 7;, the temperature difference
between two consecutive local maximums, T; . — T},
is formulated as:

Tp1—Tj = (T* —Tj)(1 —¢ Melac—mtp)  (15)

With these results we state the following lemma.

Lem. 1: With a hyper—period thermal managcmem HPTM
(N1, PT™y, 1, PT™, A) where 17, > 1) and £, > t},, when
the temperature varies in a steady range, the temperature 7 in
one hyper-period reaches the local peak temperature at the end

)
of t7..
Proof: First, some notations are introduced for brevity.
T and 77 denote the peak temperature of PTM; and
PTM,, respectively. To offer bounds to the tempemture, we
construct other two PTM schemes, i.e., PTM3(tl,, off) and

PTMy(t2,,1 fﬁ 7 ¢). Their peak temperalures are denoted as 73" and
T, respectively. As ra” >r0” and 12, >t} . we can easily get
that
T3
T:;’

e iy (16)

<
<Ly

Since T,' or T} can on]y be reached by the purely periodic
PTM (1 m,.t{,”) or PT™ (12, U,f), we directly know when the
temperature varies in a steady range, the range can be bounded
by: 17 < T < 1.

Fig.3 demonstrates the temperature evolution with a HPTM.
We mark seven key points in the figure with capital letters ‘A’
to ‘G’, respectively. The corresponding temperatures at these
seven points are denoted as T, to Ty, respectively.

To find the maximum temperature in one hyper-period, we
analyze the temperature evolution by three time intervals: ‘A’

3T
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Fig. 3: The temperature evolution of the pnwc&;(:r with the parameters described in Tab.1
for HPTM (3,PTM (0.055,0.15),1,PTM (0.085,0.185).4)

to ‘C’, °C’ to ‘E’ and ‘E’ to ‘G’. From Egn. 15, two equations
can immediately be obtained:
T.—-T, = ('_rqJ T)(1—e ~ Mgty — s f\lfp) a7
T’ . 7:? ( T ){] Mg, :]m my fn«p)

Since Ty < T < T and ¢* < | for all x <0, the following
1nequal1t1es can be derived consequently

I.<T, , T<T, (18)

As we mentioned earlier in this proof, the temperature
varies in a steady range, which is tightly upper bounded by the
maximum temperatures in every hyper-period. Since the range
is steady, the maximum temperatures in different hyper-periods
should be converged to the same value. Therefore, 7, = T, and
the inequality presented below yields.

max(7;, ;) < T,. (19)

For the time interval from ‘C’ to ‘E’, the local temperature
maxima within it, such as 7;.,7;,7, in the figure, will either
be monotonously non- dec,redsmo if 7. < T or otherwise
monotonously non-increasing. In elther case, all the local
temperature maxima are not more than max(7.,7,). From
Eqn. 19, one can consequently see that they are also not more
than 7,. Therefore we conclude that all the local temperature
maxima in one hyper-period are not more than T, which is
the temperature at the end of £2,,. This proof is suitable for an
arbitrary HPTM scheme. Thus the lemma is proved. |

Denoting the local peak temperature in the jth hyper-period
as 'I‘ , then based on Lem. 1, the peak temperature 7" can be
deﬁned as the maximum of all the T’?

T":max(T‘,---,TL) (20)

h

To derive the closed form of T*, we first present another
basic result for Periodic Thermal Management to give an
insight into HPTM peak temperature derivation,

Lem. 2: Denote the temperature at the beginning of 1, in
the jth period of a PTM scheme as ’,‘"j" , then TJ,?_N can be

represented by T}' as the following equation:

T‘lf N — [“* [] e( —Mglac _'m.\'r_\'.fjJJN] -+ 'I'}e( —Mylact _”T.\'I_\-F;J)N . (2] )

l—¢ m"’l.",ﬂ

where T* :FPI.T_\W +(1 —7\.)T°° and A=

S —mafuc: Mgty "
Proof: Similar with the proof of Eqn. 15 in [12], we can
obtain the same result for T}f:

