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Abstract
A software energy estimation model is presented for a
family of high performance, integrated, 32-bit embedded
RISC processors. This model is significantly less complex
than previous models, and yet is demonstrated to
accurately predict energy consumption to within 8% with
99% confidence based on physical measurements.
Factors such as operating frequency, source/destination
registers, and operand values are explored. In view of this
model, previously proposed optimizations are evaluated
for potential energy savings. We conclude that, for the
class of processors under discussion, a good optimizing
compiler that minimizes execution time will simultane-

ously minimize energy consumption.

1. Introduction

Power consumption is becoming increasingly
important in the design of embedded applications. It
places requirements on heat dissipation, which directly
affect unit cost. Furthermore, in portable systems, the
minimization of energy consumption, the time integral of
power, iscritical to extending battery lifetime.

In this paper we develop a software energy estimation
model for two processors of a family of high perform-
ance, 32-bit, RISC embedded processors and then study
the effectiveness of previously proposed power saving
optimization techniques. Examples of embedded
applications based on a single processor of this type
include laser printers, network interfaces, X-terminals,
digital storage oscilloscopes, Global Positioning
Receivers, industrial  controllers, and  medical
instrumentation.

A typical family is the 1960 Embedded Processor
architecture, consisting of about twenty implementations
that vary widely in cost (10s to 100s of dollars) and
performance (up to 100s of MIPs). The processors are
differentiated by speed, packaging, and level of
integration, which may include such system support
features as caches, pipelined bus interfaces, interrupt
controllers, DRAM memory controllers, or virtual
memory managers. We considered two implementations
of the architecture, the 80960JF and 80960HD [16][18].
The HD enhances performance for 3-4 times the cost with
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a clock doubled core and parallel execution of math and
memory operations [22].

A mature processor family such as this includes a
number of software libraries for operating systems, device
drivers, communication protocols, and high-level routines
to support math, graphics, and user applications.
Development tools such as optimizing compilers,
assemblers, debuggers, emulators, and simulators enable
timely development of complex applications using any
processor in the family.

In order to study the effectiveness of previousy
proposed software energy optimization techniques for this
important class of embedded processors, we started by
working on the derivation of an energy estimation model
based on the characterization of average power for
individual instructions. Accordingly, our initial
experiments examined the variation of power
consumption across the assembly instructions of the two
target processors. Statistical analysis techniques were
used to infer the significance of factors such as operating
frequency, source and destination registers, and operand
values.

The interesting conclusion, supported by our extensive
physical measurements, was that for both the JF and HD,
the variations of power consumption across the assembly
instructions proved to be of no statistical significance. In
short, there is actually no need to consider the individual
assembly instructions to accurately predict power and
energy consumption. Specificaly, it will be shown that
power consumption can be predicted to within 8%
accuracy with 99% confidence, simply by using the
processor average power consumption per cycle
multiplied by the software execution time (in cycles). The
important implication of this result, for this class of
processors, is that minimizing execution time means also
minimizing energy consumption. The optimizing
compiler that supports this processor family, while
minimizing  software  execution time, is aso
simultaneously generating minimum energy code.

The remainder of this paper is asfollows. In Section 2
we discuss related work. In Section 3 we outline the
experimental method, the proposed energy model, and the
statistical test to support the model. Some conclusions are
given regarding applicability of these resultsin Section 4.



2. Background

A good survey of low power design and estimation
techniques for hardware is given in [1] and [2]. Many
power analysis techniques use software as a stimulus for a
hardware simulation [10] [11] [12] [13] [14] [15]. Tiwari,
et a. [4] used physical measurements for software power
analysis. Several software optimizations for power and/or
energy were proposed in [5][6][7][8][9] -

The idea of developing an instruction level power
model for individual processors was first proposed in [4].
Power is modeled as a base cost for each instruction plus
a circuit state overhead that depends on neighboring
instructions. A method is proposed to empirically
determine these costs in which small program segments
with repeated instructions were run in an infinite loop so
that all accesses occurred from the cache. An ammeter
was used to measure the average current over a 100ms
time window, which is proportional to the power
consumed. We have used this experimental method as the
starting point for our investigation.

3. Energy Moded
The energy, E, consumed by a processor running a
programis

t,+T
E=[" P,

where T is the software execution time and P(t) is the

instantaneous power. Average power, P, ., is defined as

1 to+7
Pave—?L P(t)dt

and thus we can write

E=T[P,,
Accordingly, to measure energy consumption, a
measurement for average power and total execution time
is heeded.

