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ABSTRACT

This work explores power and performance control opportunities in
a general dynamic compilation environment for microprocessors.
A compiler driven run-time voltage and frequency optimizer is pro-
posed and designed. A prototype of the design is implemented and
deployed in a real system with physical power measurements.

1. Introduction

Energy and power have become first-class issues in modern pro-
cessor design. Designers of current or future generation processors
face increasingly vexing power/thermal challenges such as reduc-
ing average and maximum power consumption, avoiding thermal
hotspots, and maintaining voltage regulation quality. In addition
to static design-time techniques for power management, dynamic
adaptive techniques are becoming crucial due to the fact that there
is an increasing gap between the worst-case and average-case de-
mand.

In recent years, numerous low-level hardware techniques have
been proposed and studied to address fine-grained dynamic power
and performance control issues, for example [11, 13, 14]. At a
higher level, the compiler and the application can also take an ac-
tive role in microprocessor power control, in order to maximize the
control effectiveness and actively manage its power, performance,
and thermal goals. In this work, we explore power control oppor-
tunities in a general dynamic compilation environment for micro-
processors. In particular, we look at one control mechanism: dy-
namic voltage and frequency scaling (DVES). Our methods should
be more broadly applicable to other control means as well.

A dynamic compiler is a run-time software system that compiles,
modifies, and optimizes a program’s instruction sequence as it runs.
Examples of dynamic compiler based infrastructures include HP
Dynamo [2], IBM DAISY [5], and Intel PIN [10]. Figure 1 shows
the system architecture for a general dynamic compiler. A dynamic
compilation system serves as an extra execution layer between the
application binary and the OS/hardware. At run time, a dynamic
compilation system interacts with the application code execution
and applies possible optimizations to it. Beyond regular perfor-
mance optimizations, a dynamic compiler can also apply energy
optimizations like DVFS. This is because most DVES implemen-
tations allow direct software control via mode set instructions (by
accessing special mode set registers). A dynamic compiler can just
insert DVFS mode set instructions into application binary code. If
there exists CPU execution slack (i.e., CPU idle cycles waiting for
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Figure 1: System architecture for a general dynamic compiler,
which is seen as an extra execution layer between the applica-
tion binary and the OS/hardware.

memory ), these instructions can scale down the CPU voltage and
frequency to save energy with no or little impact on performance.

Since a dynamic compiler has access to high-level information
on program code structure as well as run-time system information,
a dynamic compiler driven DVFS scheme offers some unique fea-
tures and advantages not present in existing hardware-based DVFS
approaches or static compiler based DVFES.( See sidebar for detail.)

Our work [15] is one of the first efforts to develop dynamic com-
piler techniques for microprocessor voltage and frequency control.
We have proposed a design framework for a run-time DVFS op-
timizer (RDO) in a dynamic compilation environment. In addi-
tion, we have implemented a prototype of the RDO and integrated
it into an industrial-strength dynamic optimization system (a vari-
ant of the Intel PIN system [10]). The obtained optimization sys-
tem is deployed into a real hardware platform (an Intel develop-
ment board with a Pentium-M processor), that allows us to directly
measure CPU current and voltage for accurate power and energy
readings. The evaluation is based on experiments with physical
measurements for over 40 SPEC or Olden benchmarks. Evaluation
results show that significant energy efficiency is achieved. For ex-
ample, up to 70% energy savings (with 0.5% performance loss) is
accomplished for SPEC benchmarks.

2. Why Dynamic Compiler Driven DVFS?

(Note to the editor: This section will be placed as a sidebar)

Most existing research efforts on fine-grained DVFS control fall
into one of the two categories: hardware/OS interrupt-based ap-
proaches or static compiler based approaches.



Existing hardware or OS time-interrupt based DVFS techniques
typically monitor some system statistics (such as issue queue oc-
cupancy [13]) in fixed time intervals, and decide DVFS settings
for future time intervals [11, 13, 14]. Since the time intervals are
pre-determined and independent of program structure, DVFS con-
trol by these methods may not be efficient in adapting to program
phase changes. One reason is that program phase changes are gen-
erally caused by the invocation of different code regions, as ob-
served in [9]. Thus, hardware or OS techniques may not be able to
infer enough about the application code attributes and find the most
effective adaptation points. Another reason is that program phase
changes are often recurrent (i.e., loops). In this case, the hard-
ware or OS schemes would need to detect and adapt to the recur-
ring phase changes repeatedly. Thus one advantage for a compiler
driven DVFS scheme is that it can apply DVES to fine-grained code
regions so as to adapt naturally to program phase changes, while
hardware or OS-based DVFS schemes with fixed intervals lack this
code-aware adaptation.

