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Scheduling techniques for reducing processor energy use in MacOS

Jacob R. Lorch and Alan Jay Smith*
Computer Science Division, EECS Department, UC Berkeley, Berkeley, CA 94720-1776, USA

The CPU is one of the major power consumers in a portable computer, and considerable power can be saved by turning off the CPU
when it is not doing useful work. In Apple’'s MacOS, however, idle time is often converted to busy waiting, and generally it is very hard
to tell when no useful computation is occurring. In this paper, we suggest severa heuristic techniques for identifying this condition,
and for temporarily putting the CPU in a low-power state. These techniques include turning off the processor when al processes are
blocked, turning off the processor when processes appear to be busy waiting, and extending real time process sleep periods. We use
trace-driven simulation, using processor run interval traces, to evaluate the potential energy savings and performance impact. We find
that these techniques save considerable amounts of processor energy (as much as 66%), while having very little performance impact
(less than 2% increase in run time). Implementing the proposed strategies should increase battery lifetime by approximately 20% relative
to Apple's current CPU power management strategy, since the CPU and associated logic are responsible for about 32% of power use;
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similar techniques should be applicable to operating systems with similar behavior.

1. Introduction

Power consumption is becoming an increasingly impor-
tant feature of personal computers. High power consump-
tion in desktop computers is undesirable as it leads to fan
noise, heat, and expense. High power consumption in
portable computers is even more undesirable as users of
such machines want them to last as long as possible on a
single battery charge. For these reasons, much work has
been done in reducing the power consumption of comput-
ers.

In [9] and [10], we analyzed the power consumption of
various Macintosh PowerBook computers, in typical use
by a number of engineering users. We found that, de-
pending on the machine and user, up to 18-34% of total
power was attributable to components whose power con-
sumption could be reduced by power management of the
processor, i.e., the CPU and logic that could be turned off
when the CPU was inactive. This high percentage, com-
bined with our intuition that software power management
could be significantly improved for the processor, led us to
conclude that the most important target for further research
in software power management was the processor.

Many modern microprocessors have low-power states, in
which they consume little or no power. To take advantage
of such low-power states, the operating system needs to di-
rect the processor to turn off (or down) when it is predicted
that the consequent savings in power will be worth the time
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and energy overhead of turning off and restarting. In this
way, the goal of processor power management strategies is
similar to that of hard disks[3,7]. Some strategies for mak-
ing these predictions are described by Srivastava et al. [15].
Unlike disks, however, the delay and energy cost for amod-
ern microprocessor to enter and return from a low-power
mode are typically low. For instance, the AT& T Hobbit and
certain versions of the MC68030 and MC68040 use static
logic so that most of their state can be retained when the
clock is shut down [15]. Also, the PowerPC 603 can exit
the low-power Doze mode in about ten system clocks [4].

Because of the short delay and low energy cost for enter-
ing and leaving a low-power state, the optimal CPU power
management strategy is trivial: turn off the CPU whenever
there is no useful work to do. An opportunity for such a
strategy is described by Srivastava et a. [15], who point
out that the process scheduling of modern window-based
operating systems is event-driven, i.e., that the responsibil-
ity of processes in such systems is to process events such
as mouse clicks when they occur and then to block until an-
other such event is ready. In this type of environment, the
most appropriate strategy is to shut off the processor when
all processes are blocked, and to turn the processor back on
when an external event occurs. An essentially equivalent
version of this strategy, namely to establish avirtual lowest-
priority process whose job isto turn off the processor when
it runs, is recommended by Suessmith and Paap [16] for the
PowerPC 603, and by Suzuki and Uno [17] in a 1993 patent.
Such a virtua lowest-priority process has in the past been
called the “idle loop”, and in mainframes typically lighted
a bulb on the console.

1.1. Why it isn't trivial

We refer to the strategy of turning off the processor when
no process is available to run the basic strategy. Unfortu-
nately, in Apple’'s MacOS, processes can run or be sched-
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uled to run even when they have no useful work to do. This
feature is partially by design, since in a single-user system
there is less need for the operating system to act as an ar-
biter of resourceuse [12]. Partialy, it is because the OS was
not written with power management in mind. Partialy, itis
because the MacOS, like other personal computer operating
systems (e.g., those from Microsoft), is based on code orig-
inally developed for 8- and 16-bit non-portable machines,
for which development time and code compactness were
far more important goals than clean design or faithfulness
to OS design principles as described in textbooks.

There are two main problems with the current manage-
ment of processor time, one having to do with the system
and one having to do with applications. The first prob-
lem is that the operating system will sometimes schedule a
process even though it has no work to do. We were first
made aware of this phenomenon when we studied traces
of MacOS process scheduling calls, and found that often
a process would be scheduled to run before the conditions
the process had established as necessary for it to be ready
were fulfilled. It seems that often, when there are no ready
processes, the OS picks one to run anyway, usualy the
process associated with the active window. The second
problem is that programmers writing applications generally
assume that when their application is running in the fore-
ground, it is justified in taking as much processing time as
it wants. First, a process will often request processor time
even when it has nothing to do. We discovered this prob-
lem in MacOS when we discovered periods of as long as
ten minutes during which a process never did anything, yet
never blocked; we describe later what we mean by “never
did anything”. Second, when a process decides to block, it
often requests a shorter sleep period than necessary. Solu-
tions to both these problems seem to be necessary to obtain
the most savings from the basic strategy.

For this reason, we have developed additional tech-
niques for process management. Our technique for deal-
ing with the first problem is to simply make the operating
system never schedule a process when it has requested to
be blocked; we call this the simple scheduling technique.
Dealing with the second problem is more difficult, since the
determination of when a process is actually doing some-
thing useful is difficult. One technique we suggest is to use
a heuristic to decide when a process is making unnecessary
requests for processor time and to forcibly block any such
process. Another technique we suggest is that al sleep
times requested by processes be multiplied by a constant
factor, chosen by the user or operating system, to ensure
that a reasonable trade-off between energy savings and per-
formance is obtained. We call these latter two techniques
the greediness technique and sleep extension technique, re-
spectively. We will show how using these techniques can
improve the effectiveness of the basic strategy, allowing
it to far surpass the effectiveness of the current MacOS
inactivity-timer based strategy. Each of these is described
in more detail below.
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In this paper, we evaluate these different strategies, over
avariety of parameter values, using trace-driven simulation.
These simulations enable us to compare these algorithms to
the current MacOS strategy, and to optimize their parame-
ters. A comparison between two strategies is based on two
consequences of each strategy: how much processor power
it saves and how much it decreases observed performance.

