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Abstract. Reducing power, on both aper cycle basis and asthe total energy used over thelifetime of an
application, has become more important as small and embedded devices become increasingly available.
A variety of techniques are available to reduce power, but it is difficult to quantify the benefits of these
techniques early in the system design phase when processor architecture is being defined. Accurate
tools that allow for exploration of the design space during this phase are crucial. This paper describes
our experience with two such tools, the Cai-Lim power model and Wattch, which have been made
available to the computer architecture community over the past year.

We focus on how the models are constructed, the granularity of activity revealed by the models, the
ability to understand why particular power results are obtained and the accuracy of the models. We
raise concerns about detailed simulations where the power model, the simulator model and the desired
architecture to be simulated differ and the validity of data obtained in such situations.

Keywords: Power Analysis Tools, Performance Comparison, Validation, Architectural-definition
stage

1 Introduction

It isincreasingly important to consider power use at every phase of processor design. Traditionally, power
estimates and analysis were performed after a design was laid out, typically using SPICE analysis. As
power demands haveincreased, CAD tools include power analysis earlier in the design cycle. For example,
the Synopsys toolsuite contains tool s to estimate power demands using information from standard cells and
activity profiles from system components. The Synopsys PowerCompiler automatically adds clock gating,
sizes transistors and suggests some logic transforms that may reduce power.

Recently, the computer architecture community has attempted to model power during the architectural
design phase. Asin any CAD problem, different levels of abstraction, accuracy and effort are appropriate
for different stages of the design process. During the architectural design phase, power analysistools should
assist in floor-planning architectural designs intended to save power and coarse-grain estimates of power.
At the synthesis or layout phase, power analysis tools should assist in transistor sizing, clock gating and the
like. Asadesign nears completion, power analysi stools must provide accurate information which may affect
packaging selection or system specification. Asdesigns progressfrom initial to final stages, thetools should
produce increasingly accurate information; that increased accuracy requires additional time and expense.
Early in the design phase, designers need tools that quickly reflect power savingsin reliable terms but with
possibly less accuracy.

We think that architecture definition stage power analysis tools will be used in one of two styles. In
the first style, an architect may have an idea for reducing average power that could be easily added to an
existing design. The designer would like to quickly determine if the new mechanism would actually save
power by modifying an existing design; if it appears promising, the full design can be synthesized and
analyzed in more detail. Tools designed to modify existing designs may be reasonably accurate because
they can exploit detailed functional and circuit models from extant designs. The full processor design may
not be greatly impacted by the modifications, resulting in less error.

Alternatively, the designer may be starting a new processor design, possibly using a new process tech-
nology and microarchitecture. Power estimation tools for this design style face a more difficult challenge
because aspects of the processor design that affect a large portion of the power budget (such as clocking
policies and clock networks) may not be finalized. Thus, the power analysis tool must be generalizable and
extensibleto insure that it is useful.
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Most architectural-level power estimation tools use activity based power estimation. This paper com-
pares two activity based power models that have been available to the architecture community for approxi-
mately one year. We compare these models using two experiments. In one experiment, we try to determine
if a processor should use in-order or out-of-order execution semantics, a question typically asked much
earlier in the design cycle. In the second experiment, we modify a processor design that is very similar to
the design used to develop the power model.

Our results were discouraging. Using available information about the performance bounds of the power
models, we found the two extant power models disagree on the efficacy of the design choices in each
experiment and do not always produce statistically significant results.

In Section 2, we examine the power models currently available. Our experiments and experimental
criteria are described in Section 3. We present our results in Section 4, followed by our conclusions and
suggested directions for future work in Section 5.

2 Available Power Models

Developing an accurate model is atime consuming task that requires detailed low level knowledge of circuit
design and infrastructure that many researchers do not generally have. Two tools, the Cai-Lim power model
and Wattch, are currently available to researchers in the community who would like to use power models
during the architecture definition stage.