Existing compiler DVFS work is primarily based on static com-
piler techniques [8, 16]. Typically profiling is used to learn about
program behavior. Then some offline analysis techniques (such as
linear programming [8]) are used to decide DVFS settings for some
code regions. One limitation to static compiler DVFS is that, due to
different runtime environments for the profiler and the actual pro-
gram, the DVFS setting obtained at static compile time may not
be appropriate for the program at runtime. The reasoning is that
DVES decisions are dependent on the program’s memory bounded-
ness. Then, the program behavior in term of memory boundedness
is in turn dependent on run-time system characteristics such as ma-
chine/architecture configuration, program input size and patterns.
For example, machine/architecture settings such as cache configu-
ration or memory bus speed may affect how much CPU slack or
idle time exists. Also, different program input sizes or patterns
may affect how much memory is to be used and how it is going to
be used. While it is thus inherently difficult for a static compiler to
make DVFS decisions adaptive to the above factors, dynamic com-
piler DVFES has the advantage of being able to utilize run-time sys-
tem information and make input-adaptive and architecture-adaptive
decisions.

Having discussed its advantages, we would like to point out that
dynamic compiler DVES also has its disadvantages. The most sig-
nificant one is that, just as for any dynamic optimization technique,
every cycle spent for optimization might be a cycle lost to execu-
tion. Therefore, one challenge is to design simple and inexpensive
analysis and decision algorithms in order to minimize the run-time
optimization cost.

3. Design Framework and DVFS Decision
Algorithms

There are several key design issues to consider for the run-time
DVES optimizer (RDO) in a dynamic compilation and optimization
environment.

Candidate code region selection: Like other dynamic optimiza-
tion techniques, we want only to optimize those frequently ex-
ecuted code regions (so-called hot code regions), in order to be
cost effective. In addition, since DVFES is a relative slow pro-
cess (the voltage transition rate is typically around 1muv/1us), we
also want to only optimize long-running code regions. In our de-
sign, we choose functions and loops as candidate code regions.
Since most dynamic optimization systems are already equipped
with some light-weight profiling mechanism to identify hot code
regions (for example DynamoRio profiles every possible loop tar-
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Figure 2: The overall block diagram showing the operation and
interactions among different components of a dynamic com-
piler DVFS optimization system.

get [3]), we will extend the existing profiling infrastructure to mon-
itor and identify hot functions or loops.

DVFS decisions: For each candidate code region, an important
step is to decide whether it is beneficial to apply DVES to it (i.e.,
whether it can operate at a lower voltage and frequency to save
energy without significant impact on the overall performance) and
what the appropriate DVFES setting is. As we mentioned earlier, for
a dynamic optimization system, the analysis or decision algorithm
needs to be simple and fast to minimize overhead. Thus, the offline
analysis techniques used by static compiler DVFS [8] are typically
too time-consuming and are not appropriate here. For our work, we
have designed a fast DVFES decision algorithm that is based on an
analytical decision model and uses hardware feedback information.

DVEFS code insertion and transformation: If a candidate code
region is found beneficial for DVFS, DVFS mode set instructions
will be inserted at every entry point of the code region to start the
DVES, and at every exit point of the code region to restore the volt-
age level. One design question is how many adjusted regions we
want to have in a program. Some existing static compiler algo-
rithms choose only a single DVES code region for a program [8]
(to avoid the excessively long analysis time). In our design, we
will identify multiple DVFS regions to provide more energy saving
opportunities. In addition to the code insertion, the dynamic com-
piler can also perform code transformation to create more energy
saving opportunities. One example is to merge two separate (small)
memory-bound code regions into one big one. Of course, we need
to check that this code merging does not hurt the performance (or
the correctness) of the program. So there will exist interactions
among the DVFES optimizer and the conventional performance op-
timizer.