The paper is structured as follows. In section 2, we
describe in detail the strategies we will be comparing, in-
cluding the current strategy used by MacOS, the basic strat-
egy, and our suggested process management techniques for
improving the basic strategy. In section 3, we describe
the methodology we used to evaluate these strategies. the
evaluation criteria, the tools we used for the trace-driven
simulation, and the nature of the traces we collected. In
section 4, we present the results of our smulations. In sec-
tion 5, we discuss the meaning and consequences of these
results, and point the way to future work.

2. Strategies
2.1. Current strategy

The currently used processor power management strat-
egy in MacOSisbased on an inactivity timer. The operating
system will initiate processor power reduction whenever no
activity has occurred in the last two seconds and no 1/O ac-
tivity has occurred in the last 15 seconds. Power reduction
is halted whenever activity is once again detected. Activ-
ity is defined here and in later contexts as any user input,
any 1/0O device read or write, any change in the appear-
ance of the cursor, or any time spent with the cursor as a
watch. The reason for the classification of these latter two
as activity is that MacOS human interface guidelines spec-
ify that a process that is actively computing must indicate
this to the user by having the cursor appear as a watch or
by frequently changing the appearance of the cursor, e.g.,
by making a “color wheel” spin.

2.2. The basic strategy

The basic strategy is to turn off the processor whenever
all processes are blocked. Unfortunately, under MacOS,
thisis not often the case, since MacOS frequently schedules
some process whether or not the event for which the process
was waiting has actually occurred.

One might wonder why MacOS uses this inactivity timer
based strategy instead of the basic strategy. One reason is
that all but the most recent Macintosh computers have high
overhead associated with turning off and on the proces-
sor [8], making the basic strategy less applicable. In older
processors, for example, the contents of on-chip caches
were lost when the processor was powered down. Another
reason is that, as we have described before and will see
later, the effectiveness of the basic strategy is not very dif-
ferent from that of the inactivity timer based strategy, given
the current MacOS method of process time management.
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2.3. The ssimple scheduling technique

The simple scheduling technique is to not schedule a
process until the condition under which it has indicated it
will be ready to run has been met. In MacOS, this con-
dition is always explicitly indicated by the process, and is
aways of the form, “any of the event types ej, ez, ... has
occurred, or a period of time ¢ has passed since the process
last yielded control of the processor”. The period of time
for which the process is willing to wait in the absence of
events before being scheduled is referred to as the sleep
period.

Note that, in some other operating systems, such as
UNIX or Microsoft Windows, the simple scheduling tech-
nigue is not needed, since it is the default behavior of the
operating system.

2.4. The deep extension technique

Using only the simple scheduling technique described
above means that a process is given control of the proces-
sor whenever it wantsit (unlessthe CPU is otherwise busy).
For example, if it asks to be unblocked every 1 second, it
is unblocked every 1 second, even if al it wants to do
is blink the cursor, a common occurrence. Since MacOS
is not a real time system, a real time deep period does
not actually have to be honored. In fact, in the current
MacOS power management strategy, with power manage-
ment enabled, the cursor may blink much more slowly than
it would without power management. If this kind of behav-
ior is acceptable, it is possible to increase the effectiveness
of the smple scheduling technique by using what we call
the sleep extension technique. This technique specifies a
sleep multiplier, a number greater than one by which all
sleep periods are multiplied, thus eliminating some fraction
of the process run intervals. We envision that the deep
multiplier can be set, either by the user or by the operating
system, so as to maximize energy savings, given a certain
level of performance desired. We note that deep extension
may negatively impact performance, or even functionality,
since not all delays will be as inconsequential as a cursor
which blinks less frequently.

2.5. The greediness technique

The greediness technique is, in overview, to identify
and block processes that are not doing useful work. First,
we will describe the technique in general terms, and then
we will indicate the details of its implementation for the
MacOS.

The technique is based on the following model of the
appropriate way a process should operate in an event-driven
environment. A process, upon receiving an event, should
process that event, blocking when and only when it has
finished that processing. Once blocked, it should be sched-
uled again when and only when another event is ready to
be processed; an exception is that the process may want to
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be scheduled periodically to perform periodic tasks, such
as blinking the cursor or checking whether it is time to do
backups. We say that a process is acting greedily when it
fails to block even after it has finished processing an event.
This can occur when a process busy waits in some manner,
e.g., it loops on “check for event”. When we determine
a process is acting greedily, we will forcibly block that
process for a set period of time.

MacOS uses cooperative multitasking, meaning that
once a process gets control of the processor, it retains that
control until it chooses to yield control. For this reason,
application writers are strongly encouraged to have their
processes yield control periodically, even when they still
have work to do. Processes indicate that they till have
work to do by specifying a sleep period of zero, thereby
failing to block. We call the period of time between when
a process gains control of the processor and when it yields
control a quantum.

Part of our technique is a heuristic to determine when
a process is acting greedily. We say that a process is act-
ing greedily when it specifies a sleep period of zero even
though it seems not to be actively computing. We consider
a process to start actively computing when it receives an
event or shows some signs of “activity”, as defined below.
We estimate that a process is no longer actively computing
if it explicitly blocks, or if it yields control several timesin
arow without receiving an event or showing signs of activ-
ity. The exact number of control-yield times, which we call
the greediness threshold, is a parameter of the technique;
we expect it to be set so as to maximize energy savings,
given adesired level of performance. We say that a process
shows no sign of activity if it performs no I/O device read
or write, does not have the sound chip on, does not change
the appearance of the cursor, and does not have the cursor
appear as a watch. The absence of activity as we have so
defined it implies that either the CPU is idle, the process
running is busy waiting in some manner, or the process
running is violating the MacOS human interface guidelines
that we mentioned earlier.

