
 

  
Abstract—This paper describes an adaptive execution 

technique for saving energy in systems that support dynamic 
voltage (and frequency) scaling (DVS). We show that our method 
is most effective for periodic workloads such as video or audio 
decoding. It exploits both memory-bound code regions as well as 
idle time, while solely relying on time and power profiles of the 
system. These profiles are used to accurately estimate the 
execution time and the total system energy consumption for 
different code regions. To estimate the power consumption and 
execution time for a given code region, we analyze the 
characteristics of the executed code at run time by querying the 
performance counters provided by the CPU. We have 
implemented our method in a multitasking operating system 
(Microsoft Windows CE) running on an Intel XScale-processor. 
We achieved up to 9% of total system power savings over the 
standard power management policy that puts the CPU in a low 
power mode during idle periods.  

I. INTRODUCTION 
S battery-operated portable devices become            
increasingly popular, satisfying demands for effective 
energy reduction techniques becomes more important. 

The device should use as little energy as possible while still 
providing satisfactory performance; in other words, the quality 
of service (QoS) requirement must be met. 

Dynamic Voltage Scaling (DVS) is an effective method to 
reduce power consumption of the CPU [4] and is supported by 
a number of processors on the market such as AMD’s Mobile 
Athlon [2], Intel’s XScale [11], and Transmeta’s Crusoe [7]. 
Energy can be saved because not only is the CPU frequency 
scaled linearly, but so is the CPU voltage. Since energy is 
proportional to the square of the voltage, reducing the voltage 
along with the frequency yields significant energy savings [5]. 

There are basically two ways to save energy without severely 
degrading performance. One is detecting and exploiting slack 
and idle time. This approach is common for real-time systems 
where task deadlines are known in advance. By modifying the 
task scheduler or analyzing the (remaining) worst case 
execution time (WCET), slack and/or idle time is exploited to 
run the CPU at a lower frequency, thereby saving power 
[1][3][14][18][19]. In non real-time multitasking operating 
systems, there is no slack time and the idle time varies with the 
system load and is not known in advance. There are several 
approaches to estimate the future idle time. Weiser’s original 
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algorithm, called PAST [21], predicts the idle time based on the 
idle time observed in the past. More sophisticated and accurate 
prediction algorithms have been developed in [16][20].  

The second way to save energy without severely degrading 
performance is to use DVS in memory-bound and CPU-bound 
code regions. If the target architecture supports asynchronous 
memory accesses, the CPU stalls frequently during the 
execution of memory-bound code regions due to frequent 
cache misses. For these regions, reducing the CPU frequency 
will not affect performance significantly because the execution 
time is dominated by the memory access latency. This approach 
can be found in [8][17][22]. 

This paper introduces an application-specific and adaptive 
power management technique. Our goal is to design an 
adaptive execution algorithm that reduces the total system 
energy using DVS without modifying the scheduler. An 
adaptive power manager (APM) is linked to the operating 
system, and user programs call the power manager’s API. Our 
work integrates both of the two methods mentioned above. It 
detects memory-bound code regions at run time and slows 
down the CPU in these regions whenever these regions are 
entered again. Moreover, it monitors the idle time to detect 
periodic behavior and then prolongs the execution time of these 
periodic regions by reducing the CPU clock frequency. Some 
previous work [6][9] specifically targets MPEG decoding and 
evaluates the system energy state at the frame level (i.e., the 
power APIs are called whenever decoding of a new video 
frame begins). However, these program points are difficult to 
detect at compile time without deep knowledge of the 
application. Our technique, in contrast, can detect periodic 
behavior even if the APM API calls do not occur at these 
specific program points.  

II. ADAPTIVE POWER MANAGEMENT 
Our adaptive power management scheme can be split into 

three processes: characterization of the system, inserting APM 
APIs, and adaptive execution.  

A. Power and Execution Time Characterization 
The CPU power consumption depends on the cache miss 

ratio and the memory-to-ALU instruction ratio. In CPU-bound 
code regions with few memory accesses and a low cache miss 
ratio, the CPU has a high power consumption because almost 
no CPU stalls occur, whereas in memory-bound code regions 
with many memory accesses and a high cache miss ratio, the 
CPU consumes less power due to memory stalls. On the other 
hand, the memory system consumes more power in 
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memory-bound code regions and less power in CPU-bound 
code regions. 

The execution time of CPU-bound code regions is 
dominated by the number of instructions, while that of 
memory-bound code regions is dominated by the number of 
memory operations and the cache miss ratio. 

To obtain accurate characteristics of the target system, we 
execute synthetic benchmarks with different instruction mixes. 
We measure the overall system power consumption and the 
execution time for different instruction mixes, as well as the 
power consumption when the CPU is in idle mode. The power 
and execution time measurements are then approximated by 
linear functions. Using these functions, we construct power 
and execution-time estimation models that will be used by the 
APM at run time.  We explain our estimation models in detail 
later. 