They~T) = (Tr—T])(L ¢ s, (22)



Then we create a sequence Y; and let Y; = T;?—t -

T?. Thence, based on Eqn.22, we have Y, —V; =
(1 e Malact— m\'f.\'fp)(T; — T;:;+I) = (e Matact=Mslsip — 1)Y;, which
yields:

YJ +1 = e_mﬂfuﬁ —Mylyp Y_,F (23)
Thus, Y; is a geometric sequence. Therefore, we have:

Yj;——N —_ T;J = Yj—'—N—] -+ Yj——N—2 + e YJ
Y!( = e{_m{rfacf _”i.s'f_;jp}N)

| — e Malact—Mslstp

— T [i= o\ ~Matact —mstyip )N = T;-; [1- ol Mataci—mstsip)N]

' (24)

Adding T" at both sides of Eqn.24 yields T N B T*[l -
E[ m',{,,(,—m f!!p}’\'] + T e{ Malacr — mtf\.fp)‘i\'_ [ ]

With above lemmas, the first main result of this paper is
presented as the theorem below.

Thm. 1: Given a processor with the hardware model and
thermal model described in this paper and a hyper-period lhe:r—
mal mandgement HPT™M (N1,PTM;,1,PTM2,A) where 12, >
of.‘ and 12, > 1!, . The peak temperature of the processor
during the time 1nlt,rval L is:

E. =3 %
T =T+ [0+ (1 -0); — T, e " (25)

-5|N
where @ = 1—_'(:—_"3«.rﬁ\'ri—_—'5£, S| = mgt}, + my rdp, S = m{,rm -+

m\\-rﬁ, -

Proof: Denote the temperature at the bt.ginning of the N,
periods of PTM; and the beginning of ;. in the jth hyper-
period as 7% and Ill"’r , respectively. For example, the 7, and T

in Fig. 3 are lht‘,\(. kinds of temperatures, respectively. Then
based on Lem. 2, we have:
T;- i T* ( Iz —S'|N 1 )

1 = Bl—~e"

TPe 51 (26)
2)+1] 7% 27)

Substitute the T;f’ in Eqn. 27 for that in Eqn. 26, the next
equation yields.
f f o _ =
T -1l , = T{(1-
T (1-e
B_S]Nl —Sg)[mﬁ; +

e NI )+ e SN (1-
—SINI=52)

e STy (28)

= (1— (1-®)75 T/ ]

Since the peak temperature that we want to formulate
is the local peak temperature when the overall temperature
evolution is steady, that is, the temperatures at the points that
in different hyper-periods but have the same location in its own

hyper-period have the same value. Therefore Tj‘f s Tfi 1 =0,
we can gain that the steady temperature for ijs is I}ﬂ; =
mﬁ;—l— (1 —m)?}. From Eqn. 20, the peak temperature is
the maximum of TJ;-E" for j={1,2,--: :LT,} When the overall
temperature evolution is steady, the Tfs also have a same value,
T.G:",\-s which is exactly the maximum of T}:"', or in other words,

without notch —__
Time slots /ms i |

0 4 8 12 16 20 Ajms
Fig. 4: The linear convex hull with a notch of Bg(A) when t,7r = 3ms

the overall peak temperature 7. Based on Tm and Eqn. 8, the
peak temperature T*, i.e., Tm can be formulated as:

T* = T+ [T, — Tt (29)
= T2+ [T + (1 - ©)T5 — ] ™l

V. PEAK TEMPERATURE OPTIMIZATION

In this section, we present a series of analysis on how
to generate the HPTM schemes while guaranteeing real-time
constraints. We first present the linear convex hull with a notch.

