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Abstract is generally very slow, not to mention the lack of integra-
tion of current output makes it dif cult to calculate energy
As the range of mobile computing applications continugsa more complicated program (or for those instructions
to increase, battery life has become a precious commetht take a variable number of instructions). Ideally, it
ity. In addition to circuit and micro-architecture level-opwould be possible to create a system that could capture
timizations, there exists the intriguing possibility of-exthe energy spent in each cycle of processor execution, but
tending device longevity through energy aware compilgrat seems to be out of reach given our time and resources.
tion techniques. Because it is signi cantly cheaper to rghe only IC we were able to nd that is capable of con-
compile existing code than to fabricate a new chip, fulerting current to voltage[4] has a worst-case response
advantage should be taken of any gains available throughe of 3us which is on the order of 300 cycles, as op-
compilation. Before compiler designers can begin to rgesed to 100ms to sample current as cited by Tiwari[1],
duce energy consumption, however, there must be a gegtich is on the order of 9M instructions per sample. This
understanding of the energy pro le of the target procegifference in resolution alone, we feel, justi es the con-
sor. We believe that this is the rst paper to describegiruction of a high-speed automated current measurement
means for automatically creating an energy pro le of a@nd integration device.
arbitrary processor as well as the rst full energy pro le Another issue with testing using a multi-meter is that
of any processor based upon empirical data. it is long and tedious with the negative result of increas-
ing the potential for introducing human error and mak-
. ing detailed instruction pro les prohibitively expensii@
1 Introduction create. Clearly, some sort of automation for testing is re-

uired.
In order to determine methods for optimizing assembllqy

with respect to energy for a speci ¢ processor, it is neces-

sary to pro le the energy consumption, rst for building? ~ Potential For Energy Reduction

an instruction energy pro le, and second for determining

the degree to which optimization attempts actually proicroprocessors have both static and dynamic drain asso-

bene cial. ciated with them. Static drain is a byproduct of processor
Others [1][2][5][7] have engaged in similar projectslesign, process, and potentially state. It maybe possible t

wherein they created their pro les using a multi-meteaffect static drain in some processors through the creation

We feel that this is not suf cient for today's high speea stacking effect [6] by loading internal registers with-cer

embedded processors as the response time of multi-met@rsinputs. Small reductions in static drain that persist f



3.1 System Overview

Energy Measurement Device

E E The physical measurement system consists of three major
' ! components, the target system under test, the energy mea-
i i surement device and the data collecting computer. The
i Sense % i energy measurement device simultaneously records the
i i
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Power Regulator

Resistor voltage and current going to the target system. To ob-
tain the best results, it is important to measure the power
immediately before it goes into the target processing core
(gure1). Thisremoves any delay, current offset, smooth-
System Under Test ing or other rectifying affects that regulators or power-sup
ply add to the system. The measurement device also has
an 8 bit external trigger bus that can be used to ag differ-
ent testing periods. This could be connected to the target
Figure 1: Measurement Block Diagram processors general purpose 10 pins, or potentially to ex-
ternal memory bus control lines. The test code running on
the target processor can signal to the energy measurement
Hevice by toggling these lines however the designers see
t. The nal component of the system is the data collect-
Dynamic drain is the one-time cost for performing gq computer. This communicates with the energy mea-
given instruction. In processors with a noticeable difyrement unit over standard RS232. Since these tests may
ference in dynamic drain between operations it may kquire long sequences of data to transmit, the commu-
possible to rewrite code to take advantage of low powgication sequence is encoded with checksums and packet
instructions. For example, to test for equality it is pogynchronization packets. In the case of an error, this data

sible to subtract two values from each other or exclusiig|ogged and can later be removed or altered at the de-
or them. If one operation has a lower dynamic drain agghner.s discretion.

requires the same number of cycles, then this is an easy
change that will improve energy ef ciency.