Each of these are fundamentally similar and rely on activity based power models to estimate power
demands. A transistor or gate-level power model uses a set of input vectors, such as a specific use of an adder
or cache logic, to model power demands of a given design. Gate level models keep detailed information
about the state of each register, latch or bitline in the final design. This is time-consuming, because the
architectureissimulated in great detail, but is a so accurate because of that samelevel of detail —the detailed
power models may accurately record the effects of precharging, short circuit loss and so on. Statistical or
activity based gate or RTL designs are simpler. They work by assigning an “average power cost” for a 0,0,
0-1, 1-0 or 1-1 transition on individual device structures. These costs are determined by detailed models
of individual circuit elements. The RTL model is then used to execute test vectors or applications and the
occurrence of each action (e.g. 0-1 transition) is recorded and multiplied by the pre-computed activity cost.
The model is less time-consuming because only the register state must be maintained, not the full analog
circuit characteristics.

The models we examine are statistical or activity functional power models. In these power models, the
power demands of an entire functional unit may be measured over many different test vectors. The resulting
power measurement constitutes an “ average” power measurement for that functional unit and each use of the
functional element in the microarchitectural simulator is assumed to use the average power. For example, a
integer ALU can perform many functions over many inputs. In a statistical functional energy power model,
the model developer would use a set of representative (or randomly generated) inputs to determine the cost
or power demand of the “average integer operation”, and then use that value each time the integer ALU
is accessed. These models typically assume some cost for inactive power, but often assume that inactive
power issimply 10% of active power. These models are much faster than the more detailed models because
even less state and computation must be performed for each simulated execution cycle — the energy model
boils down to a set of “activity counters’ for specific functional components of the microarchitecture and
estimated average power costs. Some of these quantities can be scaled for different component sizes. For
example, a memory unit can be broken into smaller components and a “power density” and area can be
recorded for a each smaller component; as the size of that structure is varied, the areais used to scale the
total power cost for accessing that unit. Thisis particularly useful for memory-intensive or array structures
within a processor.

Clearly, the accuracy of these models depends greatly on the accuracy of the estimate power models of
each functional component and the detail with which component accesses are modeled. This can limit their
applicability — if the microarchitectural model can not be or isinaccurately represented using the available
components, the model produces meaningless results. The accuracy of the modelsis aso affected by how
and in what situation they are applied. We have found that it is necessary to understand the underlying ar-
chitecture of both the simulation model and the power model to exercise the appropriate caution in applying
the power model to modified architectures.

Both of the models we examine are based on the SimpleScalar toolset[3], a toolset commonly used to
model microarchitecturesin educational and some research environments. The basic microarchitecturesim-
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ulator in SimpleScalar (si m out or der ) models an out-of-order microprocessor with a Register Update
Unit [13], variable instruction fetch width, configurable memory sizes and variable branch predictor and
fetch processing organization. The simulator does not model any specific extant processor, such asthe Intel
PentiumPro or Compag 21264, but can be quickly configured to model processors with different resource
constraints.

We now present an overview of each tool including what is provided, as well as information on granu-
larity, access to details, flexibility and validation.

2.1 Cai-Lim Power Model

The Cai-Lim power model[5] is an activity sensitive power model built upon the SimpleScalar 2.0 out-of-
order simulator. It partitions the SimpleScalar architecture into 17 hardware structures which are further
subdivided into a total of 32 blocks. Each block is then further partitioned into power density and area
for both active and inactive contributions from dynamic, static, PLA, clock, and memory sections of the
block. Area estimates are based on publicly available designs with additional area allocated for clocking,
interconnects, and power supply. SPICE simulations were used to find the active power density of typica
designs based on Taiwan Semiconductor Manufacturing Corporation’s 0.25um processfiles. Inactive power
densities were estimated as 10% of the active power densities. Power density numbers are used as constants
in conjunction with the activity countersto model power consumption.

The Cai-Lim model is designed to provide a “structure that any microprocessor design can use with
their own data’ [4]. The values for power density and areas provided with the currently available version of
the power model does not match a specific architecture but is based on common structures available today
such asa6T SRAM cdll ina.25um process.