B. Inserting APM APIs 
The compiler or the user selects some interesting regions 

(say a loop-nest) with respect to power management and 
encloses them with a pair of APM API calls. Figure 1 shows an 
example. These regions can be identified by profiling or by 
analyzing the code using a static code partitioning technique 
such as the one described in [13] that basically selects 
loop-nests.  

C. Adaptive Execution 
The APM is invoked by applications which have been 

instrumented with APM calls. For each region, the APM reads 
the CPU performance counters and determines their 
characteristics. Depending on the data obtained, the APM 
operates in two energy optimization modes.  

 
1) Optimizing energy consumption without idle time 

The APM monitors the characteristics (instruction count, 
cache accesses, and cache misses) of each region separately and 
determines the best CPU frequency by estimating the execution 
time and energy consumption of the region. At the beginning of 
the region, the clock is switched to the best estimated frequency 
and, at the end of the region, back to the original frequency. The 
measured execution time is compared to the estimated time and 
a correction factor is computed and used in successive 
estimations to improve accuracy. Whenever the behavior of a 
region changes significantly, the APM recalculates the time and 
energy requirements of the different frequencies and switches 
to the one that minimizes energy consumption. A maximum 
relative performance penalty limit can be used to ensure QoS. 

Our experiments show that this type of optimization cannot 
be exploited on the Intel PXA255 processor. Changing the 
CPU frequency also modifies the CPU-to-memory bus speed. 
Thus, reducing the CPU frequency in memory-bound regions 
also slows down memory operations, which results in an 
increased total energy consumption. 

2) Optimizing energy consumption with idle time 
Whenever the application with the highest priority calls the 

APM, the latter monitors the system idle time to detect periodic 
behavior. At the beginning of a region, the total system idle 
time is checked. If the idle time between the last and the current 
invocation increases, the system has been idle between the two 
invocations of the region. The current region is marked as the 
head of a periodic region p. The region p ends as soon as the 
idle time at the beginning of region r increases. Figure 2 
illustrates the idea.  

Once a periodic region p is detected, the characteristics of the 
code executed over a full period are measured. Then, the APM 
estimates the CPU frequency that minimizes the overall system 
energy consumption under the constraint of keeping the current 
QoS level (i.e., slowing down the CPU just as much such that 
there is no idle time left).  

The APM constantly monitors and compares the measured 
execution time to the estimated execution time. For each 
frequency, it computes a correction factor. The next estimated 
execution time is then multiplied by this factor to improve 
accuracy. 

III. ESTIMATING EXECUTION TIME AND POWER CONSUMPTION 
Accurate estimation of execution time and power 

consumption is one of the most crucial parts of our method. We 
execute synthesized workloads and measure the overall system 
energy consumption as well as the execution time for all of 
these workloads. For each frequency, we vary the cache miss 
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Fig.2.  Detecting periods by looking at the total system idle time. The APM 
API calls are placed around the region r (grey boxes). The APM detects the 
periodic region p by looking at the idle time. In this example, a new period 
starts every 3 invocations of region r. 

x = …; 
apmRegionStart(id); 
for (i=1; i<N; i++) { 
a = i * …; 
do { 
x += a + …; 

} while (a); 
} 
apmRegionStop(id); 
y = c(x); 

 

Fig.1.  A loop-nest marked with a pair of APM calls
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Fig.3.  Measured and modeled execution time for varying load rates at 5% 
cache miss ratio



 

ratio and the memory-to-ALU ratio. Figure 3 shows the 
execution time profile when the cache miss ratio is 5% with 
varying memory-to-ALU ratio (i.e., load rate). The measured 
data is approximated by several linear functions and stored in a 
table inside the APM (Table I).  

To estimate the power consumption and execution time of a 
given region r, we use the following formulas:  

where f , instr, acc, and miss are the frequency, the number of 
instructions, the number of cache hits, and the number of cache 
misses respectively. By linearly interpolating the data in the 
tables, we can estimate the power and time consumption for any 
given load rate (acc/instr) and cache miss rate (miss/acc). 

For a region r, the energy consumption is estimated by the 
following formula: 

where Eswitch(fold, fnew) is the overhead to switch from fold to fnew 
and back. 

The energy consumption for a periodic region p can be 
computed by  

under the constraint 

where tp is the measured period of p; n is the number of regions 
per period; instrr, accr and missr are the performance counters 
for the region r; and instrp, accp and missp are those for the 
entire period p without the counters for the regions. 

IV. EVALUATION ENVIRONMENT 
We implemented our APM for Microsoft Windows CE.NET 

4.2 [15] running on a development board with an Intel XScale 
PXA255 processor [10]. The board is equipped with a PXA255 
processor, 64MB of SDRAM, 64MB of Flash memory, 
Ethernet, USB (master and slave), Infrared, and a 320x160 
pixel-wide LCD screen. The board is powered by two voltages; 
3.3V and 5.0V. The power measurements were performed 
using a high-performance data acquisition device that can 
sample 3.3V and 5.0V at 100 KHz simultaneously. 