The greediness technique works as follows. When the
OS determines that a process is acting greedily as defined
above, it blocksiit for afixed period called the forced sleep
period. The forced sleep period is a parameter to be op-
timized, with the following tradeoff: a short sleep period
saves insufficient power, while a long sleep period may,
in the case that our heuristic fails, block a process that is
actually doing something useful.

3. Methodology
3.1. Evaluation of strategies

Evaluation of a strategy requires measuring two con-
sequences of that strategy: processor energy savings and

performance impact. Processor energy savings is easy to
deduce from a simulation, since it is essentially the percent
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decrease in the time the processor spends in the high-power
state. In contrast, performance impact, by which we mean
the percent increase in workload runtime as a result of us-
ing a power-saving strategy, is difficult to measure. This
performance penalty stems from the fact that a power sav-
ing strategy will sometimes cause the processor not to run
when it would otherwise be performing useful work. Such
work will wind up having to be scheduled |ater, making the
workload take longer to complete. Without detailed knowl-
edge of the purpose of instruction sequences, it is difficult
for atracer to accurately determine what work is useful and
what is not, so our measure will necessarily be inexact.

We have decided to use the same heuristic used in the
greediness technique to determine when the processor is
doing useful work. In other words, we will call a quan-
tum useful if, during that quantum, there is any 1/O device
read or write, the sound chip is on, there is any change to
the cursor, or the cursor appears as a watch. It might be
objected that using the same heuristic in the evaluation of
a strategy as is used by that strategy is invalid. However,
remember that a strategy does not have prior knowledge
of when a quantum will be useful, whereas the evaluation
system does. Thus, we are evaluating the accuracy of our
guess that a quantum will be useful or useless.

We must also account for the time not spent inside ap-
plication code in the original trace. We divide this time
into time spent switching processes in and out, time spent
context switching, time the OS spent doing useful work,
and OS idle time. The OS is considered to be doing use-
ful work whenever it shows signs of activity that would
cause a process quantum to be labeled useful. Such use-
ful work is scheduled in the simulations immediately after
the quantum that it originally followed is scheduled, on the
assumption that most significant OS work is necessitated
by the actions of the process that just ran. Idle time is
identified whenever no process is running and the operat-
ing system is not doing useful work for a continuous period
over 16 ms. We chose this threshold for two reasons. First,
it is the smallest time unit used for process scheduling by
MacOS, so we expect any decision to idle to result in at
least this much idleness. Second, 16 ms is much greater
than the modal (most common) value of interprocess time,
indicating that it is far longer than should ever be needed to
merely switch between processes. Finally, context switch
time is assumed to occur any time a process switches in
but did not just switch out; context switches are considered
to take 0.681 ms, the observed difference between the av-
erage interprocess time when no context switch occurs and
the average interprocess time when one does occur.

3.2. Tools

There are three main tools we used to perform our sim-
ulations. Thefirst tool, IdleTracer, collects traces of events
needed to simulate the different strategies, and is discussed
in more detail in [8]. Specifically, it records the time of
occurrence and other details about the following events:
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tracing begins or ends, the machine goes to or wakes from
sleep, a process begins or ends, the sound chip is turned on
or off, the cursor changes, the mouse starts or stops mov-
ing, an 1/O device is read or written, a process obtains or
yields control of the processor, or an event is placed on the
event queue. ldieTracer only collects data while the ma-
chineit is tracing is running on battery power, since that is
when processor energy savings is most important, and we
want our analysis to reflect the appropriate workload. Also,
IdleTracer shuts off processor power management while it
is tracing, so that the traces it uses are not confounded by
the current strategy and thus can be used to simulate any
strategy. ldleTracer makes use of the SETC [14] module,
a set of routines for tracing and counting system events.

The second tool, ItmSm, simulates power management
methods using the current MacOS inactivity-threshold strat-
egy, and provides a basis for comparison. In other words,
it smulates the strategy that turns off the processor when
there has been no activity (as defined earlier) in the last
two seconds and no 1/O activity in the last fifteen seconds.
In actuality, during periods that the processor is supposed
to be off, MacOS will occasionaly turn the processor on
for long enough to schedule a process quantum. This is
done to give processes a chance to demonstrate some ac-
tivity and put an end to processor power management, in
case the processor was shut off too soon. The details of
how process quanta are scheduled while the processor is
supposed to be off is proprietary and thus is not described
here; however, ItmSm does attempt to simulate this aspect
of the strategy. To give an idea of the consequences of this
proprietary modification, our simulations showed that for
the aggregate workload we studied, it decreased the perfor-
mance impact measure from 1.93% to 1.84%, at the expense
of decreasing processor off time from 29.77% to 28.79%.
This particular proprietary modification, therefore, has only
atrivia effect on the power savings.

When, in the simulation, the processor comes back on
due to some activity, any quanta in the origina trace that
preceded that activity but have not yet been scheduled are
divided into two categories, useful and non-useful. Use-
ful quanta are immediately scheduled, delaying the rest
of the trace execution and thus contributing to the perfor-
mance impact measure. Non-useful quanta are discarded
and never scheduled. Any useful OS time associated with
these quantais also immediately scheduled, contributing to
the performance impact measure.

Thethird tool, AsmSm, simulates the basic strategy with
the simple scheduling technique, along with zero or more
of our two other suggested techniques: sleep extension and
greediness. The parameters for these techniques may be
varied at will in the smulations. When, in the simulation,
an event becomes ready for a process, all quanta of that
process preceding the receipt of the ready event that have
not yet been scheduled will be treated as described above,
i.e., al useful quanta will be run immediately (before the
power-up event), all useless quanta will be discarded, and
any useful OS time associated with such quantawill aso be
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Table 1
Information about the six users traced.