The Cai-Lim model tracks how a hardware structure is used by breaking it down into different types
of accesses and then counting each time that type of access occurs during a cycle. For example, the level
1 data cache is comprised of 3 blocks - logic, cache and taglines - which are be used whenever thereis an
access, writeback, replacement, or invalidation to the cache. This structural breakdown and its associated
information provide an opportunity for detailed modeling and an ability to track reductions in dynamic
activity.

All values for power densities and areas have been pre-computed and included as part of the source
code. The lack of direct access to the models used to generate these values makes it difficult to scale units
appropriately, even within the same process and architectural family. For example, the original RUU mod-
eled contains 16 entries. If the number of entriesis to be changed, the area should be scaled appropriately
because it makes up alarger portion of the overall design. Unfortunately, linearly scaled is not necessarily
the same as appropriately scaled. The lack of directly accessible details on structural scaling factors lim-
its the Cai-Lim power model’s ability to be used to directly compute relative contributions to power from
different blocks. The model is difficult to extend without examining the original process files to determine
how to incorporate new hardware structures. It is also difficult to perform scaling of components based on
changesin size of the component, not changes in technol ogy.

Even with this shortcoming, the Cai-Lim model remains quite flexible, but of unknown accuracy. In gen-
eral terms, awell designed architecture definition stage model is expected to be accurate to about 25%[5].
The Cai-Lim model currently uses the same power density for al blocks which may lead to larger inaccu-
racies than expected.

The Cai-Lim model has been validated against the SPICE models used to generate the elements and
power densities. Its ability to model a real architecture is unknown. The Cai-Lim model is not intended
to provide absolute numbers for any design, but can provide relative numbers between designs. However,
without an analysis of the per component contribution to the overall error in final results, it is difficult to
assess whether a given change produces meaningful results.

TEM?P?EST isanew version of the Cai-Lim model[6], but was not available for evaluation in time.
The Cai-Lim model has also been adapted for usein SMTSIM[12].

2.2 Wattch

Wattch[2] isacollection of power models. Thefirstisan “al componentsawayson” model and the remain-
ing 3 models are activity sensitive with varying degrees of conditional clocking enabled. The conditional
clocking options range from full power for a component consumed during any cyclein which it is accessed
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and zero otherwise to linearly scaled power based on component usage when accessed and 10% of base
power when not accessed. Wattch is built upon the SimpleScalar 3.0 out-of-order simulator that has been
extended conceptually from a5 stage pipeline to an 8 stage pipeline. The additional stages are inserted only
for the global power calculation and have no other effect on the system. Wattch devel oped basic components
- array structures, content-addressable memories, combinational logic and wires, and clocking. These com-
ponents are then used to build a parameterized model of major hardware structures. It again does not model
aparticular architecture but its use of an H-tree clock distribution and separate accounting of clock power
resembles an Alpha. Rather than using a power density and area based model, capacitances are cal culated
fromwire delays[10, 11] and then used to generate a per cycle cost for a structure. These costs may then be
scaled by usage indicated by activity counters.

Wattch is designed to provide a framework upon which future work can be built. Wattch provides an
infrastructure for comparisons between different power reduction techniques and provides a parameterized
model that can quantify power reductions. It also exposes the underlying details of its power model to
the users. Wattch claims an accuracy within 10% of layout-level power tools. Wattch's published results
indicate an average accuracy of +/-13% when comparing relative power against known relative powers for
implemented architectures (Pentium Pro and Alpha21264). A per component analysis of Wattch’s accuracy
isnot availablein currently published works.

Wattch tracks how a hardware structure is used in a manner similar to that employed by the Cai-Lim
model but does not currently support the same level of granularity. In addition, some of the structures are
based on an &l or nothing power cal culation while others, such as branch prediction, use a specified cost for
up to 2 x someLimitingFactor. Counters for different types of accesses are employed, but some details
are left out. For example, Wattch tracks accesses to the level 1 data cache, but does not currently track
invalidations, replacements, or writebacks. It does take into account logic, array (cache in the Cai-Lim
model) and tag contributionsto the total power of the cache.