Overall operation block diagram: The block diagram in Fig-
ure 2 shows the overall operation and interactions between different
components of a dynamic compiler DVES optimization system. At
the start, the dynamic optimizer dispatches or patches original bi-
nary code and delivers the code to execution by the hardware. At
this moment, the system is in a cold-code execution mode. While
the cold code is being executed, the dynamic optimization system
monitors and identifies the frequently executed or hot code regions.
Then, RDO optimization is applied to the hot code regions, either
before or after the conventional performance optimizations have
been conducted. The system is now in hot-code execution mode
with possible performance optimizations or DVFS. Lastly, if a code
transformation is desirable, the RDO will query the regular perfor-
mance optimizer to check the feasibility of the code transformation.
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Figure 3: An analytical decision model for DVFS. t.synmem
is the asynchronous memory access time, Nconcurrent is the
number of execution cycles for the concurrent CPU operation,
Ngependent i the number of cycles for the dependent CPU op-
eration, f is the CPU frequency.

Next, we describe in detail a key design component: the DVFS
decision algorithm.

3.1 DVFS decision algorithms

To make DVFS decisions, RDO first inserts some testing and
decision code at the entry and exit points of a candidate code region.
The testing and decision code collects some run-time information
(such as number of cache misses or memory bus transactions for
this code region). If enough information has been collected, RDO
first tests whether the code region is long-running. Then it decides
whether it is beneficial to apply DVFS and what the appropriate
DVES setting is for a candidate code region.

The key observation supporting beneficial DVFS (which saves
energy but costs no or little performance) is that there exists an
asynchronous memory system, which is independent of the CPU
clock and is many times slower than the CPU. Therefore, if we
can identify the CPU execution slack ( CPU stall or idle cycles
waiting for the completion of memory operations), we can scale
down the CPU voltage and frequency to save energy without much
performance impact.

Based on this rationale, Figure 3 shows our analytical decision
model for DVES, which is an extension of the analytical model
proposed in [16]. Processor operations are categorized into two
groups: memory operations and CPU operations. Since memory
is asynchronous with respect to the CPU frequency f, we denote
the time for memory operation as tqsyn.mem. The CPU operation
time can be further separated into two parts: part 1 is for CPU
operations that can run concurrently with memory operations; part
2 is for CPU operations dependent on the final results of pending
memory operations. Since the CPU operation time is dependent
on the CPU frequency f, we denote the concurrent CPU operation
time by Nconcurrent/ f, where Neoncurrent is the number of clock
cycles for the concurrent CPU operations. Similarly, we denote the
dependent CPU operation time by Ngependent / f-

From Figure 3, we see if the overlap period is memory bound, i.e
tasynmem > w, there exists a CPU slack time defined
as
Nconcurrent ( 1)

f

Ideally, the concurrent CPU operation can be slowed down to con-
sume the CPU slack time.

With the above model, we want to compute the frequency scaling
factor [ for a candidate code region. (So, if the original clock fre-
quency is f, the new clock frequency will be 3 - f; and the voltage

CPU slack time = tqsyn.mem —

will be scaled accordingly.) We introduce a new concept called rel-
ative CPU slack time, which is defined as the CPU slack time over
total execution time. For a memory bound case, total_time =
tasyn.mem + Ndependent/f. From Figure 3, we see the larger the
relative CPU slack, the more frequency reduction the system can
have without affecting the overall performance. So the frequency
reduction (i.e., 1 — ) is proportional to the relative CPU slack time.
A derivation detailed in [15] gives the following equation for 3.

tasy'n_mem NCO'I’LC’LLT’I‘E’I’Lt /f
= 1— Poss ko————— + Ppss ko————
p toss M0%otal time + Floss o total_time

@)

where Pj,ss is the maximum allowed performance loss expressed
in percentage; ko is a constant coefficient depending on machine
configurations. Intuitively, the above equation means the scaling
factor is negatively proportional to the memory intensity level (the
term with t4syn.mem), and positively proportional to the CPU in-
tensity level (the term with Neoncurrent).

The time ratios in the above equation can be estimated using
hardware feedback information such as hardware performance counter
(HPC) events. For example, for an x86 processor, the first time ra-
tio in the above equation can be estimated by the ratio of two HPC
events: number of memory busy transactions and number of pops
retired. More details on this can be found in [15].