User number 1 2 3 4 5 6

Machine Duo 280c Duo 230 Duo 280c Duo 280c Duo 280c Duo 280c

MacOS version 75 751 75 75 751 75

RAM size 12 MB 12 MB 12 MB 12 MB 12 MB 12 MB

Hard disk size 320 MB 160 MB 320 MB 320 MB 320 MB 240 MB

Trace length (hr:min:sec) 2:48:34 3:01:21 9:09:00 5:26:41 4:52:55 4:14:52

run immediately. Even for periodic processes, we schedule
quanta in the order in which they occurred. For example,
if after its quantum ¢ a process originaly slept for 1 sec-
ond but is actually awoken after 4 seconds, then at that
point we schedule quantum ¢ 4+ 1, not some later quantum.
Note that this approach may cause inaccuracies in the sm-
ulation, since the process might in reality check how long
it has been since it last went to deep, and act differently
seeing that 4 seconds have passed than it did when only
1 second had passed. We expect and hope that such de-
pendence of process action on time is rare enough that this
does not introduce significant errors into the results of our
simulations.

3.3. Traces

The traces were collected from six users, each an engi-
neer at Apple Computer, Inc. Table 1 indicates data about
the traces obtained from each user and the machines on
which those traces were collected. Much more detailed
discussion of the traces and their collection appearsin [8].
Most results we present will concern the aggregate work-
load, i.e., the trace composed of the concatenation of all six
of these traces.

4. Results

In this section, we refer to the Current MacOS strategy as
strategy C and the Basic strategy as strategy B. We append
the letter | to indicate use of the slmple schedule technique,
append the letter G to indicate use of the Greediness tech-
nique, and append the letter S for the Seep extension tech-
nique. Notethat we never simulate the greedinesstechnique
or seep extension technique without the simple scheduling
technique, since they are designed as supplements to the
simple scheduling technique.

4.1. Per-gtrategy results

The first thing we shall do is determine the optimal
energy savings attainable. An optimum strategy would
schedule only time that was spent doing useful work, and
would entirely omit non-useful time; its performance im-
pact would be zero, since it would have foreknowledge of
when useful work would occur and arrange to have the
processor on when it happens. Simulation indicates that
such a strategy would yield an energy savings of 82.33%;
thus, thisis an absolute ceiling on what can be obtained by

any realizable strategy. This is a remarkably high figure —
what it says is that the processor is doing useful compu-
tation during only 17.67% of the 29.56 hours of the trace;
the rest of the time is busy waiting by a user process or
idling.

The second simulation results concern strategy C. We
find from simulation that strategy C yields an energy sav-
ings of 28.79% along with a performance impact measure
of 1.84%. In other words, it causes the processor to con-
sume only 71.21% of the energy it would without a power-
saving strategy, but increases overall workload completion
time by 1.84%. The strategy increases processor energy
consumption by 303% compared with the optimal strategy,
since it only recovers 35% of the real idle time. Note also
that since only 17.67% of the CPU time is actually useful,
the performance impact of 1.84% means that we have mis-
classified 10% of the useful CPU time, and have had to run
that work in a delayed manner. Thus, the actual rea time
delay perceived by the user may not be 1.84%, but may be
closer to 10%, since the user waits for a reply only during
periods of real, useful, work.

The next simulation results concern strategy B, which
turns off the processor when and only when therewasidling
in the original trace. Strategy B has an energy savings of
31.98% and a performance impact of 0%. Thus, we see
that the basic strategy without any new process manage-
ment techniques saves slightly more energy than the current
technique, and has no impact on performance. However, it
causes the processor to consume 285% more energy than
under the optimal strategy, since it only recovers 39% of
rea idle time.

The next simulation results concern strategy Bl. Strat-
egy Bl has an energy savings of 47.10% and a performance
impact of 1.08%. Thus, we see that strategy Bl decreases
processor energy consumption by 26% and decreases work-
load completion time by 0.7% compared to strategy C.
Compared to the optimal strategy, it causes the processor
to consume 199% more energy, since it only recovers 57%
of real idle time.

The next smulation results concern strategy BIS. Fig-
ure 1 shows the performance versus energy savings graph
for variations of this strategy using seep multipliers be-
tween 1 and 10. We see that the point at which this
strategy has performance impact of 1.84%, equal to that
of strategy C, corresponds to a deep multiplier of 2.25
and a processor energy savings of 51.72%. Thus, we see
that, comparing strategies BIS and C on equal performance
grounds, strategy BI S decreases processor energy consump-
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Figure 1. Performance impact measure versus processor energy savings for strategy BIS with various sleep multipliers. Certain points are labeled with
the sleep multipliers to which they correspond.
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Figure 2. Performance impact measure versus processor energy savings for strategy BIG with various greediness thresholds and forced sleep periods.
Points on the greediness threshold 60 curve are labeled with the forced sleep periods to which they correspond. The reader is cautioned that nonzero
origins are used in this figure to save space and yet have sufficient resolution to enable its key features to be discerned.

tion by 32%. Increasing the deep multiplier to 10 saves
55.93% of the CPU energy, with a performance impact
of 2.84%. Note, however, that the performance impact
measure does not tell the whole story in this case. Gener-
aly, areal time delay is used by some process that wakes
up, checks something, and if certain conditions are met,
does something. A very large real time delay in the wakeup
period may mean that certain checks are not made in a
timely manner; we have ignored that issue here. In prac-
tice, sleep extension factors over some level, perhaps 3 to 5,
may not be desirable.

The next simulation results concern strategy BIG. Fig-
ure 2 shows the performance versus energy savings graph
for variations of this strategy using greediness thresholds
between 20 and 80 and forced sleep periods between
0.025 seconds and 10 seconds. We find, through exten-
sive exploration of the parameter space, that the parameter

settings giving the best energy savings at the 1.84% perfor-
mance impact level are a greediness threshold of 61 and a
forced deep period of 0.52 seconds. These parametersyield
an energy savings of 66.18%. Thus, we see that, comparing
strategies BIG and C on equal performance grounds, strat-
egy BIG reduces processor energy consumption by 53%.
Compared to the optimal strategy, it increases processor
energy consumption by 91%, since it only saves 80% of
real idle time.

The next results we present concern strategy BIGS. Fig-
ure 3 shows that, in the realm we are interested in, a per-
formance impact of 1.84%, increasing the sleep multiplier
always produces worse results than changing the greediness
threshold and forced sleep period. The energy savings at-
tainable by increasing the sleep multiplier can be attained at
a lower performance cost by instead decreasing the greed-
iness threshold or by increasing the forced sleep period.
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Figure 3. Performance impact measure versus processor energy savings for strategy BIGS with various sleep multipliers, various greediness thresholds,
and aforced sleep period of 0.52 sec. The reader is cautioned that nonzero origins are used in this figure to save space and yet have sufficient resolution
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Table 2
Simulation results for each strategy on the aggregate workload. Strategy
BIS achieves the same performance impact as strategy C by using a sleep
multiplier of 2.25; strategy BIG achieves this performance impact by using
a greediness threshold of 61 and a forced sleep period of 0.52 sec.