The PXA255 supports a total of 10 different frequency 
settings, which differ not only in terms of CPU core clock 
frequency, but also in terms of the main processor bus speed 
and the SDRAM frequency (Table II). 

We used mpeg2dec from Mediabench [12] and a synthesized 

benchmark program, 3dview, for evaluating our techniques. 
Mpeg2dec is an MPEG2 decoder, and 3dview simulates a 
three-dimensional view of a virtual world. 3dview consists 
mainly of matrix transformations but does not draw the view on 
the screen. 

The version of Windows CE that shipped with our 
development board does not support the system call 
GetIdleTime(). Because of this, the time between the end of 
processing one frame and the beginning of the next frame is 
treated as idle time. Since this approach cannot capture any 
other activity in the system (e.g., display activity) our simulated 
idle time is the upper bound of the actual idle time.  

V. EXPERIMENTS 
Our experimental results show that a frequency setting 9 

with a CPU clock of 398MHz which also has the fastest 
CPU-to-memory bus speed is the optimal solution in terms of 
energy consumption for any given code region if there is no idle 
time (Figure 4). This is in contrast to the results obtained in [8]. 
The reason is that executing memory-bound regions under the 
maximum frequency will consume more total system energy 
due to the slower CPU-memory bus and thus longer execution 
time. However, idle time can still be exploited. 

We identified the hotspots of the standard MPEG decoder 
mpeg2dec and inserted APM calls around them. The APM 
detects the periodic behavior of the APM calls and scales down 
to a lower frequency. At the beginning of the run, the execution 
time estimation is not very accurate. The APM under- or 
overestimates the execution time at a certain frequency, which 
is detected and corrected in later periods.  Table III summarizes 
the results for mpeg2dec. Compared to the normal Windows 
CE power management policy (the CPU is in a low-power 
mode during idle periods), we are able to save 4% of total 
system power for a 256x192 pixel–wide, 7% for a 160x120 
pixel-wide video, and 8% for an 80x60 pixel-wide video, all 
with jitter still within acceptable ranges.  

TABLE I: Power table 
fCPU = 99MHz load rate 2% load rate 20% load rate 80%

cache miss ratio 0% 2.66500 2.62109 2.54678 

cache miss ratio 3% 2.58255 2.50377 2.45716 

cache miss ratio 5% 2.56164 2.51533 2.43093 

cache miss ratio 10% 2.52168 2.49035 2.42781 

... ... ... ... 

TABLE II: DVS frequencies of the PXA255 processor 
index fCPU fCPU→MEM fMEM→LCD fSDRAM 

0 99.5 50 99.5 99.5 
1 199.1 50 99.5 99.5 
2 298.6 50 99.5 99.5 
3 132.7 66 132.7 66 
4 199.1 99.5 99.5 99.5 
5 298.6 99.5 99.5 99.5 
6 398.1 99.5 99.5 99.5 
7 265.4 132.7 132.7 66 
8 331.8 165.9 165.9 83 
9 398.1 196 99.5 99.5 
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Fig.4.  Energy consumption per cache miss ratio 
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In 3dview, the positions of objects are calculated using 
several matrix transformations. The number of objects varies 
over time resulting in a varying CPU workload. The APM calls 
are placed around the regions in which the matrix operations 
are performed.  

Figure 5 (a) shows the complexity of the scene (i.e., number 
of objects) over time, (b) the idle time (in percentage of the 
entire period) of the system, and (c) the CPU frequencies 
chosen by the APM. While the achievable energy savings 
depend mostly on the complexity of the scene (i.e., number of 
objects), applying our technique to the varying workload 
depicted in Figure 5 (a) reduced the overall system energy 
consumption by 9% with an average jitter of  0.02ms per frame. 

VI. CONCLUSIONS 
We introduced an adaptive DVS algorithm that exploits 

memory-bound code regions as well as system idle time. We 
recognize memory-bound code regions by reading the 
performance counters provided by the CPU. Periodic regions 
are detected by checking the total system idle time at every 
invocation of the region. 

Our estimation is based solely on a power/time 
characterization of the whole system that is measured 
beforehand. 

Our experiments were performed on an XScale development 
platform that, as a whole, consumes a lot of energy compared to 
real battery-powered mobile systems. Nevertheless, we show 
energy savings of up to 9% for periodic tasks such as MPEG 
video decoding or 3D world rendering with varying system 
workload. 
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TABLE III: Power consumption for mpeg2dec 
Standard PM APM  

video size avg. power 
[W] 

avg. jitter 
[ms] 

avg. power 
[W] 

avg. jitter 
[ms] 

Power 
savings

 (%) 
80x60 2.873 1.10 2.644 1.29 8.0 

160x120 3.189 1.10 2,955 2.06 7.3 
256x192 3.507 1.12 3.365 1.25 4.0 
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Fig. 5  Scene complexity (a), idle percentage  (b), and CPU frequency   
settings (c) 