4. Implementation and Deployment:
Methods and Experience

We have implemented a prototype of the proposed run-time DVFS
optimizer (RDO), and integrated the RDO into a real dynamic com-
pilation system. To evaluate it, we conducted live-system physical
power measurements.

4.1 Implementation

We use the Intel PIN system [10] as the basic software platform
to implement our DVFS algorithm and develop the RDO. PIN is a
dynamic instrumentation and compilation system developed at In-
tel and is publicly available. The PIN system which we use is based
on the regular PIN, modified to be more suited and more convenient
for dynamic optimizations. (For convenience, we refer it as O-PIN,
i.e., Optimization PIN.) Compared to the standard PIN package,
O-PIN has added more features to support dynamic optimizations,
such as adaptive code replacement (i.e., the instrumented code can
update and replace itself at run time) and customized trace or code
region selection. In addition, unlike the PIN which is JIT-based and
executes the generated code only [10], O-PIN takes a partial-JIT
approach and executes a mix of the original code and the generated
code. For example, O-PIN can be configured to first patch, instru-
ment, and profile the original code at a coarse granularity (such as
function calls only). Then, at run time, it selectively generates (JIT)
code and does more fine-grained profiling and optimization of the
dynamically compiled code (such as all loops inside a function).
Therefore, O-PIN has less operation overhead, compared to regular
PIN [1].

The implementation of our prototype RDO system can be high-
lighted as follows. At the start, RDO instruments all function calls
in the program, and all loops in the main() function, in order to
monitor and identify frequently executed code regions. If a can-
didate code region is found hot (i.e. the execution count is greater
than a hot threshold), DVFS testing and decision code will be started
to collect run-time information and decide how memory bound the
code region is. If the code region is found to be memory bound,
RDO will remove the instrumentation code, insert DVFS mode set
instructions, and resume program execution. On the other hand, if
a code region is found to be CPU bound, no DVFES instructions will
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Figure 4: Processor power measurement setup. This setup consists of four components.

(noise reduction)

be inserted. There is still a medium case where the candidate code
region may exhibit mixed memory behavior (likely because it con-
tains both memory-bound and CPU-bound sub-regions). For this
case, RDO will check if it is a long-running function containing
loops. If it is, a copy of this function will be dynamically gener-
ated and all loops inside this function will be identified and instru-
mented. And the process continues [15].

4.2 Deployment in a real system

We have deployed our RDO system in a real running system.
The hardware platform we use is an Intel development board with
a Pentium-M processor, which is shown in Figure 4a. The Pentium-
M processor we use has a maximum clock frequency of 1.6GHz,
two 32K L1 caches, and one unified IM L2 cache. The board has
a400MHz FSB bus and 512M DDR RAM.

There are 6 DVFS settings or so-called SpeedSteps for Pentium-

M (expressed in frequency/voltage pairs): 1.6GHz/1.48v, 1.4GHz/1.42v,

1.2GHz/1.27v, 1.0GHz/1.16v, 800MHz/1.04v, and 600MHz/ 0.96v.
The voltage transition rate for DVFS is about 1mw/1us (based on
our own measurements).

The OS is Linux kernel 2.4.18 (with gcc updated to 3.3.2). We
have implemented two loadable kernel modules (LKM) to provide
user level support for DVFS control and HPC reading in the form
of system calls.

The above system allows accurate power measurements. Figure
4 shows the processor power measurement setup, which includes
four components, as detailed below.

Running system voltage/current measurement unit: This unit
isolates and measures CPU voltage and current signals. The reason
for isolating and measuring the CPU power (instead of power for
the whole board) is that we want to have more deterministic and
accurate results, not affected by other random factors on the board.
We use the output sense resistors of the main voltage regulator to
measure the current going to the CPU, and use the bulk capacitor
to measure the CPU voltage.

Signal conditioning unit: This unit shown in Figure 4b reduces
the measurement noise to get more accurate readings. Measure-
ment noise is inevitable because of the noise sources like the CPU
board itself. Because noise typically has much higher frequency
than the measured signals, we use a two-layer low-pass filter to
reduce the measurement noise.

Data acquisition (DAQ) unit: This unit samples and reads the
voltage and current signals. In order to capture the program be-
havior variations (especially with DVES), a fast sampling rate is
required. We use the NI data acquisition system DAQPad-6070E
[12], which has a maximum sampling rate of 1.2M/s (aggregate),

Signal conditioning unit

Data acquisition unit Data logging unit
(sampling and reading) (processing unit)

(c) (d)

as shown in Figure 4c. We set a sampling rate of 200K/s for each
channel ( 5us sample length), which is more than adequate for our
reads.

