
1. ABSTRACT
The purpose of this paper is to report the power
and performance of an application on a real
system as the CPU frequency varies. Previous
work in CPU speed-setting considered only the
power of the CPU and only CPU’s that vary
supply voltage with frequency. This work takes
a broader approach, considering total system
power, battery capacity and main memory
bandwidth. The results, which are up to a fac-
tor of four less than ideal, show that all thr ee
must be considered when setting the CPU
speed, whether the speed is fixed at a single
value or varied dynamically during operation.

2. INTRODUCTION
Technical developments in recent years have enabled
designers to build hand-held and wearable computers. In
many of these computers, the CPU consumes a substantial
fraction of the total power, making the CPU a prime target
for power savings. The purpose of this paper is to report the
battery discharge measurements of an application on a real
system as the CPU frequency is varied. The goal of the
research was to decide whether the Itsy, a StrongARM
SA-1100-based hand-held computer from Compaq’s
Western Research Lab [17], would benefit from having a
dynamic CPU speed-setting policy, and if not, to determine
the fixed speed at which the CPU should be operated to
balance power and performance. The paper examines the
power, performance, and battery life of the Itsy while
running an MPEG video player over a range of CPU
frequencies. The experimental results are up to nearly a
factor of four less than what would be expected given ideal
assumptions about the system’s battery capacity and
performance.

The remainder of this paper is organized as follows: Section
3 describes the related work in the area of CPU speed-

setting. Section 4 describes the three major factors in CPU
speed-setting from a system perspective. Section 5 details
the experimental method. Section 6 presents the results of
the experiments, showing the impact of the factors described
in Section 4. Finally, Section 7 explains how these results
affect CPU speed-setting policies in general and outlines
future work in the area.

3. RELATED WORK
Several researchers have investigated saving power by
dynamically setting the clock frequency of the CPU. Weiser
et al. first pointed out that it is now feasible to build systems
that can use dynamic speed-setting, varying CPU voltage
and frequency on-the-fly, to reduce energy consumption
[18]. The speed would be set by the operating system to
reduce the energy consumption of the CPU while still
meeting the performance requirements of the user. Weiser et
al. and Govil et al. [8] used trace-driven simulation to study
several dynamic speed-setting policies that slowed the CPU
when it was mostly idle and sped it up when it was mostly
active. Yao et al. proposed a scheduling model for dynamic
speed-setting and compared some on-line algorithms to an
off-line algorithm that computed a minimum energy
schedule [20]. Pering and Brodersen applied the concept of
real-time scheduling to dynamic speed-setting [13]. All of
these researchers assumed that the CPU power was
proportional tos3, wheres is the factor by which the CPU
frequency and voltage are changed. This assumption is based
upon the dynamic power of CMOS devices being equal to
CV2f, whereC is the effective switching capacitance,V is
voltage, andf is the frequency [19]. Because the maximum
frequency of the device is limited by its voltage, it is not
possible to lower the voltage without also lowering the
frequency. In addition to assuming power proportional tos3,
they assumed the execution time of an operation to be
inversely proportional to the clock frequency, or 1/s. Given
these assumptions, the energy per operation is proportional
to s2 and is minimized by running at the slowest CPU
frequency. Furthermore, based upon these assumptions, they
concluded that it would not be beneficial to reduce the CPU
frequency without also reducing the voltage, because in this
case the energy per operation would be constant.

This paper takes a more general approach. We consider the
energy consumption of the entire system rather than the
consumption of just the CPU, and take into account the loss
of battery capacity with increasing power. We measure the
performance of an application on a real system over a range
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of CPU frequencies and the number of computations that
the system completes during a battery discharge. The results
show that even with a fixed-voltage CPU, there are
situations where running at less than its maximum
frequency is advantageous.

4. SYSTEM FACTORS IN SPEED-SETTING
When the performance expectations of a user are met by a
mobile computer, the next major consideration should be
the number of computations per battery discharge. The
computations per discharge is essentially the battery
capacity divided by the energy per operation for a given
computation. From a system perspective, the three major
factors in setting the CPU speed to increase the
computations per discharge are battery capacity as a
function of system power, system power as a function of
CPU frequency, and application performance as a function
of CPU frequency. The relationship between these factors
and the number of computations per discharge is given by

wheref is the CPU clock frequency, and the battery capacity
is given in Watt-hours, the power in Watts, and the
performance in iterations per hour.