- o ’

long periods of time can be a big win for energy reductio

It has also been claimed [1] that there are noticg—'2 Hardware Setup

able interactions between instructions in different pr[E’:l The energy measurement unit can be divided into an ana-
stages. This would mean that instruction ordering cong and digital portion. The analog system consists of a
affect energy consumption, providing the opportunity f@fense resistor, a current sensing IC, an ADC and two am-
energy optimization through the reordering of indepepti ers. As can be seenin gure 1, the system simultane-
dent instructions at compile time. In our experiments, Wgsly records the current and voltage going into the target
consider all of these factors so that no potential for energibcessor. The voltage is measured between the output
reduction will escape unnoticed. of the sense resistor and ground. To boost the resolution,
this voltage is ampli ed with a low noise programmable
op-amp. This gives us the instantaneous voltage into the
system that is required to calculate the power. The current
3 Energy Measurement System is then calculated by measuring the_small vo!tage drop
across the sense resistor. In order to isolate this measure-
ment, the we use a MAX4372 current sensing ic. This
In this section, we will discuss the overall system architernally uses a current mirror as well as an ampli er to
tecture, hardware setup, and the rmware. Finally, wautput a voltage proportional to the current. This helps
will discuss the data collection methodology we intend teduce parasitic current allowing the measuring device to
use in gathering our results. be less in uential to the normal operation of the target.



uctuates. Thus, this approximation reduces the precision
of the resulting energy measurement. Another common
problem occurs when researchers measure the power go-
ing into the power supply rather than directly in front of
the core. This may make it much more dif cult to in-
terpret the energy data because power supplies frequently
have parasitic drain and can be slow to respond due to
internal capacitance and inductance. Finally, it is imper-
ative to separate the power consumption of the core from
the power consumption of peripherals.

In our system, we simultaneously measure the current
and voltage directly being consumed by the core. Because
the LPC2106 has separate power supplies for the core and
the peripherals, isolation is relatively simple. While our
ADC has a maximum speed of 500KSPS, we intention-
ally limit it to roughly 100 KSPS due to the limitations
of the analog circuitry. Operating at a signi cantly higher
Figure 2: Energy Measurement Device sample rate would invalidate our results as the 3dB falloff

point for the current sensing IC occurs at roughly 200

) - KHz [4].
The output from the current sensor is further ampli ed

and then passed to the second channel of our ADC. The

sense resistor and the gains on the ampli ers are con3-4 Firmware

urable using various replaceable resistors. This allows th )

designer to customize all of the different operating rang&8€ SX28 has to do several tasks: rst, it has to read data

of the device. out from the ADC. Second, it must accumulate this data.
Once both the current value and the voltage are detBfird, it must monitor the state of the tested processor

mined by the ADC, a 75Mhz SX28 microprocessor rea&fgr“auto.fnated instruction pro ling, but not for monitor-

these values over a serial bus. The system samples H2faT€@l" code). Finally, the SX28 must pause the tested

at 104.6 ksps and stores these voltage and current vaRf@sessor at the end of a monitored block and transmit the

into 64 bit accumulators. By also recording the numb@fcumulated data and number of samples taken via RS232

of samples and the sample time, power and energy VA& machine-readable format.

ues can be computed. Each time the external trigger bus

changes, the accumulated voltages, currents, and sa ;

counts are transmitted via a 115200 baud RS232 tor%?eg Data Collection Methodology

data collecting computer. The computer can then calgd-order to build energy pro les, it is necessary to test
late the average voltage, average current, power and tQtaous input vectors across different instructions. 8iihc

energy since the last external trigger. would be impossible to exhaustively test all data types and
their combinations for each instruction, we need to choose
3.3 Analog Considerations critical" input vectors. We chose the following potential

input values because they contain the most consistent or
In order to get convincing results from our system, we reariant bit patterns across the input vector: OXFFFFFFFF,
alized that we had to take into account several factors tBa0D0000000, OXAAAAAAAA, 0x55555555. We also in-
have frequently been ignored in other physical measuofide one random test value, OXDEF18743. Each instruc-
ment papers. Many researchers have equated current with then needs to be exercised across all of the combi-
power[1,2,7]. However, the voltage delivered to the comations of critical input vectors. Each one of these runs



tems, collect and interpret results from energy measuring
device, and automatically generate a latex document con-
taining graphs of the data.