Data logging and processing unit: This is the host logging ma-
chine which processes the sampling data. Every 0.1 seconds, the
DAQ unit sends collected data to the host logging machine via a
high-speed fire-wire cable. The logging machine then processes the
received data. We use a regular laptop running NI Labview DAQ
software to process the data. We have configured the Labview for
various tasks: monitoring, raw data recording, and power/energy
computation.

S. Experimental Results

For all experiments, we chose a performance loss target Pjoss of
5%. (If a larger Pj,ss were used, the resulting frequency settings
would be lower, allowing more aggressive energy savings. Con-
versely, a smaller Py, 55 would lead to higher and more conservative
DVES settings.) Since the voltage transition time between different
SpeedSteps is about 100us — 500us for our machine [7], we set
the long-running threshold for a code region to be 1.5ms (or 2.4M
cycles for a 1.6GHz processor) to make it as least 3 times bigger
than the voltage transition time.

For evaluation, we use all SPEC2K FP and SPEC2K INT bench-
marks. Since previous static compiler DVFS work in [8] used
SPEC95 FP benchmarks, we also include them in our benchmark
suites. In addition, we include some Olden benchmarks [4] as they
are popular integer benchmarks to study program memory behav-
ior. For each benchmark, the Intel C++/Fortran compiler V8.1 is
used to get the application binary (compiled with -O2). We test
each benchmark with the largest ref input set running to comple-
tion. The power and performance results reported here are average
results obtained from three separate runs.

As an illustrative example, Table 1 and Figure 5 show some pro-
gram information and results obtained from the RDO system for
one SPEC benchmark 173.applu, a program for elliptic partial dif-
ferential equations . In the table, we give the total number of hot
code regions in the program and the total number of DVFS regions
identified. For each DVFS code region, we show the total number
of pops retired for the code region (in a single invocation), aver-
age L2 cache misses, average number of memory bus transactions,
average number of instructions retired (per 1M pops), and the ob-
tained DVFS settings. In Figure 5, we show a part of the CPU volt-
age and power trace for 173.applu running with RDO. By inserting
DVES instructions directly into the five code regions indicated in
the table, RDO adjusts the CPU voltage and frequency to adapt to



Table 1: Information and DVFS settings for SPEC benchmark 173.applu.

Average number is for per IM pops retired

total total region | total | Average | Average Average DVES
hot DVES | name | pops | L2cache | Memory | Instruction | setting
regions | regions misses trans retired (Hz)
jacld() | 208M 124K 24.8K 0.99M 0.8G
blts() | 286M 59K 11.5K 0.99M 1.2G
72 5 jacu() | 156M 12.7K 25.6K 0.99M 0.8G
buts() | 254M 7.0K 12.9K 0.99M 1.2G
ths() | 188M 42K 8.2K 1.0M 1.4G

CPU Voltage/Power

1.6GHZ

Table 2: Average results for each benchmark suite: RDO versus
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Figure 5: A partial trace of the CPU voltage and power for
SPEC benchmark 173.applu running with the RDO

the program phase changes. Specifically, as the program execution
enters into the code region jacld(), the CPU clock frequency (and
voltage) is scaled from the default 1.6GHz to the selected DVFS
setting 0.8GHz. Then it switches to 1.2Ghz when the program en-
ters into the next code region blts(); and so on. The power trace
is also interesting. Initially it fluctuates around the value of 11W
(due to different system switching activities). After the program
execution enters into the DVFS code regions, the power drops dra-
matically to alevel as low as 2.5 . As will be shown by the exper-
imental results later, the DVFS optimization applied to the code re-
gions in 173.applu has led to considerable energy savings (~35%)
with little performance loss (~5%).