The first factor, battery capacity, is typically assumed to be
constant. When battery capacity is constant, maximizing
computations per discharge is the same as minimizing the
energy per operation. In reality, however, battery capacity
decreases as the load power increases, typically by as much
as 20%-40% over a useful range of load power [10]. In
situations where battery capacity is not constant,
minimizing the energy per operation may not maximize the
computations per discharge. We showed previously the
impact of loss of battery capacity on computations per
discharge using Peukert’s equation, a first-order, empirical
battery model for continuously-on loads [11]. Since most
mobile computers are used intermittently rather than
continuously, we looked for a model capable of calculating
battery capacities for intermittent discharges. Doyle and
Newman implemented a one-dimensional, finite-difference
model for Li-ion cells, which has been used by their
industrial partners to study the effect of cell design
parameters and to verify a technique for quick
determination of the capacity vs. power [5][6]. We used
Doyle’s model to study the effect of intermittent discharges
on the capacity and found that peak power predicts battery
capacity better than average power. Figure 1 shows the
model results for battery capacity versus average power for
continuous discharges over a range of loads, and for
intermittent discharges at duty cycles of 25, 50, and 75%
and three values of peak power. The intermittent discharges
were square waves with an off power of 0 W/kg. The two
major features of the results are that the capacity decreases
as the load power increases for continuous loads, and that
there is a range where the peak power of an intermittent load
rather than the average power is a stronger indicator of the

battery’s capacity. For example, the 300 W/kg continuous
load results in a battery capacity of 90 Wh/kg (point A in the
figure) and the 75 W/kg continuous load results in a battery
capacity of 140 Wh/kg (point B), while the intermittent load
with a peak power of 300 W/kg and duty cycle of 25% (i.e.,
an average power of 75 W/kg, point C) results in a capacity
of approximately 100 Wh/kg. Thus using the average power
of this intermittent load would over-estimate the battery
capacity by about 40%, while using the peak power would
under-estimate it by only about 10%. To put these results in
more common terms, the 75 W/kg continuous load would
have a battery life of about 1.9 hours, while the intermittent
load C, with the same average power, 75 W/kg, would have
a battery life of about 1.3 hours. Only when the peak power
is below about 50 W/kg (about a 3 hour discharge when
continuously on) would the peak and average power give
about the same estimate of battery life. Similar results were
obtained in experiments with actual Li-ion batteries, so this
behavior is not simply a product of the model.

The second factor in setting the CPU speed is the power of
the system as a function of frequency. This factor, together
with the performance as a function of frequency, determines
the CPU frequency which gives the minimum energy per
operation. The previous research considered only the CPU
power. But the total system power determines the battery
life, not just the power of the processor. If a system were to
be actually constructed using a variable-voltage CPU, with
CPU power proportional tos3 as described in Section 3, one
would expect there would be other terms in the function of
system power versus frequency due to subsystems that
operate at a fixed voltage, changes in efficiency of the power
supply over the range of loads, and other reasons. For
example, we curve-fit the power versus frequency data for a
variable-voltage CPU [9] and found that even the power of
the CPU alone may have lower order terms that amount to

Computations per Discharge =
Capacity(SystemPower(f)) × Performance(f)

SystemPower(f)
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about 10% of the total power at the fastest speed. These
lower-order terms mean that the slowest CPU frequency
may not result in the minimum energy per operation. If the
lower-order terms are large enough, running too slowly may
increase the energy per operation. Most systems currently
available, however, are constructed with a CPU operating at
a fixed voltage, with subsystems that operate at frequencies
independent of the CPU’s frequency. The power of the
system is then a linear function of CPU frequency.

The final factor in setting the CPU speed is the performance
as a function of frequency. The assumption used in our
previous work, in other speed-setting work, and in the
previous paragraph’s statements about energy per operation
is that performance is proportional to frequency
[8][11][18][20]. This ignores the memory subsystem. For
example, in applications with a high cache miss ratio,
performance can be limited by memory bandwidth rather
than CPU frequency. Once an application becomes limited
by memory bandwidth, increasing the CPU frequency will
have little effect on the application performance and will
increase the energy per operation.

In the following sections, we study each of these three
factors using a system based on a fixed-voltage CPU.

5. METHOD
The experiments described in this paper were performed
using the Itsy, a hand-held computer from Compaq’s
Western Research Laboratory [17]. The Itsy is based on the
StrongARM SA-1100 [4] and runs the Linux operating
system.