Strategy Processor power savings Performance impact
Optimal 82.33% 0.00%
C 28.79% 1.84%
B 31.89% 0.00%
BI 47.10% 1.08%
BIS 51.72% 1.84%
BIG 66.18% 1.84%

Thus, the best BIGS strategy is the BIG strategy, which
does not make any use of the sleep extension technique.
The figure suggests that if we could tolerate a greater per-
formance impact, such as 2.7%, this would no longer be the
case, and the best energy savings for BIGS would be at-
tained at a sleep multiplier above one. We conclude that for
some values of performance impact, it is useful to combine
the greediness technique and sleep extension technique, but
for a performance impact of 1.84% it is useless to use the
sleep extension technique if the greediness technique is in
use.

A summary of all the findings about the above strategies
can be seen in table 2, as well as the columns of figure 5
corresponding to users 1-6.

4.2. Sensitivity to parameter values

An important issue is the extent to which the parameters
we chose are specific to the workload studied, and whether
they would be optimal or equally effective for some other
workload. Furthermore, it is unclear how effective the user
or operating system could be at dynamically tuning these
parameters in the best way to achieve optimal energy sav-
ings at a given level of performance. Thus, it is important
to observe the sensitivity of the results we obtained to the
particular values of the parameters we chose.

The graphs we showed that demonstrate the relation-
ship between performance, energy savings, and parameter
values aso demonstrate the reasonably low sensitivity of
the results to the parameter values. For instance, varying
the forced sleep period threshold in figure 2 across a wide
range of values only causes the consequent energy savings
to vary between 59-67%. Varying the greediness threshold
in figure 4 across another wide range of values only causes
the consequent energy savingsto vary in the range 63—71%.
Finally, varying the sleep multiplier across a wide range,
as in figure 1, only causes the consequent energy savings
to vary in the range 47-56%.

Another way to gauge the sensitivity of the results to the
parametersis to evaluate the effectiveness of the techniques
on each of the six workloads corresponding to the users
studied. To show the effect of using parameters tuned to
an aggregate workload on individual users, figure 5 shows
the processor energy savings that would have been attained
by each of the users given the strategies we have discussed.
We see from this figure that strategy BIG is always superior
to strategy C, and that strategy BIS is superior to strategy C
for all users except user 2. And, even in this case, the fault
seems to lie with the basic strategy and simple scheduling
technique rather than the sleep multiplier parameter, since
user 2 is aso the only user for which the savings from
C are much greater than those from strategies B and BI.
These figures suggest that even parameters not tuned for a
specific workload till yield strategies that in general save
more processor energy than the current strategy. It is also
interesting to note that there is a clear ordering between
strategies Bl, BIS, and BIG: for each user, strategy BIG
saved more energy than strategy BIS, which saved more
energy than strategy Bl.

We were curious why strategy C is so much superior
to strategy B for user 2, so we inspected the simulation
results for that user carefully. We found that the reason
strategy C does so much better than strategy B is that in
that trace, the application Finder (discussed further later)
frequently yields control requesting a sleep time of zero
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Figure 5. Processor energy savings for each strategy and each user. Strategy BIS uses a sleep multiplier of 2.25, while strategy BIG uses a greediness
threshold of 61 and a forced sleep period of 0.52 seconds.

but then performs no activity when it gets control again; in-
deed, there is a contiguous section of the trace lasting over
an hour (athird of the trace) during which Finder has this
behavior. When this happens, the basic strategy, strictly
obeying the request of Finder to never block, never gets
a chance to cycle the processor, while on the other hand
the current strategy notices that no activity is occurring
and turns off the processor anyway. The sleep extension
technique does not alleviate this problem, since multiply-
ing the sleep request of zero by any factor still makes it
zero. However, the greediness technique is able to over-
come this problem, since this is exactly the problem for
which it was designed. Consequently, strategy BIG beats
strategy C for user 2, even though strategies B, BI, and BIS
do not.

Yet another way to see that the basic strategy with the
new techniquesis effective even without tuning the parame-
tersis to pick somewhat arbitrary parameters and note that
the energy savings are still superior to that of strategy C. For

example, the parameter settings we envisioned before run-
ning any of these simulations, a greediness threshold of 5, a
forced deep period of 0.25 seconds, and a sleep multiplier
of 1.5, would yield a respectable energy savings of 71.70%
and a performance impact of 2.61%, which, compared to
MacOS, trades off a 60% decreasein processor energy con-
sumption for a 0.8% increase in workload completion time.
Even a conservative set of parameters, namely a greediness
threshold of 100, a forced deep period of 0.10 seconds,
and a sleep multiplier of 1, yields a processor energy sav-
ings of 62.87% with a performance impact of only 1.48%,
decreasing processor energy consumption by 48% and re-
ducing workload completion time by 0.4% compared to
strategy C.

4.3. Additional explanation of results

We have seen that the greediness technique by itself can
be quite effective even within a broad range of parame-
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Table 3
A breakdown, for each strategy, of what happens to the time and quanta originally spent running processes, the scheduler, and the operating system.
Time and quanta that are delayed and thus contribute to performance impact are shown in bold, time and quanta that are run on time are shown in the
standard font, and time and quanta that are never run and thus are subsumed by cycling are shown in italics.