Wattch provides greater access to the underlying details of the models than the Cai-Lim model pro-
vides. Researchers are provided with information in the code about how the power numbers are derived and
structural scaling factors are calculated by Wattch during an initialization phase of the program. Technol-
ogy scaling factors are included for processes ranging from .10um to .80um. Wattch uses this information
as well as the SimpleScalar configuration specified to initialize power values for different aspects of the
hardware structures. For example, the power calculations for the instruction window are dependent on the
process size as well asthe RUU size.

Wattch provides some of the flexibility needed by researchers but has shortcomings that can limit its
usefulness. The lack of granularity in access counting limits Wattch’s ability to identify activity reduction
power savings. The underlying hardware structure breakdown provides users with the opportunity to build
customized components to study specialized hardware, but with unknown accuracy. Wattch also does not
provide information about the contributions to total error by the various components, leaving researchers
with little way to judge the validity of designs that involve components of sizes that differ from published
implementations. A detailed correlation study would reduce this last concern.

3 Methodology

We have attempted to place Wattch and the Cai-Lim power model on as similar afooting as possible. Wattch
consists of 4 power models. We have selected the Wattch conditional clocking power model (model cc3in
Wattch's source code) that most closely matches the active and inactive contributor model used by the Cai-
Lim model. Both models cal culate the active circuit power and then set the inactive circuit power to 10% of
the active circuit power.

3.1 Experiments

Our experiments, described below, were performed using a modified SimpleScalar 3.0 out-of-order simu-
lator that contained both Wattch and the Cai Lim model. To ensure the combined models produced inde-
pendent results, we also performed a separate data independence experiment to confirm that an out-of-order
simulator containing only Wattch or only the Cai-Lim model produced the same results as our combined
out-of-order ssimulator. We found this to be true for data runs in al our power experiments. We ran the
SPEC95INT benchmarks under our combined Wattch/Cai-Lim simulator using the configurations shown in
Table1.
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Pipeline Simulation Configurations
Parameters 4-wide 8-wide
Machine Width 4-wide fetch, 4-wide issue, 8-wide fetch, 8-wide issue,
4-wide commit 8-wide commit
Window Size 64 entry register update unit, 256 entry register update unit,
32 entry load/store queue 128 entry load/store queue
Branch Misprediction min. recovery latency 6 cycles
L1 Icache 64kB, 32 byte lines, 2-way set-associative, 2 cycles hit latency
L1 Dcache 64kB, 32 byte lines, 2-way set-associative, 2 cycles hit latency
L2 Cache Combined 512kB, 64 byte lines, direct mapped, 6 cycles hit latency
Memory 128 hit wide, 26 cycles access latency
BTB 1024 entry, 4-way set-associative, 32 entry return address stack
TLB 64 entry (1), 128 entry (D), fully associative, 30 cycle misslatency
Functional Unitsand (4 Int ALU (1/1), 1 Int Mult (3/1) / Div(20/19),|8 Int ALU (1/1), 2 Int Mult (3/1) / Div(20/19),
Latency (total/issue) 2 Load/Store (2/1), 4 FP Add (2/1), 4 Load/Store (2/1), 8 FP Add (2/1),
1 FP Mult (4/1) / Div (12/12) | Sqrt (24/24) | 2 FP Mult (4/1) / Div (12/12) / Sqrt (24/24)

Table 1. Pipeline parameters for our base pipeline simulations.

Low Power Mode for IPC Matching. In prior work, we explored the possibility of exploiting naturally
occurring variations in the IPC of a program to reduce power consumption[8]. We found that our MPEG

benchmarks were able to spend a significant amount of time in a dynamically pipeline gated fetch mode,

in an in-order issue mode, or a combination of these two modes depending on the characters of the time-

varying | PC. To continue thiswork, we undertook alimit study to explorethe effects of running applications
under dynamic pipeline gating, in in-order issue mode, or in the base case for the next smaller 2 ™ machine
width (half-width) for the duration of the applications run. A single set of results consists of a base case
(8-wide or 4-wide), pipeline gated run, an in-order issue run, and a half-width base case (4-wide or 2-wide).