However, there is a more convenient form in which to
pose the software energy estimation problem. Total time,
T, is related to N, the total number of execution cycles,
and 1, the clock period, by T=Nt. The average power,

P, is thus the summation of the average power during

each clock period, P, . (i), wherei=1...N, as given by

1
Pae ==Y Praei
ave N & r,ave()

The value P

T,ave(l) is the average power consumed

during one cycle of the instruction and motivates our
study of the variation in power consumption aaoss the
instruction set. (Note that some instructions take multiple

cycles to execute) We observe that each P, (i) is
dependent on the present and past states of the processor,
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Figure 1. Experimental platform.

and thus measuring an instruction in isolation is a biased
estimate of the power consumed by an instruction in a
typicd applicaion.

Exeaution time depends dgnificantly on runtime
conditions guch as cache misses, data dependent pipeline
gtall s, operand dependent instruction exeaution times, and
external DRAM refresh cycles. There ae severa
acarate ways to measure execution time: cycle acurate
simulation, instrumentation of the adua system, or
software based timers inside the processor. For the i960
procesor family, Intel adually offers a remote, web-
based evaluation fadlity where one @n run code on a
variety of embedded processors and oltain exeaution time
estimates. For our experiments, we diredly measured
exeaution time with an oscill oscope.

In the following sedions, we describe the experiments
used in our investigation, propcse a model for power
estimation, and present results that demonstrate the
acarracy of the model. We anclude with a discussion on
the dfediveness of potential software optimizations.

3.1 Experimental Method

We initially expeded to develop a model similar to
Tiwari, et a [4] that assigned a power cost to ead
instruction. As in [4], we measured power consumption
of several instances of individual instructions exeauting in
an infinite loop. However, our experimental measurement
technique had a number of important differences with
resped to [4]. We dso felt it was important to perform a
caeful statisticd analysis of the measured results.

To measure the charaderistics of each instruction, the
foll owing assembly pseudo code was used.



mai n(random seed)
{ init. system cache, systemregs
| oop: random ze input val ues
| oad (start address)
100 x ( assenbly instruction )
| oad (end address)
branch | oop
}

The processor was configured so that the program
executed from cache, yet external memory cycles could
be probed. Thestart address and end addr ess were
used to set up atime window so as to ensure that power
was measured only during the instruction under
examination. Prior to each loop iteration, the operand
values were randomized.

Figure 1 shows our measurement configuration, using
the 1960 Cyclone Evaluation Platform. It provides a
common system with interchangeable processor modules.
The tested processors are binary compatible, and every
effort was made to control environment conditions during
measurements. Hence, the results for the two processors
are directly comparable.

To measure power, a precision resistor was placed in
series with the power connection to the processor. This
introduced stray inductance in the power delivery circuit,
which in turn induces a noise voltage during switching
surge currents. To counteract this effect, decoupling
capacitors were added to the wires. We experimented
with different capacitor values to reduce the high
frequency component of the noise.

A digitizing oscilloscope, a LeCroy LC534, with a
sample rate of 500 Mbps was used to measure the
instantaneous power. The oscilloscope provides for math
operations on input values and gathers statistics on its
measurements. We measured instantaneous power at the
bandwidth of the oscilloscope, and calculated average
power for each iteration of the loop of instructions. We
accurately measured the power across only the body of
the loop, which consists of 100 instances of the
instruction.

Referring to Figure 1, Channel 1 is used to probe the
power supply voltage, V3. To measure the instantaneous
power, an absolute measurement of the voltage at the
processor, V,, was multiplied by the differential voltage
across the resistor (V;-V,), and scaled according to the

resistance, R, as given by
P(t) = 1 (t)V(t) = M

Vo) )
The average power, P, ., was measured for several

iterations of the program loop. Based on these

independent trials we estimate its mean, Pave, and
corresponding sample deviation, s.

The oscilloscope measures voltages to within £3mV,
which we use to model measurement uncertainty of one
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Figure 2. Screen plot of oscilloscope.

standard deviation for a single measurement. An analysis
of error propagation [16] for power measurements based
on (*) gives measurement uncertainties of *42mw
(=2.5%) and £70mW (=2.5%) for the JF and HD
processors, respectively. We have assumed that V4, V, are
independent and approximately equal, making the above
estimates conservative.

Power fluctuates significantly during the clock cycle,
but has a stable average value. This is demonstrated on
the JF processor for which the instantaneous power has

typical deviations of 600 mwW from P, . and of s=20 mW

ave

from Pae. Anexample screen plot of the oscilloscope in
Figure 2 shows the power on the top (Channel C) and
the address strobe line on the bottom (Channel 1). Notice
the high frequency power deviations; the vertical scale on
Channel C is 3 w/div. The horizontal division is 50 ns,
and the clock period is 30 ns.