We added two calls to the Linux kernel for changing the
CPU frequency based upon the clocking scheme for the
StrongARM, which is shown in Figure 2. During normal
operation, the CPU core runs at the primary clock frequency
and the memory controller runs at half the primary clock
frequency. On a cache miss, the CPU core clock switches to
half the primary clock frequency so that the core and the
memory controller run synchronously. The first kernel call
forces the CPU core clock to run at half the primary
frequency at all times. The second kernel call selects the
value of the primary clock frequency, setting it to one of
eleven possible values between 59 and 206 MHz. The
combination of the two calls allows the CPU core frequency
to vary from 29.5 to 206 MHz.

The code chosen for the experiments was the Itsy’s MPEG
video player. The justification for this choice is twofold.
First, we expect a video player to be one of the typical
applications for a mobile computer. Second, we wanted

code that adequately exercised the memory hierarchy and
operating system for reasons similar to those given by
Agarwal [1]. Measuring the energy of an application that fits
into the cache or that uses no operating system resources
would not be representative of a mobile computer capable of
running a variety of applications. Uhlig et al. describe how
the programs in the SPEC suite have much lower cache miss
ratios than real applications, and the MPEG player is one of
the applications they chose for their alternative benchmark
suite with more realistic cache and system behavior [16].

In the battery life measurements, the MPEG player ran in a
continuous loop. Each run of the MPEG player was
followed by decompression and manipulation of a text file
in order to clear the caches of the MPEG instructions and
data. The MPEG player accounted for more than 90% of the
run-time of the loop, however, so it was the dominant
energy component. The loop ran without any idle time.
While this does not reflect the behavior of mobile systems in
actual use, it allows us to estimate the computations per
discharge in actual use because of the peak-power limited
behavior of the batteries as described in the previous
section. Since there is a region of operation where peak
power is a stronger indicator of the battery’s capacity than
average power, one can obtain an estimate of the number of
computations that can be completed in a discharge by
looking at continuous discharges. The number of
computations completed when the system is used
intermittently is the continuous number times the ratio of
active time energy to the total energy in an active-idle cycle.
This estimate is better than the estimate obtained by
dividing the ideal capacity by the average power of the
cycle. Furthermore, studying continuous operation allows us
to focus on the three factors discussed in the previous
section--battery capacity as a function of system power,
system power as a function of CPU frequency, and
application performance as a function of CPU frequency--
without having to consider the variables of idle/active duty
cycle and idle power.

6. RESULTS
This section describes the measurements of performance
versus frequency, power versus frequency, and iterations per
discharge of the Itsy running the MPEG player. The results
show that setting the CPU speed depends on all three of the
factors discussed in Section 4.

Figure 3 shows the normalized performance versus
frequency for the MPEG loop. The measured performance
is nearly ideal until about 100 MHz, where there is a
breakpoint. From 100 MHz to the maximum frequency of
206 MHz, the measured performance diverges from ideal.
Examining the performance of the functions of the MPEG
player explains why.

Figure 4 shows the normalized performance versus the CPU
frequency for the two functions with the most execution
time in the MPEG player. These times were measured using
gprof [7]. The points show the measured performance, the
solid line shows the expected performance given the change
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in clock speed, and the dashed line shows the normalized,
measured main memory bandwidth. The routine
mpeg_j_rev_dct has the expected performance speed-up
over nearly the entire range of CPU frequencies. But the
other routine, GrayDitherImage, shows little increase in
performance after 133 MHz, where the main memory
bandwidth becomes limited by the speed of the memory
chips. Below 133 MHz the memory bandwidth is
determined by the minimum number of cycles per access
required by the SA-1100’s memory controller, while above
133 MHz the memory bandwidth is determined by the
access time of the memory chips. So, as the CPU frequency
increases above 133 MHz, accesses to main memory take
more CPU cycles. The performance of GrayDitherImage
tracks the memory bandwidth rather than the CPU
frequency, limiting the performance speed up of the
program overall.

Figure 5 shows the expected iterations per discharge
calculated from performance and power measurements and
the iterations per discharge if the performance speedup were
ideal. Both curves assume ideal batteries and are normalized
to the slowest speed, 29.5 MHz. The iterations per discharge
with a non-ideal performance speed-up differs from the
ideal iterations per discharge by 40%. This prediction was
confirmed with actual battery discharges while running the
MPEG player, using Sanyo UF-510 and UF-310 Li-ion cells
[14][15]. The results of the discharge measurements are
shown in Figure 6. These cells are nearly ideal over the
range of the power of the Itsy. Consequently, the measured
iterations per discharge agree with the expected curve quite
well, although the measured points begin to be less than
expected at the higher frequencies due to loss of battery
capacity. Figure 6 shows that ideal assumptions about
performance versus frequency can be quite misleading.