The lower power modes we investigated involve no explicit conditional clocking on unused sections of

circuit blocks. Instead, the power savings observed stem from reduced activity throughout the pipeline and

the conditional clocking provided by the power models.

Dynamic Instruction Queue Resizing. Folegnani et al. introduced a separate low power optimization [7]
that extended the design of the current Compag Alpha 21264 architecture. They found that the ready instruc-
tion queue was often underutilized and that the extent of this underutilization varied over an application’s
lifetime. A specia tag is added to instructions issued indicating if they were issued from the last segment
of the current instruction queue. When no instructions are issued from the last segment for some number
of cycles, the segment is powered off, reducing the power consumed by the queue as well as reducing the
power needed for writebacks and selections. We performed similar simulations using the basic 8-wide and
4-wide configurations from Table 1. Power reductions observed under dynamic instruction queue resizing
are due to explicitly shutting down a portion of the instruction queue. Power consumption may changein
other blocks as well because the distribution of the workload is changed by applying dynamic instruction
gueueresizing.

3.2 Evaluation Criteria

Both models are designed to demonstrate relative power savings between designs. We have selected our
criteria on this basis. Each application run is normalized against the power results of the appropriate base
case so that relative power reductions can be compared. We examine per cycle power and energy where
appropriate. Wattch claims an accuracy of within 10% of the results provided by layout-level power tools.
We use this 10% estimate of error provided by Wattch to evaluate whether or not the results from Wattch
cc3 model and the Cai-Lim model are statistically different from each other aswell as statistically different
from the base case. We believe the actua error in the models may be larger, implying that the results from
additional experiments will fall below the threshold of statistical significance. This has implications for
comparisons between Wattch and the Cai-Lim model within a single data set as well as for comparisons
between applied power reduction technigques and base case without the technique under either model.



6 Soraya Ghiasi et al.

Not significant Significant

Fig. 1. The overlapping confidence intervals shown on the left fail the visual test for statistical significance. The non-
overlapping intervals on the right indicate a statistically significant result.

3.3 Statistical Significance

The analysis of errorsunder either power model should take into account theinitial random errorsin calcu-
lations and then the propagation of these errors throughout the remainder of the power model. We have not
done thisin detail for the power models we investigated, but we hope it will be done for power modelsin
wide-spread use.

We use Wattch's published error estimation as the sample variance and use a sample size of one to
calculate the 90% confidence level. Conceptualy, we are most interested in whether a run differs from
its base case. If the resulting confidence interval includes the base value, we cannot say the new result is
statistically different from the base case result. Applying this technique leads to a range of approximately
+/- 16%. Normally, at-test is applied in situations where the confidence intervals overlap with each other,
but do not include the base case result. A t-test is not possible with a sample size of one, so the visual test
for significance was applied instead. An example of avisual test for significanceis shownin Figure 1.

Throughout the remainder of the paper, when we discuss statistical significance we are using the 90%
confidence level to determine significance. Additional information on confidence intervals can be found in
[1,9,14]. Increasing the confidence level will increase the range that must be considered when evaluating
the results.

4 Results

For each experiment, we briefly discuss our expected results. We then present our actual results including
the measure of statistical significance developed in Section 3. Finally, we analyze why the results differ
from each other.

4.1 Low Power Modefor IPC Matching

Figure 2 shows a subset of the results for this experiment. These benchmarks were selected because they
represent the outliers in the 4-wide case. Other benchmark results fall between these. All runs shown are
normalized against a base case where no power reduction techniques have been applied. We are primarily
interested in per cycle power because our intent is to discover appropriate lower power modes that can be
applied dynamically in response to natural variations in the IPC over the lifetime of the program. We also
examine the energy to see if it is significantly different than the base case and if it would lead us to draw
different conclusionsif energy reduction were our primary goal.