Useful time (hours) Useful Nonuseful time (hours) Nonuseful
Strategy Process Scheduler (0] quanta Process Scheduler oS quanta
C 0.27; 3.73 0.23;0.63 0.04; 0.33 88,055; 473,075 2.38; 1.59 831,261 5.14;431 6,303,597; 1,682,648
B 0.00; 400 0.00; 0.86 0.00; 0.37 0; 561,130 3.96; 0.00 10.92; 0.00 0.00; 9.45 7,986,245; 0
BI 0.20; 3.80 0.02; 0.84 0.10; 0.27 20,027; 541,103 2.97; 1.00 7.45; 347 0.00; 9.45 5,965,396; 2,020,849
BIS 0.37;3.63 0.04; 082 0.12; 0.25 29,132; 531,998 2.81; 1.15 6.23; 469 0.00; 9.45 5,412,942; 2,573,303
BIG 0.33;3.67 0.04;0.82 0.18; 0.19 32,130; 529,000 0.87; 3.09 3.90; 7.02  0.00; 9.45 2,420,825; 5,565,420

ter values. This suggests that processes often act greedily.
In fact, using the ideal parameters of strategy BIG, 49 of
63 applications were found to act greedily at some point.
The percent of an application’s quanta during which it was
determined to be acting greedily varied widely from one
application to another, from 0.0009% for Express Modem
to 93.7% for eWorld. It is especially amusing that Finder,
the user desktop interface application written at Apple it-
self, seems to lie routinely about its processing time needs,
having been determined to be acting greedily for 64.7% of
its quanta. This supports our suggestion that designers of
operating systems and applications for single-user systems
are not generally concerned with rigorous management of
processor time.

To examine where the savings and performance impact
of a strategy are coming from, it is useful to observe what
happens to different classes of time in the original trace
when that strategy is used. Some time in the original trace
iS spent running processes, some is spent running the sched-
uler, and the rest is spent running other OS code. Each of
these classes of time can be broken down into useful and
nonuseful time. Useful time will always be scheduled in
the simulation, but some of it will be delayed if the tech-
nique simulated decides to cycle instead of running it. This
delayed time is what contributes to performance impact.
Some nonuseful time will be scheduled by the technique,
while the rest gets skipped over and contributes to cycling
time. This skipped time is what contributes to energy sav-
ings. Table 3 shows this breakdown in time and number of
quanta for each strategy.

First, let us compare the sources of the energy savings
for each strategy; this involves looking at the italic figures
in table 3. Strategy C spends 4.31 hours cycling instead of
idling in the OS, 1.95 hours cycling instead of performing
nonuseful process quanta, and 2.61 hours cycling instead
of switching nonuseful process quanta in and out. It isin-
teresting to note that more time is saved from not having
to switch processes in and out than from actually not run-
ning them. Thisis probably because the technique attempts
to cycle the processor when processes are not doing any-
thing, and when a processis not doing anything it should be
doing little besides getting switched in and out. Strategy
B never cycles instead of running or scheduling process
guanta, but it makes up for this by aways cycling when
the OS would otherwise be idle, 9.45 hours. Strategies Bl

and BIS cycle even more because they can cycle instead
of running or scheduling process quanta. Indeed, even if
we did not consider idle time spent cycling, strategies Bl
and BIS still save more nonuseful process and scheduler
time than strategy C. Interestingly, the increased savings
stem from reducing the amount of time spent scheduling
nonuseful process quanta, not from reducing the time spent
running nonuseful process quanta. In fact, each of strate-
gies Bl and BIS spends longer running nonuseful process
guanta than strategy C. The reason these strategies spend
less time scheduling nonuseful process quanta is that, as
shown in the table, the strategies schedule fewer nonuseful
process quanta, and fewer quanta to schedule means less
time spent scheduling quanta. So we see that the savings
from strategies Bl and BIS stem not from giving processes
less time when they are not doing useful work, but from
switching them in and out less often when they are not do-
ing useful work, thus saving time associated with process
switching. On the other hand, strategy BIG is superior to
strategy C in its conversion of al types of nonuseful time.
So, the savings from strategy BIG stems both from giving
processes control less often when they are not busy and
from giving them less time to run useless tasks.

Table 3 aso alows us to compare the sources of the
performance impact in each strategy; this involves looking
at the bold numbers. We see that for strategy C, about half
of the performance impact is due to delaying the running of
useful process quanta and half is due to delaying the switch-
ing of those quanta. On the other hand, strategy Bl delays
about the same amount of useful process run time, but far
less time spent switching process quanta. Thisis explained
by the fact that it delays a much lower absolute number of
useful process quanta. The low amount of delayed sched-
uler time in strategy Bl extends to BIG and BIS, allowing
them to have a greater amount of delayed process quantum
and OS time while still maintaining the same performance
impact as strategy C. Our main observation, then, is that
strategies Bl, BIG, and BIS delay far fewer useful quanta
than strategy C even though by design the latter two delay
the same amount of total useful time.

4.4. Further analysis of the greediness technique

Any technique that forces a process to deep when it
would otherwise not do so will almost certainly decrease
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Figure 6. Performance impact measure versus processor energy savings for various strategies with various parameter values varied. The reader is
cautioned that nonzero origins are used in this figure to save space and yet have sufficient resolution to enable its key features to be discerned.

the energy consumed by the processor and increase the per-
formance impact. It doesthe former because it causes some
useless process quanta to be put off so long that they never
get scheduled, and it does the latter because it causes some
useful process quanta to be delayed. Thus, it is no sur-
prise that the greediness technique was able to improve the
energy savings of strategy Bl, since it was allowed to in-
crease the performance impact from 1.08% to 1.84%. How-
ever, the real test of such a strategy is how much energy
savings it achieves per unit performance impact; a strat-
egy is most effective if the heuristic it uses to determine
when a process is forced to sleep is a good predictor of
the future non-usefulness of the quanta of that process. So
far, we have determined that the greediness technique is a
good technique for decreasing the energy consumption of
the processor, but we do not know if this is because it in-
corporates a good predictor of future process usefulness or
because any such technique would have done well.

To evaluate the effectiveness of the predictor implicit in
the greediness technique, we compare it to a similar tech-
nique that replaces this predictor with a random predictor.
The random greediness technique has two parameters. a
probability parameter 0 < p < 1 and a forced sleep pe-
riod f. Our random strategy is that each time a process
reguests a sleep time of zero, with probability p we force
it to sleep for a period f instead. We use the letter R in a
strategy name to denote the use of this technique.

