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Abstract

The evalution of microprocessors has been hindered by their
increasing power consumption and the heat generation speed
on-die. High temperature impairs the processor’s reliability and
reduces its lifetime. While hardware level dynamic thermal man
agement (DTM) technigues, such as voltage and frequency scal
ing, can effectively lower the chip temperature when it Surpasses
the thermal threshold, they inevitably come at the cost of perfor
mance degradation.

We propose an O8 level technique that performs thermal
aware job scheduling to reduce the number of thermal tres
passes. Our scheduler reduces the amount of hardware DTMs
and achieves higher performance while keeping the temperature
low. Our methods leverage the natural discrepancies in ther
mal behavior among different workloads, and schedule them to
keep the chip temperature below a given budger. We develop
a hewristic algorithm based on the observation that there is a
difference in the resulting temperature when a hot and a cool
Jjob are executed in a different order. To evaluate our schedul
ing algorithms, we developed a lightweight runtime temperature
maonitor to enable informed scheduling decisions. We have im
plemented our scheduling algorithm and the enfire temperature
maonitoring framework in the Linux kernel. Our proposed sched
uler can remove 10.5-73.6% of the hardware DTMs in various
combinations of workloads in a medium thermal environmeni.
As a result, the CPU throughput was improved by up 1o 7.6%
(4.1% on average) even under a severe thermal environment.

1 Introduction

As technology for microprocessors enters the nanometer
regime, power density has become one of the major constraints
to attainable processor performance. High temperatures jeopar
dize the rehability of the chip and significantly impact its per
formance. The immense spatial and temporal vanation of chip
temperature also creates great challenges to cooling and packag
g which, for the sake of cost-effectiveness [43], are designed
for typical, not worst-case, thermal condition. This entails dy
namic thermal managements (DTM) to regulate chip tempera
ture at runtime.

There have been plenty of researches on DTMs at the nm
croarchitecture level [6, 11, 16, 25, 28, 34, 35, 36]. Architec
ture solutions can respond to thermal cnsis rapidly and reduce
the chip temperature effectively through vanous performance re
duction mechanisms.

Recently, a number of works have shown great potential
OS5-assisted workload scheduling in addition to the hardware
level techmiques [7, 10, 14, 22,23, 31]. The main approach 1s to
leverage the temperature vanations between different jobs, and
swap them al an appropriate time to control the chip temper
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ature. This has been practiced in both CMPs [7, 10, 31] and
single-core processors [ 14, 22, 23], Our work continues this di
rection of research.

We develop a heunistic scheduling algorithm to alleviate the
thermal pressure of a processor. Our algonthm ThreshHot 1s
based on the observation that, given two jobs, one hot and one
cool, executing the hot job before the cool one results in a lower
final temperature than after the reversed order. Thus, as long as
executing the hot job itself does not violate the thermal thresh
old, the hot-cold order 15 better (or, at least, not worse) than the
cold-hold order. Consequently, ThreshHot selects at each step
the hottest job that does not exceed the thermal threshold.

ThreshHot outperforms other scheduling algonthms such as
the one that changes the pnonty ranks of the hot and the cool
jobs [22]. To know which job will be hot or cool for the
hotspot, we develop a highly efficient on-line temperature esti
mator leveraging the performance counter based power estima
ton [19, 20, 22], compact thermal modeling [35], and a fast tem
perature solver [12]. We implemented the estimator for a Pen
lium 4 processor, although our general methodology 1s applica
ble to other processors such as CMPs. We calibrate and vahdate
the model parameters against real measurements on our proces
sor package. We also implemented our scheduling heunstics in
the Linux kemel, together with our temperature estimator, and
we lested the entire framework over the complete executions of
SPEC CPU2ZK benchmarks, mediabench, packetbench and net
bench. ThreshHot can remove up to 73.6% (34.5% on average)
hardware DTMs in a medium thermal environment. With all
the context switching, temperature estimation, and the thermal
aware scheduling overheads considered, ThreshHot consistently
improves the performances of a mix of hot and cool programs by
up to 7.2% (4.7% on average) compared to a base case with tra
ditional thermal-oblivious Linux task scheduling. Our schedul
ing algorithm targets only batch jobs and thus has unnoticeable
impact on interactive jobs and no impact on real-ime applica
Lions.