A. Compensated fi(A) with a notch

To improve the accuracy of our approach, we compensate
the linear convex hull, B(A) in this section. We first introduce
the tangent point, which is crucial to the derivation of HPTM.
For a given B(A) and a given "ofy we can first compute a

tangent line which originates from (r‘,”. 0) to B(A). Then the
tangent point V; = (xy,,¥y, ), where this tangent line and the
linear convex hull meet, should be computed to generate the
HpTM. The detailed definition of v, is presented in [17]. As
shown in Fig. 4, point v; may cause a large deviation from
B(A). To narrow this deviation, we compensate 3(A) with a
notch to eliminate v,. It is worth noting that the notch just
introduces a slight increase in computation expense while the
results can be improved considerably. As Fig. 4 shows, the
notch of B(A) is generated by a horizontal line passing through
a point A, = (x4,,y4,) and a vertical line passing through a
point B, = (xp,,yp,) with xz, > x4,. The other parts of the
linear convex hull is untouched. Then the linear convex hull
compensated with a notch is obtained and can be defined as:

Def. 3 (Linear convex hull with a notch): Given B(A) and
vV, a linear convex hull with a notch is defined as:

xoay_ J B(A) if 0 <A < xq,0rA> xp,
B(A) - {y‘n_r if XA, <A< XB, G0

where
x=y} G
= B(xz,)

Moreover, according to this definition, we have the following
inequality:

A = BB (x\r':) T {I| B(
xp, =sup{x|Ba(x) =ya,} , ¥B

Xa, <Xy, < xp, (32)

B. HPTM Algorithms

In this section, the feasible region 1:)1'"r,f}r is first determmed
Then, we show how to get the optimal solution for a given 7, f £

Finally, an algorithm is given to offer the best rﬂf-f. i.e., the
optimal solution. '



1) The feasible region of rﬁ,.f.- The feasible region of 72 tf
should be detcrmined first of all to guarantee that the solution
to < Ny, PT™my, t;, > exists. For example, when r{f” =D,

worst-case workload will miss their dedd]mes even if 12, equals
infinity. Based on Eqn. 1, we have I(” > fyworr. To avoid

situations as the example, -'a 7 must be upper bounded by .r(“:’,“r‘,

which is calculated as:

(J I

e

Iﬂ_,r_;l" = max {r”ff : BR(

where BR (A) = max{O A— — tswon |- Therefore, we have
the feasible region of r-” as roH € [tworrs g}f]

A) >PBp(A),YA> 0},  (33)

2) Deriving < NI,PTMI,IM > with a given rf,ff: Due to
the mode switch overhead, the given r:;}, -+ should be revised as
from Eqn. 13. In the analysis, we onely use L8t
and < rm, r‘,p >, When they are finally obtained, we retrieve
<t

onslorf > back.

H'!i

For the sake of clarity, we introduce a denotation. we
denote the difference in length between the horizontal part and
the vertical part of the notch as f, which can be calculated as
f = xg, —yB, +ya, —xa, from the geometrical property. Then
our problem can be divided into two cases: f<0and f>0.
Due to space limit, we only discuss f < 0 in this paper. When
[ >0, the intuition is quite similar. For the details, we refer
to the technical report [19].

We first show a useful property of the linear convex hull,
which will be utilized in our analysis.

Prop. 1: When f < 0, the slope of the segment that
precedes the notch is larger than 1.

Proof: We denote the slope of the line connecting
point ‘A’ and ‘B’ as p(A,B). Then f < O indicates that
point C; locates at the left side of point A,;. Therefore,
we see that p(C;,B;) < p(A;.B;). Since point B; locates on
segment < V;,p; >, which has a smaller slope than segment
< V;_1,Pi—1 >, and xg, > xy, (from Eqn. 32), one can easily
prove that p(A;, B;) < Vv,_;, which yields v,_| > 1 = p(C,,B,).
From the definition of linear convex hull, we have v; > v; for
i < j. Then p; > 1 holds for i =1,2,--- 1 — 1. [ |

o should touch B(A)
and the first 77, should pass through point B, such that the
long-term slope is the minimum, as shown Fig. 5. Based on
these two prerequisites, we can determine when the second
m1 starts, which means the length of the hyper-period, 7, is
determined. Therefore, the blue lines shown in Fig. 5 is fixed.