3.2 Measured Power and Energy

We applied the above measurement procedures to all
"normal” instructions that would be output by a compiler.
This excludes specia instructions for manipulating the
cache, modifying processor controls, and debug/trace
instructions. Both processors offer a variety of
instructions to support high-level languages, such as
compare and decrement (cnpdeci), conditional add
(addc) or branch if greater (bg), which were included in
the measurements.




JF Processor HD Processor

Instr. Pae | s Cyc. Pae | s Cyc.

t-test parameters

bswap 1.62 0.02 | 10 281 0.04 | 05
mov 1.67 002 |1 2.83 003 | 05
Extern. 1d| 1.71 001 | 9 3.18 0.02 | 6.0
Intern.1d | 1.75 002 | 2 3.40 003 | 05
Extern.st| 1.97 005 | 5 3.23 0.02 | 50

3

3

2

cmp 1.63 0.02 2.76 003 | 05
cmpdec 1.62 0.02 2.78 0.03 | 05
b 1.40 0.01 2.57 002 | 1.0
call/ret 1.56 001 | 14 2.95 0.02 | 50

Table 1. Subset of power measurements.

Prior to measuring power and execution time for the
instruction set, we examined some variaions in the
assembly ingtructions that might influence power
consumption, specifically:

* We considered the effect of different source and
destination registers on the dispersion of measured
power for the move (nov) instruction. There are
16 local and 16 global registers, which is atotal of
992 permutations of source and destination. We
tested a random sample of size 32. The coefficient
of variation (CV) for the JF and HD processor was
3.0% and 1.6%, respectively. These were judged
to be insignificant.

* We examined the effect of operand values using
the multiply (mul) instruction. We ran 22 trias
using worst case operand values based on the
number of Os and 1s. The CV for the JF and HD
processor was 5.4% and 2.2%, respectively. The
CV for the JF processor was judged to be

significant, which led us to include the
randomizing element in the test program (for both
processors).

« We examined the effect of condition codes and
conditionally executed instructions. We tested all
variations of the conditional add instruction with a
random mix of true and false conditions. Each
trial was repeated with five different operand
values, as the randomization for each loop

Proc.| Ave. | Std | Est. | Error | tvalue| a. Crit.
add 1.77 0.03 1 2.87 0.03 0.5 Error | Dev.| P Limit pt
sub 1.74 0.02 1 2.85 0.03 0.5 JF -0.12 | 0.03| 169 8.0% | -14.44 | 0.01 5.84
mul 172 | 003 | 5 280 | 002 | 25 HD | -015 [ 0.06] 2.83| 8.0% | -1020 | 0.01 | 5.84
div 1.62 0.02 35 2.43 0.02 175
mod 1.62 0.02 35 2.49 0.02 175 Table 2.
rotate 1.79 0.03 1 2.85 0.03 0.5
and 175 003 | 1 286 004 | 05 iteration was not implemented for this experiment.
<or 176 002 |1 587 003 | 05 The C\{J for the J_F and HD processor was 1.1%
<bit 175 oos | 1 287 003 | 05 and 0.7%, respectively. These were judged to be

insignificant.

After determining which features of an assembly
instruction were significant, we measured power and
execution time for each of the 105 normal instructions.
All these experiments were conducted at an operating
frequency of 33 MHz. These experiments were
conducted with randomized operand values. A small
subset of the measurements is shown in Table 1. The
average power and exact execution time is reported. Note
that both an internal (cache hit) and external (cache miss)
load instruction (I d) are listed. A store instruction (st )
can only write through the cache. As would be expected,
severa instructions executed faster on the higher
performance HD.

The mean of Pawe across al instructions is 1.68 watts
for the JF processor and 2.85 watts for the HD processor.
However, it is inappropriate to use this descriptive
dtatistic to infer an average value for power consumption.
Thisis primarily due to the fact that the tested instructions
do not represent a random sample of all occurences of
instructions. A more appropriate representation of a
constant parameter for power is the median average. For
the JF processor, the median average is 1.69 watts with a
0.07 watt semi-interquartile and for the HD processor it is
2.83 watts with a 0.06 watt semi-interquartile. The semi-
interquartile range is a measure of dispersion that reports
the approximate range that contains 50% of the values.
Using the median average, we propose a hypothesis
concerning the use of a constant value for power
estimation, which we can test with statistical inference.