The remainder of the paper 15 organized as follows. Section
2 discusses previous related works. Section 3 elaborates on our
thermal-aware heunstic algonthm through mathematical denva
lons. Section 4 explains how to obtain online power and thermal
information for our scheduler to work properly. Section 5 intro
duces our modifications of the Linux kemel scheduler. Section
6 compares our proposed scheduler with other altematives. Sec
lon 7 reports the expenmental results comparing ThreshHot to
three other algonthms. Section 8 concludes this paper.

2 Prior Work

Some recent works have developed temperature control tech
niques for regular [32] and real-time [1, 2, 39, 40] workloads.
The main approach 1s to dynamically adjust the CPU speed
to minimize the peak temperature of the CPU, subject to the
constraint that all jobs finish by their deadlines. Similar ap



proaches can be used to minimize the energy consumption for
real-time systems [30, 41]. Temperature control through job
scheduling has also been utilized to enhance the rehiability of
a processor [26]. In contrast, our objective 15 Lo maximize the
performance by scheduling the workloads to keep the temper

ature below a given threshold. Note that the threshold can be
the manufacturer-defined temperature threshold' for the physi

cal chip, or an O5-defined threshold for a system to stay within
a thermal envelope. Hence, we always attempt to run workloads
with full speed as long as the temperature stays below the given
threshold.

Thermal management through workload scheduling has been
studied i vanous scenanos. In CMPs, the “Heat-and-Eun™
technigque performs thread assignment and migration to balance
the chip temperature at runtime [31]. In another work [10], a
sulte of DTM technigues, job migration policies, and control
granulanty are jointly investigated to achieve the maximum chip
throughput. Also recently, a simple periodic thread swapping
between two cores to balance the chip temperature was stud
1ed on a dual-core processor [7]. All these approaches exploit
simple interleaving between hot and cool jobs to improve ther
mal charactenstics of a schedule. Qur objective 15 to find the
best thread for a core when i1t becomes hot, and this thread may
not be the coolest available thread. For example, when there is
both a medium hot and a cool thread, our scheduler will pick a
medium hot thread as long as it will not tngger DTM. In this pa
per, we demonstrate this philosophy using a scheduling heunstic
on a single-core processor, and leave its extensions to CMPs as
future work.

In single-core domain, the “HybDTM" [22] controls temper
ature by Iimiting the execution of the hot job once 1t enters an
alarm region. This is achieved by lowenng the pnonty of the hot
job so that the (8 allocates it with fewer time slices to reduce
the processor temperature. The same prninciple can be seen in
[4], where energy dissipation rate 1s evened among hot and cool
jobs through assigning different CPU time to them. Our tech
nigque does not modify the tme allocated to hot and cool jobs, as
this would affect the faimess policy of the system. Instead, we
attempt to rearrange their execution order within each 08 epoch
to lower the overall temperature. This allows us to control the
temperature while preserving pnonties among different jobs.

Thermal control through workload management has also
been studied at the system level. In [29], a temperature
aware workload placement heunistic was studied for data cen
ters to minimize the cost of cooling. The “Mercury and Freon™
[15] framework uses a software to estimate temperatures for a
server cluster and manages ils component temperatures through
a thermal-aware load balancer. The “ThermoStat™ [8] tool em
ploys a detailed 3D computational Auid dynamics model for a
rack-mounted server system. This tool can guide the design of
better dynamic thermal management technigues for server racks.
Our work targets at CPU temperature control, which can be
complementary to system level thermal management schemes.