In this case, the end of the second f?

Now, suppose we already knew Iq,d, then < N|,PTM] >
can be computed directly. The reason is that since A
and 1, are given, one can easily derive t,; and p,, which are
the length and the long-term slope of N; periods of PTM|,
respectively. To lessen the transition overhead, N; should be
its lower bound, whose formulation is detailed later. Then from

Ny, tp1 and pg, PTM | can be calculated.

From Prop. 1, one can see that the lower service curve
is always no less than B{A) in the first hyper-period as I‘M
varies. Therefore, the main intuition of our approach is varying
EM step by step in its feasible region, which can guarantee
the lower service curve is no less than B(A) in the following
periods, and then determine the corresponding < N, PTM| >.
Finally the peak temperature can be calculated from Thm. 1

2
bt min 2
in

Time slots /ms

20
vid. max

0 2 4 6 & 10 12 14 16 18A/ms

Fig. 5: The derivation of the HPTM scheme when f < ().

Algorithm 1 Cnmpleting HpPTM™ for f <0

Inpl"' TM Lywon 1 nmff-u ”“1 £, E’{A) == {ﬁ(A) \"'J'}
Output: Reault_< Ny, PTM] r,,,,, > Top

e 2
I: Tf’.” [;: E] f O r\ o ]Pap r:'m
Xg, +pit?,
2: while 12, < % do

Il i
3 Pu ¢ —Z_{J_E_ r\ N Im +f vbr Ton € f‘ td T Lswon

By rm

y [ 2 Paliy Bty
4 Il,;d_mm(—l'ﬂln(f”d !’p ), Ni <—[ L b ]
u'qmm
VB | *8, I.J J'm

5 o z +tswons 1 [’:IJI‘f == —T

6 calculate the peak temperature Tp based on Egn. 25
7 if 7, <T,, then

8: Top < Tp, Resulte—< Ny, PTM = (11,107 1) 100 >
9 end lf
10: 15 15 +e

vh vh

11: end while

and consequently the optimal #7,, which leads to the minimal
peak temperature can be found.

First, the feasible region of rfr, 4 18 determined. The lower
bound, 12, min, C2N be calculated from the blue lines shown
in Fig. 5 as 1%, . = —Lpr,;n, where p, is the slope of the
segment immediately following the notch. To guarantee the
lower service curve of HPTM is no less than B(A) in the
following hyper-periods, p, should be no less than Py as
the red line in Fig. 5. Therefore the upper bound of r,;d is

VB P!\B[‘Fpﬂ! +f

calculated as 3, = =

vid.min®

Now, we discuss the lower bound of N, for given ¢2, and

ti,- First, from geometrical property in Fig. 5, we hdve - Ip1 =
th— I‘M .',%m and the long-term slope p, =
Then according to Eqn. 11 and Eqn.

] o
t2 < 2, With ¢} = 1Pt
Pa

inv 7 1Fd —= “wld* im

Ve — (15 n’n‘ !1 dd. mm}
Ip1 )

I
13, we have

and the above two

mequehtles we can get 1], <min(3, T“ e

Ny %t} =1p1 X pa, the lower bound of N, can be determined

'p1 #Pa Yoy — [-r\%.l’d _‘r\??!d min)

as = — i .
il P

min(fs, . T-h )

“). Since we have

min[f;';. e "T"!'{ﬁff )

Algorithm. 1 outlines the pseudo-code whlch describes the
derivation of < Ny,PTM;,3, > for a given rm‘ when f < 0.
It takes as input the thermal model TM, the time overheads

of mode-switching, the given r,m, searching step €, and the

linear convex hull with a notch B(A). We first initialize the
variables and calculate 17, (line 1). Then, the optimal t2, is
found by searching its feasible region with a step € (line 2).
After obtaining N, at line 4, the algorithm gets the PTM; at
line 5. Finally, the peak temperature is calculated by the close-