3.3 Proposed Modéd

We propose a simple model in which power is
modeled with a constant parameter. We use the method of
dtatistical inference to support the constant parameter
model. The experiment hypothesis is that the power
consumption can be modeled with a constant parameter to
accurately estimate power with less than 8% error. We

define the error estimate asd o, = P, - Py, Where P is

the power estimator, our constant parameter.



JF Processor HD Processor
Measured Derived Measured Derived
- . Ener Rel. . Ener Rdl.
Program | Description Time (uS) | Ple 0 el Error | TiMe(us) Pe 0 e Error
Psuedo DES encryption of aro A E0
psdes 20 32-bit integers. 53.3+8.34 | 1.848+.011 | 98 8.5% | 23.8+.19 3.03+.02 | 72 6.5%
heap | Hesortof20random, | o) e o7 | g 7014010 | 112 | -5.6% | 26.4:23 | 3.04:.02 | 80 -6.7%
32-bit integers. e Y ' T U '
FFT of 32 floating point, £ o 5 A0
fft positive values < 1000. 1403+10 1.779+.007 | 2495 5.0% | 4925+2.1 | 2.90+.10 | 1429 2.4%
Moment statistics of 32 o o
nmoment floating point values. 879+.1 1.805+.055 | 1587 -6.4% | 273.9+.02 | 2.96+.01 | 810 -4.2%

Table 3. Sample programs used in the hypothesis testing.

We define the statistical hypothesis as

H,:0, =8%

H,:04 <8%
A t-statistic is used since the sample size is small and the
variance is unknown. We chose a sample size of
programs, shown in Table 2, based on resource limits.
The specified level of significance is a=0.01 for a two-
tailed test. The results of the experiments are shown in
Table 3.

Based on this statistical test, the null hypothesis is
rejected. We therefore conclude, with 99% certainty, that
our constant parameter model predicts power
consumption with less than 8% error.

3.4 Power Optimizations

Lee et d. [7] demonstrated the relevance of a number
of fine grain optimizations for a custom DSP processor,
based on the Tiwari model [4]. This and other studies
[5][8] report power saving optimization techniques based
on instruction reordering, instruction packing or recoding,
operand reordering, register allocation, and memory
assignment. These techniques also correspond to
performance improvements in most cases.

A good optimizing compiler, which is available for the
family of embedded processors under consideration,
addresses these performance issues so as to minimize
execution time. Thus energy consumption is aso
minimized.

3.5 Power versus Frequency

The behavior of power consumption versus frequency
for a few representative instructions of the processors is
shown in Figure 3. The expected linear relationship
between power and frequency [3] is apparent.

We conducted experiments on a random sample of 10
different instructions at four different frequencies. A least
sguares regression analysis was conducted to fit a line to
the power-frequency relationship for each instruction. We
estimate the power-frequency (P-F) ratio as the mean of

the dlope of the fitted lines. The JF processor P-F ratio is
0.915 with a standard deviation of 0.306. The HD
processor P-F ratio is 0.935 with a standard deviation of
0.343. The CV for the JF and HD, respectively, is 37%
and 33%.

The large dispersion of the P-F parameter, which is
due to the mix of sampled instructions, precludes its
usefulness as an accurate estimator for small changes in
frequency. However, for a given program, the P-F ratio
will have a small deviation because the instruction mix is
constant. The power-frequency relationship indicates that
the designer can achieve power/energy savings by
increasing processor utilization in order to be able to
reduce the clock frequency.

4. Conclusion

We have presented a model for estimating power and
energy using a constant parameter for power
consumption. This model is accurate to within 8% with
99% confidence. The model features exceedingly simple
calculations for estimating energy: only the execution
time estimate is needed, multiplied by the constant
parameter for average power. The accuracy of the model
was demonstrated for two implementations of the 1960
Embedded Processor family. The JF and HD processors
represent quite distinct points in the wide range of
cost/performance offered by this important family. Based
on the common architecture and development tools, we
expect this power model to be widely applicable to this
and similar families.

We further observe that power consumption is linearly
dependent on frequency.

For the general class of embedded systems previously
discussed, we conclude that the designer should work
towards minimizing software execution time and, as a
conseguence, power/energy consumption  will  be
minimized.

For external memory and /O access instructions, it
was found that both power consumption and execution
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time increased significantly. These observations clealy
indicate that system level architedural issues, including
the partitioning and hierarchicd organizaion of memory,
coprocesr interfaces, and bandwidth balancing on
busses, are of major importancein terms of overall system
performance and power consumption. The airrent focus
of our reseach is thus on the development of mechanisms
to suppat design space exploration at the achitedural
level for embedded systems.
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