But Figure 7 shows that ideal assumptions can be even more
misleading when the power of the system lies in the non-
ideal range of a battery’s capacity. These results were
collected using the AAA alkaline cells which the Itsy was
designed to use. Because of the loss of battery capacity, the
iterations per discharge decreases at higher CPU
frequencies even though the energy used per iteration
remains nearly constant. One might suspect that the results
in this figure are due to the batteries being loaded at an
unrealistic value. The “on time” of the highest frequency
case is approximately 40 minutes, certainly a realistic load
since the system is continuously active. For comparison,
notebook computers often have battery lives of 1.5-3 hours
on the ZDigit BatteryMark test, which is active less than
20% of the time, giving them a continuous “on time” of less
than 40 minutes [12]. Thus we would expect to see similar
results if the experiments were conducted using the
notebook computers.

Figure 7 shows that assuming ideal behavior for
performance versus frequency and battery capacity versus
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power can be mistaken. The measured iterations per
discharge were up to nearly a factor of four less than the
iterations per discharge predicted by ideal behavior for both
factors. Even using measured performance versus
frequency, the iterations per discharge decreased as the
clock frequency was increased, rather than increasing as
predicted by assuming an ideal battery capacity.

7. CONCLUSIONS
A CPU speed-setting policy for a general purpose system
must consider system power, battery capacity and memory
bandwidth. This paper has shown that there are regions of
operation where ideal assumptions about any of these
factors will lead to a decrease in the number of
computations performed per discharge cycle. The results
shed light on the necessary ingredients for a successful
speed-setting policy. For the Itsy, with its fixed-voltage
CPU, the speed should be set to the lowest speed that yields

performance acceptable to the user if AAA batteries are the
power source. If instead a battery with ideal behavior is the
power source, such as the Sanyo Li-ions, the system could
benefit from a speed-setting policy that varied from
approximately 133 MHz to 206 MHz based upon the
performance versus frequency characteristic of the active
application.

While we have focused on only the MPEG player, the
characteristic of the program upon which the results
depend--performance limited by memory bandwidth--is
likely to be shared by other applications expected to be
typical in a mobile environment. Cache interference of
operating system and application code could lead to more
main memory bandwidth limitations than would be found in
the applications alone. As part of our future work, we intend
to study other typical applications. However, the results
show that there exist real applications with non-ideal
performance behavior that impacts the choice of CPU
speed.

The results also shed light on the characteristics of a system
built with a variable-voltage CPU. First, the memory
subsystem should be a major design consideration, so that it
does not limit performance over the range of CPU
frequencies. Second, the portion of the system that can vary
voltage is important. For example, if the SA-1100 were a
variable-voltage CPU, only its 1.5V supply would be able to
vary. The 3.3V supply powers the CPU’s I/O pins and must
remain fixed. Figure 8 shows the measured system power,
the measured power on the 1.5V and 3.3V supplies, and an
estimate of the total system power if the 1.5V supply were
allowed to vary with the frequency. The system power
versus frequency would then be of the forma3s3 + a1s +a0.
Figure 8 shows that if only the 1.5V CPU voltage is allowed
to vary, then the power of the system will be dominated by
the 3.3V supply, which supplies the CPU I/O pins and other
subsystems. The system power appears to be more linear
than cubic. Consequently, even if system performance and
battery capacity were ideal, the assumption that the system
power is proportional tos3 would be invalid, and the goal of
“running as slowly as possible” this assumption leads to
would be invalid as well.

When system performance and battery capacity are non-
ideal, they must be accounted for by a speed-setting policy.
The desirable features of a system that allows the OS to set
the speed may include hints from applications, cache
performance registers in the CPU like those found in high-
end systems [2], and battery information using battery “gas
gauge” integrated circuits [3]. The impact of I/O
performance bottlenecks on speed-setting also needs to be
considered. Whereas ideally a policy would have the CPU’s
minimum operating speed as its lower bound, these results
have shown that the lower bound should be the speed that
maximizes the computations per discharge.

This paper has shown that there are multiple feedback
variables for a speed-setting policy. If the OS is to set the
CPU speed, it must have adequate feedback about each of

Figure 6. Expected and measured results with
Li-ion batteries, Sanyo UF-510 and UF-310
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the three factors discussed in this paper: performance as a
function of CPU frequency, system power as a function of
CPU frequency, and battery capacity as a function of system
power. Ignoring any one of these factors may lead to a
decrease in the number of computations performed in a
discharge. A realistic policy will take all three factors into
account to set its minimum speed to the value that
maximizes the computations per discharge.
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