Algorithm 2 Peak temperature minimizing

Iﬂpllt ™ EM( ) Iswon tswoff’&.
Output: OpHPTM= <N1,PTM1,1,PTM2,/\> Typ
I: calculate the convex hull with a notch (A) based on
EM(N) and the scheduling policy
2: get thf from Eqn. 33, 7}, < T;°, OpHPTM <+ 0

3. for 15: = tywosy to 1% with step & do

: get the tangent point v, and calculate < A;,B, > by
(€29 _

5: calculate f, then according to if it is positive choose
the corresponding algorithm to compute < Ny, PTMy, 22, >.

6: calculate the peak temperature 7'(z; ff) by Thm. 1
7: if T( oﬁ) <T}., then
8: Tntm — T(toff)
9: OpHPTM < Ni,PT™;, 1,PT™y = (15,,,157), A\ >
10: end if ;
11: end for
TABLE I: Thermal and Hardware Model Parameters
G C Pi = Qq 0; 04 Tamp_ | tswon = Lswof f
03%1003Z]01% [25W[-11 W[300K]| 0.1ms

form solution given by Eqn. 25, and then is compared to the
current-lowest temperature to search for the best solution.

3) Searching the optimal t e Based on simulations, we
observe that the peak temperature T varies irregularly in the
domain of 12 orr- Therefore, we make a thorough search with a

fixed step in the feasible region of to to find the optimal to Ff
The pseudo code of the algorithm is shown in algorithm 2.

VI. CASE STUDIES

In this section, we study the viability of our approach
and compare it with the approaches proposed in previous
works. The case studies are implemented in Matlab using
RTcC-Toolbox. All the results are obtained from a simulation
platform with an Intel 17 4770 processor and 16 GB memory.

A. Setup

The thermal and power parameters are set as described in
Tab. T [2], [18]. We specify an event stream by the timing
model of the pjd model, i.e., the period p, jitter j, minimal
inter-arrival distance d of the stream, and the worst-case
execution time c. Since the performance of our approach is
related to the burst, which is affected by the jitter and the
worst-case execution time in this model, we adopt jitter factor,
X, and the WCET factor, ®, to vary the volume of burst in
the experiments. The jitter is calculated as j = ) * p and the
worst-case execution time is obtained by ¢ = wx* p. The relative
deadline is set as the period in all the simulations.

Two multi-event stream applications, which are the video-
conferencing system [18] and the task streams set studied in
[15], are adopted for simulations. The Earliest Deadline First
scheduling policy is adopted for multi-event scenarios. The
parameters of the two applications are summarized in Tab. II
and Tab. IIL

The approach LSC-PTM and TAPR (thermal-aware periodic
resources) studied in [4] are adopted for the comparison. LSC-
PTM is a single-period pattern thermal management approach.
TAPR models its input events by sporadic task (c,D,P), which

TABLE II: Event stream setting for video-conferencing (msec)

video [audio | network
pl| 40 30 30
] 5 2 3
df| 1 I I
cl| 6 3 2

TABLE III: Event stream setting for task streams (msec)

S1 kY S3 Sy Ss Se S7 S8 S9 | Sio
p 198 | 102 | 283 | 354 | 239 | 194 | 148 | 114 | 313 | 119
] 387 70 269 | 387 | 222 | 260 91 13 302 | 187
d 48 45 58 17 65 32 78 - 86 89
[¢ 12 7 7 11 8 5 13 14 5 6

is specified by a worst-case execution time c¢, a (relative)
deadline D and a minimum inter-arrival separation P. The P
in this model has to be revised as max[(p — j),d] to ensure the
system safety in worst-case because (c¢,D,P) does not contain
all the information in (p,j,d,c) model. We compare these
approaches in single and multiple event-stream scenarios.