We performed experiments with strategy BIR, attempt-
ing to maximize power savings while achieving a 1.84%
performance impact by varying the probability parameter
and the forced sleep period. We found that the best values
of our experimental parameters (determined by running ad
hoc experiments) were a forced sleep period of 0.3 seconds
and a probability parameter of 0.023; with these values the
energy savings is 55.6%. Since strategy BIG saves 66.2%
of processor energy, strategy BIR causes the processor to
consume 31% more energy than strategy BIG. It seems,
then, that the indicator we use in the greediness technique

is a better-than-random predictor of future process inactiv-
ity.

We can better gauge the effectiveness of strategy BIG
by examining more than just its effect at a performance
impact level of 1.84%, i.e., by looking at how its energy
savings varies over a range of performance impact values.
Figure 6 shows how performance impact varies as a func-
tion of processor energy savings for strategies BIS, BIR,
and BIG. The reciprocal of the slope of such a curve is
a measure of how much energy is saved per unit perfor-
mance impact at that point; we cal this the efficiency of
the strategy at that point. The figure shows that, at their
most conservative parameter values, strategy BIG is more
efficient than strategy BIR, which in turn is more efficient
than strategy BIS. Thus, increasing sleep periods of zero is
more efficient than multiplying sleep periods by a factor,
and using a greediness heuristic to decide when to increase
sleep periods of zero is more efficient than increasing them
randomly. Another interesting point about the figure is that
although strategies BIS and BIR retain essentialy the same
efficiency throughout the parameter ranges shown, strategy
BIG shows greater efficiency at the lower performance im-
pact levels than at the higher ones. An explanation for
the decreasing efficiency of strategy BIG with decreasing
greediness threshold is that the less evidence the strategy
requires before it decides that a process is doing non-useful
things, the less accurate its predictions about usefulness will
be. On the other hand, strategies BIS and BIR, which do
not attempt to predict anything, do not change in efficiency
over different parameter values.

4.5. Sgnificance of results

In an experimental study, different subjects are given dif-
ferent treatments and then response variables are measured.
The experimenter then looks for effects, by which are meant
differences in response variable values that are correlated
with differences in treatments. These differences can have
two causes: true effects of the treatments and random fluc-
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tuation in the values of the response variable. Thus, statis-
tical tests are usually performed to determine whether the
differences are significant, i.e., unlikely to have occurred
as aresult of mere random fluctuation, in which case a true
effect can be said to exist. Usually, a test for significance
is done at the p < 0.05 level, meaning that a difference is
considered significant if it would have occurred with prob-
ability less than 5% in the absence of any true effect. A
Type |l error is said to occur when the null hypothesis is
rejected even though it is true, i.e,, when significance is
not found even though a true effect actually exists. Type Il
errors are likely if there are a small number of subjects or
a smal true effect.

Our study is an experimental study, with users or work-
loads serving as subjects, energy-saving strategies serving
as treatments, and energy savings and performance impact
serving as response variables. We have found effects, dif-
ferences in the energy savings arising from different strate-
gies, but we have not yet commented about whether these
differences are significant. For instance, we have shown
that, for our subjects, strategy BIG saves more energy than
strategy C, but we have not shown that this differencein en-
ergy savingsis unlikely to have been due to chance factors.
Unfortunately, this study has a small number of subjects,
so the probability of committing a Type Il error is great.
However, we are aided by the fact that, unlike in many ex-
periments of this sort, the effect magnitudes we are dealing
with are quite large, potentially large enough to overcome
the problem of having few subjects. Therefore, we have at-
tempted to perform a statistical analysis of the results, even
though we recognize that any failure to detect a significant
difference between treatments would be a poor indication
that such differences are solely due to chance factors.

We used the ANOVA technique described in [6] for a
within-subjects design, checking the results with the sta-
tistically equivalent paired observation technique described
in [5]. The comparisons we performed were those we con-
sidered the most meaningful comparisons between pairs of
strategies, namely differences in energy savings between
strategy C and each other strategy, between B and BI, be-
tween Bl and BIS, between Bl and BIG, and between BIS
and BIG. We found significant differences between C and
BIG, between B and BI, between Bl and BIS, and between
Bl and BIG. In other words, we found that our best com-
posite strategy, strategy BIG, was significantly better than
the current MacOS strategy; that each of the sleep exten-
sion technique and the greediness technique significantly
improved the basic strategy with the simple scheduling
technique; and that the ssmple scheduling technique sig-
nificantly improved the basic strategy. Note that we did
not find a significant difference between strategies BIG
and BIS. We note again that our failure to find a signif-
icant difference does not mean that it does not exist, since
it may merely reflect the small number of subjects. It is
a goal of future research to replicate this experiment with
further subjects to enable the finer determination of the sig-
nificance of this difference.
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5. Discussion

In our smulations, we found the following. The basic
strategy by itself saves barely more energy than the current
MacOS strategy, although it does have less performance
impact. Adding the simple scheduling technique has a sig-
nificant effect on the energy savings of the basic strategy,
allowing it to reduce energy consumption by 26% and to
reduce workload completion time by 0.7% compared to the
current MacOS strategy. Further techniques for managing
processor time also have significant effects on energy sav-
ings, alowing the basic strategy to even further surpass
the current MacOS strategy in energy savings for the same
level of performance impact. Using the sleep extension
technique allows 32% less processor energy consumption,
and using the greediness technique allows 53% less proces-
sor energy consumption. In all cases, the absolute level of
performance impact is very low. Note, however, that at
best we get about 66% absolute energy savings, compared
to the approximately 82% that would be available with op-
timal power reduction.

Our simulations suggest that although both the greedi-
ness technique and the sleep extension technique are helpful
in increasing the savings attainable from the basic strat-
egy with the simple scheduling technique, the greediness
technique does this job better than the simple scheduling
technique. Furthermore, when attempting to achieve the
same performance impact the current MacOS provides, it
is not worthwhile to use the sleep extension technique if
one is aready using the greediness technique. The reason
for this is that the greediness technique is more efficient
than the sleep extension technique, making the cost in per-
formance impact of an increase in energy savings greater
for the deep extension technique than for the greediness
technique. This difference in efficiency seems to have two
causes. The first cause, suggested by the fact that strategy
BIR is more efficient than strategy BIS, is that increasing
sleep periods of zero is a better approach than multiplying
dleep periods by a constant factor. Thisis probably because
a process is more likely to block less often than necessary
than to block for shorter periods than necessary; our obser-
vations of the user 2 trace demonstrate how frequent the
former occurrence is. The second cause, suggested by the
fact that strategy BIG is more efficient than strategy BIR, is
that the greediness technique uses predictions about the fu-
ture usefulness of process time while strategy BIS does not
incorporate any such prediction. Besides these differences
between the two techniques, another reason to not use the
sleep extension technique is that it is quite possible that
extending real-time sleep times will produce undesirable
effects in terms of system performance or functionality.