To accomplish the rst goal, we created some C-code
that rst copied a template assembly function into mem-
ory, and then modi ed the contents of that function by
overwriting the main test loop. For machines with xed
length instructions, it is easy to change what instructions
are in the test loop on a given run. This in turn allows
for us to rapidly test all combinations of instructions that
could be in the pipeline which would be tedious or impos-

Figure 3: Flow Diagram sible to generate by hand.
The adjustable energy measurement is accomplished
by providing a socket for resistors that set the gain for
consists of a 1000 instruction block of that duplicated ivoltage and current as well as the sense resistor. In the
struction inside a loop follow by an empty loop to test famonitoring code there are corresponding variables for
static drain resulting from the operation. The large nureach of the resistors as well as the sample rate of the
ber of repeated instructions ensures that the loop overhg@C. Conversion to actual voltage and current is then
should not signi cantly affect the average power. Beforigased upon these values.
and after these loops, the test program sends a signal tBhe collection and interpretation consists of a moni-
the power monitoring processor informing it of milestongr program that reads the serial port. This step consists
in the test. Since the loops are of a known size, this @f a monitor program on a computer that reads the se-
lows the monitoring processor to accurately record thial port. The energy measurement device sends a Sixty
elapsed instruction time. This along with the rapid sarfeur bit accumulation of current and voltage, a thirty two
pling and averaging of power allows you to isolate thsit number of samples, and an instruction tag. Addition-
average energy used by that instruction given that crigily, a checksum is sent in order to catch transmission
cal input vector. The number of cycles each instructi@irors. Data is sent in seven bit transmissions, allowing
takes to execute can be computed given the consistigimtan easy means of resynchronizing should an error oc-
clock frequency of the processor. After each instructi@ur. This is necessary to generate the full pro le since the
loop has nished executing, the system under test waitsntime could be several hours and serial glitches occur
for the monitoring processor to signal that it has nishegughly every seven minutes in our setup. On the monitor
transmitting the average data to the host computer befeige, the data is translated into actual voltage, curreidt, a
it moves on to the next test loop. Due to the regular natysewer values.
of these test loops, they can be largely automatically genOnce the data has been accumulated into a text le, a
erated and tested. Multiplies, branches loads and stasesof scripts can be used to convert the output into a hu-
require custom instruction loops. The RS232 output afan readable form. First, a PERL script reads a con g-
each test is stored in a le on the host computer for lataration le generated by the user that describes the tests
analysis. generated by the monitor. The PERL script uses this con-
guration data to parses the monitor data and generates
individual GNUplot scripts and data les. It then calls
4 Automated Flow GNUplot on all of the generated scripts to create the ac-
tual graphs. Once the graphs are produced, the PERL
In order to make the system useful, we determined thasdript collates them using the con guration le into a sin-
needed to do the following things: allow for simple awgle LATEX document. Finally, the PERL script calls LA-
tomated generation of assembly traces during executi®&X and generates a pdf le which it automatically posts
provide a means of measuring a variety of different syisto an online repository. Of course all of this will take



ADD Encrgy The LPC2106 also has a software controllable PLL that
il AR AA AR AR AR AR AR Relve =2 allows for runtime adjustment of the core and peripheral
clocks. The "zero-wait" ash is achieved using 128 bit
wide pre-fetch and branch trail buffers called the Memory
Accelerator Module (MAM).

Ideally, it should be possible to take advantage of this
control, but currently compilers do not provide automatic
control of these features. Leaving this task up to the pro-
grammer prevents reuse of legacy binaries. It also may
be dif cult for a less experienced programmer to take ad-
vantage of these features and it tends to make the un-
compiled code platform specic. We propose to create
a post processing utility that could reduce application en-

ADD Povier ergy consumption with minimal cost to performance. This
oag [T TR IR T TR R —h utility will attempt to reduce cost through the use of the
012 1 LPC2106's control registers as well as other techniques

orr described earlier in this paper.
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5.1 Data Analysis