B. Results

The effectiveness of our approach for minimizing the peak
temperature is evaluated in our simulations. We normalize the
results as the Relative Peak Temperature (RPT), which is the
difference between the derived minimal peak temperature and
the steady temperature of sleep state.

Fig. 6 and Fig. 7 show the results for single event stream
and two-event stream scenarios, respectively. Fig. 8 depicts
the results for different WCET factors with a fixed = 1.5
when S35 is the input. We also take the three-event application,
‘video conferencing’, as input in our simulation. The results
w.r.t. different jitter factors are displayed in Fig. 9.

From simulation results, we make below observations: (1)
In general, approach HPTM produces the best results. This
is expected since HPTM utilizes the hyper-period to better
approximate the real-time service bound and thus generates
lower temperatures. (2) In Fig. 8, the difference between the
results of LSC-PTM and HPTM gets larger as the system
utilization increases. The reason is that the gap between the
lower service curves of the two approaches is magnified when
the WCET factor increases, thus broadens the difference in
temperature. (3) In Fig. 9, the difference between the results
of Lsc-pTM and HPTM widens as the jitter factor increases.
The gap, however, will not further widen after certain jitter
threshold has been reached. This is caused by these facts:
one the one hand, when jitter is relatively small, the growing
jitter consequently increases the burst in the input. LSC-PTM
is restricted by the burst and its lower service curve has to be
raised, causing the temperature increase quite quickly. At the
same time, HPTM can better utilize the lower slope after the
burst to ‘cool’ the processor. Thus the temperature increases
slower than that in LSC-PTM. On the other hand, as jitter
increases to be larger than the threshold, the peak temperature
in the HPTM is elevated quickly when the huge burst is tackled,
resulting in a lower effectiveness to the progress of ‘cooling’
the processor. Despite of this, our approach still provides
lower peak temperature than the purely periodic one. (4) The
peak temperature derived by TAPR is always the highest. The
RPT even becomes flat at some points when it reaches the
upper threshold 7,7 — 7,°, which is 70 in this paper. This
is due to the limitation of its event model where the non-
determinism of pjd pattern cannot be properly modeled and
that the modified P = max[(p — j),d] overestimates incoming
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Fig. 6: Relative Peak Temperature produced by the tested approaches with % = 1.2 for
(a) the single event sireams in the video-conferencing application, (b) 53 to 8. The right
Y axes indicate the Relative Peak Temperature of approach TAPR.
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Fig. 7: Relative Peak Temperature produced by the tested approaches with ¥ = 1.5 for
(a) two-event streams in the video-conferencing application, (b) randomly selected two-
evenl sireams in 5{3,4.5,6). The right Y axes indicate the Relative Peak Temperature of
approach TAPR,

workload. As shown in the figures, the RPT of TAPR increases
rapidly when the jitter increases.

Finally, we also report the time expenses of our approach.
All tested approaches work in offline manner and can give
results in less than 0.2 second. HPTM costs more time to
finish than other two approaches. Since HPTM is an offline
approach, the slightly increase in time expense is not crucial
and acceptable.

In summary, our proposed hyper-period based approach
offer better results than existing works, reducing the peak
temperature by up to 8K for the two-event stream of audio and
network. The approach is also efficient and can give results in
the order of hundred of milliseconds.

VII. CONCLUSION

In this paper, we present a new approach to minimize the
peak temperature for a hard real-time system in which the input
event streams are modeled by arrival curves. Our approach can
appropriately combine two patterns of PTM together to form
a hyper-period thermal management (HPTM) which can better
approximate the service bound so that the peak temperature
is minimized while meeting the deadline constraints. Another
advantage of our approach is that the HPTM is offline generated
and thus requires minimum runtime computation. Simulation
results show that our approach generates better results in
terms of peak temperature compared to work in the literature,
especially for large jitter and system utilization scenarios .
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