3 Thermal Scheduling Algorithms

When the processor overheated and forced to slow down,
nearly all vital measures will be degraded: throughput and uti
lization will be reduced, response time will increase, jobs are
more likely to miss deadlines, etc. Thus, independently of the

"This threshold is a safe operating temperature beyond which the chip might
be damaged duc to overheating, and exceeding it triggers DTMs.

charactenstics and focus of a given system, processor overheat
ing will negatively affect its performance.

When incorporating new features, such as thermal awareness,
into a scheduler, it 15 desirable to make them as transparent to
the user as possible; in partcular, to keep the existing sched
uler structure and properties. For this reason, we focus our work
on a batch system for which the main objectives are the mini
mum tumaround time, maximum throughput, and CPU utiliza
ton. For batch jobs, the OS5 penodically interrupts the job ex
ecution to maintain its statstics and determines if a different
job should be swapped mn and, if so, which one. We amend
the decision of which job should be selected next with thermal
awareness while keeping all other features mntact. Therefore, in
every scheduling imnterval, the OS5 needs to select the best job
anticipating that such a selection would lead to the overall least
amount of thermal violations.

3.1 The Principle

To keep the temperature below the threshold, the naive,
greedy approach would be to minimize the current chip tem
perature by execuling at each step the coolest available job. As
a result, the jobs are scheduled in the order of increasing tem
perature, from coolest to hottest.  As it turns out, however, the
greedy schedule actually increases the chances of exceeding the
temperature threshold in the long run. To see this, consider a
simple case where at some schedule interval § only two jobs
and y are available, with power consumption F; and F,, respec
uvely, where F, < F, (s0 x 15 cooler than y). We will show that
if we execute these jobs in order zy (= before ¥, as in the greedy
schedule) then the temperature at the end of £ + 1 15 higher than
for the order gz (y before ). This means that if the tempera-
tures for both orders stay below the threshold, then order iz
1% less likely to cause a DTM in the future.

Consider the simplified thermal model for a processor treated
as a single node. The duality between heat transfer and electn
cal phenomena [21] has provided a convenient basis for mod

eling the chip temperature using a dyramic compact thermal

maodel [35]:
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where T 15 the temperature relative to the ambient air, i and
(' are, respectively, the chip's effective vertical thermal resistor

and capacitor, and F 15 the power consumpition. Note that when
€t — 0, the chip reaches its steady temperature RFP which de
pends on the average power of a job. The time to reach the
steady temperature 1s determined by the RC constant (R = () of
the thermal circuit. However, when the chip i1s switching among
different jobs prnor to the steady temperature, it 1s always in a
ransient stage (1.e. % 7 0).

Discretizing the bme scale into small time steps At and de
noting by 7; the temperature at ime iAt, Equation (1) can be
approximated by

... T: — Tia

—1 (;f ——

o Al
Rearranging the terms, we have T; — aT;_; + 3P, where o —

ﬁ: and 7 — ﬁ: are constants dependent on At and,

clearly, &« <X 1. If each scheduling interval is divided into n
steps of length At, the temperature at the end of this mnterval
can be expressed as:

I (2)
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For schedule xy, the temperature after completing i (2n steps)
will be
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while for schedule yx, this final temperature will be

T =" Ta+ (o™ '+ +---+ 1)Ba" B+ P). (9)
It is now easy to see that P, < F, implies T3, < T4, . That
15, scheduling the hotter job first resulis in a lower final tem
perature. We emphasize that this 1s benecitial only when run-
ning the hotter job first does nol increase the temperature
above the threshold. Figure | gives an intuitive illustration of
the impact of scheduling on temperature. The graph shows tem
perature vanation for the IntReg unit with two different power
inputs, representing two different jobs. They are scheduled in
two different orders as just described. The graph was obtained
using a full-chip thermal model (rather than a single node as a
whole) solved by the fourth order Runge-Kutta method. As we
can see, running the hotter job first results in lower hnal temper
ature. If the chip’s thermal threshold 1s in between the differ
ence of the two ending temperatures, the greedy schedule would
cause a thermal violation.
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Figure 1. The impact of scheduling a hot and cool program
in different orders.