In the full factorial experiment, we can see that active en-
ergy (gure 5) appears to be a roughly additive function
of the instructions in the pipeline. The high energy in-
§8s¢88 structions (branch, store, load, and multiply) createrngll
g§8¢5¢ hills in the data set. As can be seen, towards the back of
the data where many of the highest energy instructions are
clustered, the energy cost is highest as would be expected.
There is no obvious instruction interdependence demon-
strated in this data set.

into account and handle any potential errors found in theT he idle energy graph is misleading because our data
error log generated by the monitor program. An exarfollection got out of synch at a couple points. The two
ple output of the full system can be found in Appendix A@iseéd portions in this graph are purely a byproduct of this
For the instruction interdependency full factorial experfXPerimental issue which will be recti ed later with an
ment we wrote another PERL script to process this ddfaProved set of PERL scripts for post processing. This
and generate the graphs that can be seen in gure 5. data set should actually look completely even.
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Figure 4: Sample Data for ADD

5.2 Control Flow Optimizations
5 Case Study: The LPC2106 P
While the LPC2106 does not have any noticeable poten-

The Philips LPC2106 is an ARM7TDMI-S 16/32 bittial for reduction of static drain, there are some compiler
RISC microcontroller for power critical embedded apechniques that will provide a greater benet to energy
plications. It has 128 KB "zero-wait" on chip ash andirain than is solely attributable to reduction in execution
64 KB of on chip RAM. The chip contains the follow-time. Because they have a higher associated power, tech-
ing hardware peripherals: 6 PWMs, 2 UARTS, 1 12C busques to reduce branching, loads, and stores will be ben-
controller, 1 SPI bus controller, 2 32bit timers, 1 watcle cial to energy. Techniques that t this pro le include
dog timer, a real-time clock and 2 capture compare units-lining, and loop unrolling.



for(x=length-1; x>=0; x--)
{

reg=a[x];
b[x]=reg

Figure 6: Original

for(x=length-1; x>=0; x--)

{
reg=alx];
b[x]=reg;
X
reg=alx];
b[x]=reg;
}

Figure 7: Unrolled

For example, in a loop to perform a memory copy ( g-
ure 6), the cost per iteration of the original loop would be
roughly 10nJ, whereas a half-unrolling ( gure 7) would
result in a cost of 17nJ. Since branches, loads, and stores
cost two cycles each, the original loop takes 7 cycles
whereas the unrolled loop takes 12 cycles. The unrolled
code therefore executes in roughly 86

Because the LPC2106 does not have a cache, there is
no risk associated with aggressive in-lining provided that
the resulting code still ts within the FLASH or SRAM
as appropriate. In-lining removes a multiple registerestor
and load operation which should be especially noticeable
in short functions that are repeatedly called.

5.3 Arithmetic Optimizations

Figure 5: Dynamic and Static Drain Energy vs Data vs

Instructions In Pipeline

There are not many opportunities for reducing the cost of
performing basic arithmetic on the LPC2106. Because the
multiply unit uses a modi ed Booth's algorithm, order of
operands can affect the execution time and energy cost of
multiplication. However, because the shortest multiplica
tion still takes two cycles and the arm provides the ability
to arbitrarily shift operands, it may prove better to per-
form explicit shift and add multiplication rather than us-
ing the multiply operation. The multiply and accumulate
instruction also uses slightly more energy than a multiply



followed by an add. [7] N. Potlapally, S. Ravi, A. Raghunathan, N. Jah, "An-
alyzing the Energy Consumption of Security Proto-

. cols", ISLPED, Seoul Korea, Aug 25-27 2003.
6 Conclusion

We presented a system for automatically creating an en-
ergy pro le for an arbitrary processor. In our case study,
we generated a full pro le of the Philips LPC2106, an
energy aware ARM7TDMI-S microcontroller intended
for low power embedded applications. Analysis of the
LPC2106 indicated a few areas for potential compiler op-
timizations, all of which were related to reduction in dy-
namic power. Using this system, it would be relatively
simple to perform a wide-ranging study of other embed-
ded processors to determine the potential for research into
energy-aware compilation.
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