5.1 Energy and performance results

We view the run-time DVES optimizer (RDO) as an addition to
the regular dynamic (performance) optimization system as shown
in Figure 2. So, to isolate the contribution of the DVES optimiza-
tion, we will report the energy and performance results relative
to the O-PIN system without DVFES (i.e., we do not want to mix
the effect of our DVFS optimization and that of the underlying dy-
namic compilation and optimization system, which is being devel-
oped heavily by researchers at Intel and U. of Colorado [1]). In
addition, as a comparison, we will also report the energy results
from a static voltage scaling, which simply scales the supply volt-

StaticScale.
Benchmark Performance Energy Energy-Delay
Suite degradation savings product
improvement

RDO | Sitatic RDO Static RDO Static

SPECO95 FP 21% | 79% | 241% | 13.0% | 22.4% | 5.6% |

SPEC2K FP 33% | 7.0% | 240% | 133% | 215% | 6.8% |

SPEC2K'INT | 0.7% | 11.6% | 65% | 11.5% | 6.0% | -0.3%

Olden 37% | 78% | 253% | 1377% | 22.7% | 6.3%

age and frequency statically for all benchmarks to get roughly the
same amount of average performance loss as those in our results.
(We chose f = 1.4Ghz for static voltage scaling, which is the only
voltage setting point in our system to get an average performance
loss close to 5%.)

Figures 6 shows the energy delay product (EDP) improvement
results for all our benchmarks. Note that these results have taken
into account all DVFS optimization overhead, such as the time
cost to check memory boundedness of a code region. For conve-
nience, we refer to the result from our runtime DVFS optimizer as
RDO, and refer to results by static voltage scaling as StaticScale.
There are several interesting observations. First, in terms of EDP
improvement, RDO outperforms StaticScale by a big margin for
nearly all benchmarks. Second, the energy and performance results
for individual benchmarks in each benchmark suite vary signifi-
cantly (from —1% to 70%). This is of course due to the fact that
individual applications vary widely in their proportion of memory
boundedness. In particular, the SPEC2K integer programs are al-
most all CPU-bound (except for 181.mcf) and hence nearly im-
mune to our attempted optimizations.

The average results for each benchmark suite are summarized in
Table 2. We show both the results from our techniques and the Star-
icScale results. On average, we have achieved an EDP improve-
ment of 22.4% for SPEC95 FP, 21.5% for SPEC2K FP, 6.0% for
SPEC2K INT, and 22.7% for Olden benchmarks. These represent
3 — 5 fold better results than the StaticScale EDP improvement.
(For those interested, more experimental results, including those
for the basic O-PIN overhead, can be found in [15].)

Overall, the results in Figures 6 and Table 2 show the proposed
technique does quite well in addressing the energy and performance
control problem in microprocessors. We attribute these promising
results to the efficiency of our design and to the advantages of the
dynamic compiler driven approach.

5.2 Micro-architectural suggestions

While the experimental results are promising, they could be fur-
ther improved if more micro-architectural support were available.
One possible support could be some logic to identify and predict
CPU execution slack, such as that proposed in [6]. This would
make the DVFS computation easier and more accurate. Another
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Figure 6: Energy-delay product (EDP) improvement for SPEEZK INT benchmarks (top row, left side), Olden benchmarks (top row,
right side), SPEC95 FP benchmarks (bottom row, left side) and SPEC2K FP benchmarks (bottom row, right side). We show results

for both our runtime DVFS optimizer (RDO) and the StaticScale voltage scaling,

possible support could be some power-aware hardware monitoring
counters and events to monitor the power consumption in a proces-
sor unit and the voltage variations. In addition, more fine-grained
DVES settings could make the intra-task DVFS design more ef-
fective. Our experience shows that, for many code regions in the
benchmarks, RDO was forced to select an unnecessarily high volt-
age/frequency setting due to a lack of some middle steps between
the current six SpeedSteps in Pentium-M processors.

6. Conclusions

Our work has found that dynamic compiler driven voltage and
frequency control is very effective for high-end microprocessors.
In addition, the design framework and methodology described in
this paper is generalizable for other emerging microprocessor is-
sues (such as di/dt and thermal control) and other environments
(such as Java Virtual Machine systems).

Overall, this work shows that high-level dynamic compiler does
have an important role to play in microprocessor power and perfor-
mance management. In particular, the orthogonal approach and ad-
vantages of the proposed techniques make them an effective com-
plement to existing techniques, and allow us to work toward a multi-

layer (software and hardware) collaborative power management scheme

in the future. We feel these techniques and schemes offer great
promise for adaptive run-time power and performance management
in future microprocessors.
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