Analysisof the sensitivity of the techniquesto changesin
parameter settings and workloads suggests that ideal para-
meter setting is not necessary to the consistent functioning
of the techniques. Thus, we expect the techniques to be
successful with even naive parameter-setting by the operat-
ing system or user. However, one anomalous case, user 2,
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points out the vulnerability of the basic strategy to poor ap-
plication behavior, suggesting that the greediness technique
or something like it should aways accompany the basic
strategy.

To illustrate how percent time in low-power mode would
trandate into overall power savings, let us consider an ex-
ample based on estimates of power consumption from pre-
viouswork [9,10]. In this example, based on the Duo 280c,
turning off the processor saves 3.74 W, while the compo-
nents that remain on consume, on average, 5.65 W, given
current power management techniques. From these fig-
ures, the current strategy, with processor energy savings
of 28.79% and performance impact of 1.84%, would make
average total power consumption

1-0.2879

B5W (=
>0 +<1+0.0184

)(3.74 W) = 8.27 W.

Note that we are assuming that during extra time spent
with the processor on, other components are, on average,
at their average power levels given current power manage-
ment techniques. The BIG strategy, with processor energy
savings of 66.18% and the same performanceimpact, would
make average total power consumption

1-0.6618

5EW (2
>0 +<1+0.0184

)(3.74 W) =6.89 W

thus achieving a 16.7% savings in total power and yielding
a 20.0% increase in battery lifetime relative to strategy C,
assuming that battery lifetime is inversely proportional to
average power drain. The BIS strategy, with its proces-
sor energy savings of 51.72% and same performance im-
pact, would make average total power consumption 7.42 W,
yielding a power savings of 10.3% and battery lifetime in-
crease of 11.5% compared to strategy C. Note that all these
figures are only applicable to the workload studied here,
i.e., the 30 hours of traces obtained from these six users. It
is unclear how much more or less effective these methods
would be for some other workload; for instance, a previous
study with a different workload [9,10] found that 48.1% of
processor power was saved by the current MacOS strategy.
Even within the workload studied here, we have seen that
the savings from each strategy varies greatly from one user
to another.

We believe that even though our simulations were per-
formed on MacOS traces, our techniques are generally ap-
plicable to other single-user operating systems. For exam-
ple, Microsoft Windows essentially uses the basic strategy
with the simple scheduling technique. However, it makes
no attempt to police processes that make unfair proces-
sor time requests; in fact, one recognized problem with
its power management is that if a single process requests
events using PeekMessage rather than Get Message or
Wi t Message, then processor power management cannot
take place [2,11]. This prablem is exactly the sort that the
greediness technique was designed to alleviate, so we may
find that, as we demonstrated for the MacOS, the effective-
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ness of the basic strategy is greatly improved by the use of
such a technique.

We would like to see the work described here continued
in several ways. First, we would like to actually imple-
ment our proposed strategies. This would have the ad-
vantage of demonstrating their feasibility and utility in an
easily measured way, since one would be able to measure
the power consumption and performance of systems with
different strategies running the same benchmark workloads.
Second, we would like to collect additional traces, so that
the effectiveness of our techniques over a larger variety of
users and workloads can be established, so that we can bet-
ter select parameter values, and so that we can determine if
dynamic variation of parameter valuesis useful. In particu-
lar, we want to obtain traces from different types of user en-
vironments; our current set of tracesis rather limited in this
respect. Third, we would like to see if our power-saving
techniques are applicable in practice to other single-user
operating systems (such as those from Microsoft). Finally,
we do not believe that we have exhausted the possibilities
for software strategies to put the CPU into power saving
modes; our work to date has not, for example, considered
systems in which the clock rate and voltage can be varied
simultaneously and dynamically. We also do not believe
that we have found or used all of the information useful
in predicting “useless’ quanta. At best, we save around
66% of the CPU energy, compared to a theoretical opti-
mum of 82%.

6. Conclusions

Reducing the power consumption of computer systems
is becoming an important factor in their design, especialy
in the case of portable computers. An important component
for power management is the processor, as it accounts for
a large percentage of total power. Obvioudy, the CPU
can be turned off when it is inactive; in some operating
systems, however, such as MacOS, the CPU is frequently
running even when there isn't any “useful” work to do.
We have suggested several heuristic techniques to decrease
power use, such as (a) never running a process that is still
blocked and waiting on an event, (b) delaying processes that
execute without producing output or otherwise signaling
useful activity, and (c) delaying the frequency of periodic
processes, most of which seem to wake up, look around,
find nothing interesting to do, and go back to deep. To
the extent that similar phenomena occur in other operating
systems, these techniques should apply to them also.

We have used trace-driven simulation to evaluate these
techniques on the basis of processor energy saved and in-
crease in processing time. We found that the best tech-
niques are those labeled (a) and (b) in the last paragraph,
with (c¢) producing somewhat disappointing results. We
found that our techniques save 47—66% of processor en-
ergy, thus decreasing processor energy consumption by 26—
53% compared to the simple strategy currently employed
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by MacOS. Taking into consideration the fraction of system
power used by the CPU, we estimate that implementing the
best subset of our techniques will increase battery lifetime
for Macintosh portables by around 20%. These savings do
imply a small loss in effective system performance (due to
the fact that the CPU may be inactive even though there is
real work to do); in al cases, this loss is less than 2%.

Work is continuing on this topic. We hope to be able
to implement our proposed algorithms, although this work
may or may not find its way into Apple products. We will
also be collecting additional traces, for a wider variety of
workloads, and will be further evaluating the techniques
described here and others yet to be discovered.
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