Suppose now you are given a schedule for some number of
job ntervals. Suppose further that in this schedule there are two
consecutive Job intervals x, y with = before y, such that P, <~ F,
and that executing y first will not exceed the threshold. Then,
by the reasoning above, we can exchange © with y, and this
swap will not increase the number of thermal violations in the
whole schedule. The reason 1% that in this new schedule, after
completing yx, the temperature will be lower than in the onginal
schedule after completing ry, so we cannot cause an increase of
the temperature at any given step later in the schedule. This
observation naturally leads to the following heunstic:

P: at each step choose the hottest job that will not increase
the temperature above the threshold.

The above policy T 15 the basis of our algonthm ThreshHot
We emphasize that P does not guarantee to mimimize the total
number of thermal violations for a given set of job intervals (in
fact, in a more ngorous setting, this problem can be shown to be
NP-hard [9]}); nevertheless, it computes a local minimum and 1t
constitutes a reasonable heunstic for our appheation.

We also need to address the case when no job interval satis
fies policy P, 1.e. all the jobs would increase the temperature
above the threshold. In this case, it 13 most beneficial to pick
the hottest job interval for execution. This 1s because the hard
ware thermal management {(e.g. DVES) will be tnggered to cool
the chip regardless of which job we choose, and selecting the

hottest job interval at this tme reduces the likelthood of a future
thermal violation.

For example, suppose there are three job intervals available,
say .Jqp, JJ3 and .J; with descending powers. If picking .J; would
increase the temperature above the threshold while picking /.
would not, then policy P will first pick .J; to run. I all of them
would exceed the threshold, P will pick J;.

We remark here that the OS5 fairness policy imposes some
restrictions on how long a job interval can be postponed (this
will be discussed in more depth in Section 5). Thus, in addition
o the rules described above, the choice of the next job to run
must be consistent with these faimess restncbions.

3.2 In Practice

In the earlier discussion we assumed a simple case where the
CPU 15 considered as a single node and the heat 15 only dis
sipated through the vertical thermal resistor and capacitor. In
reality, there 15 a greal temperature variation on-die and only the
temperature at the hottest spot should be maintained below the
threshold. This scenano 1s more complex than for a single node,
as the heat can also be dissipated laterally. Therefore, the ther
mal model in Equation (1) will be expanded mnto a matnx form
in which every node 1s described by:
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where the first four extra terms describe the heat transfer from
the central node (with temperature T') to its lateral neighbor
nodes (with temperature T7-T3). The number of neighbors per
node depends on the processor Hoorplan and how the system i1s
discretized. We have shown four nodes as an example, with T;
being the temperature for the i*" neighbor node, and R ; being
its lateral resistance from the central node.

The temperature T' of the hottest spot on-chip, descnbed
by Equation (6), is higher than the T;s. Also, heat 15 re
moved mostly from the vertical path and less from the surface
[10, 31, 35]. In more gquantitative terms, our experience with a
full-chip model shows that the Ry ;s are typically 10~20 imes
the R for a hot unit such as the IntReg. The resulting lateral RC
ime constants are on the order of 100 milliseconds and verti
cal RC time constant 15 less than 10 milliseconds. Since the left
hand side of Equation (6) 1s dominated by the last two terms, we
can still treat a hotspot as a single node as before.

4 Obtaining Power and Temperature

Online

As discussed above, our thermal-aware scheduling algorithm
needs information about the peak temperature of the processor
and power usage for the executed jobs. In this section, we ex
plain how these values can be computed at runtime.

4.1 Computing the Temperatures

Most current processors are equipped with an on-chip ther
mal sensor for detecting the chip temperature at runtime. The
sensor compares the current temperature with a preset threshold
and signals a violation if the former 15 higher. The hardware
then responds to such a signal immediately by throttling the per
formance so that the chip generates less power and, as a result,
the temperature starts to drop. In Pentium 4, for example, the
performance 1s throttled by dynamic frequency scaling the