Our expectation was that the three techniques applied would each result in a power reduction with in-
order issue producing the greatest rel ative reductionin power. It was unclear if energy would also be reduced
because of its dependence on the number of total cycles executed. Finally we were primarily interested in
which technique(s) would provide us with the largest relative power reduction.
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Fig. 2. Experiment 1 - Possible |PC Matching Techniques on 4 and 8-wide microarchitectures. All results are normalized
against the appropriate base case. Error estimation is based upon the 10% margin of error reported by Wattch at the 90%
confidence level. Error bars for the base cases are indicated by the box centered around 1.

Results. Applying the pipeline gating technique for the entire duration of the benchmarksruns indicates a
statistically significant reduction in relative per cycle power under both 4-wide and 8-wide microarchitec-
tures (see Figure 2 (a) and (c)) . However, the resultsfor the Cai-Lim model and Wattch are also significantly
different from each other in our 4-wide microarchitectureresults. The Cai-Lim model consistently produces
lower relative per cycle power results.

In-order issue produces a further power reduction under the Cai-Lim power model and Wattch for both
4-wide and 8-wide microarchitecture. In all Wattch results, the reduction is significantly larger than that
provided by pipeline gating. The results under the Cai-Lim model included both statistically significant
(Figure 2(a) and (b), lisp-gated and lisp-inorder) and insignificant (Figure 2(a) and (b), m88ksim-gated and
m88ksim-inorder) values. The Cai-Lim model and Wattch are also significantly different from each other.

The results from the half-width case highlight differences between the models. Under the Cai-Lim
model, this case is indistinguishable from the pipeline gating case (Figure 2 (a) and (c), m88ksim-gated and
m88ksim-halfwidth, and lisp-gated and lisp-halfwidth). Under the Wattch model, it isinstead indistinguish-
ablefrom thein-order case (Figure 2 (a) and (c), m88ksim-inorder and m88ksim-halfwidth, and lisp-inorder
and lisp-halfwidth). m88ksim-halfwidth and lisp-halfwidth show the Cai-Lim model and Wattch are also
not statistically significant from each other in the half-width case.

The two power models would lead to different choicesif they were used to select an appropriate lower
power mode to exploit periods of low IPC activity. The Cai-Lim model indicates in-order issue is the best
choice for per cycle relative power reduction for both 4-wide and 8-wide designs. Wattch fails to distin-
guish between in-order issue and half-width allowing the designer to arbitrarily chose between these two
techniques.
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We also explore the affect of these techniques on energy. The effects of small differences are magnified
because of the increase in the runtime of the program. In all cases, the Cai-Lim model indicates an overall
reduction in energy. The Wattch model has more variable results, including a number of cases where the
energy is not statistically different from that of the base case.

Based on our energy results, we would reach different conclusions depending upon which model we
were relying upon. For example, Figure 2(b) on a 4-wide machine, the Cai-Lim model indicates that all
three techniques are equally valid and produce comparable energy reductions. Under Wattch, we find that
the best energy reduction techniqueis actually that of running at the next smaller machine width.

We can draw similarly opposing conclusions based upon the 8-wide results (see Figure 2(d)). The Cai-
Lim model clearly favorsthe use of in-order issue for energy reduction, while Wattch predictsin-order issue
will have the worst relative energy effects and will, in fact, increase energy.

Analysis. The Cai-Lim model produces larger power reductions than Wattch in all cases except for the
half-width 8-wide microarchitecture (a 4-wide machine). Although not al of these results lie outside the
range required for statistical significance, they do indicate an overall trend. The Cai-Lim model appears to
be better able to distinguish differencesin dynamic activity than the Wattch model. The results are partially
aresult of the underlying microarchitectural model and partially aresult of the types of activities recorded.

For example, the Wattch model determineswhether or not any instructions have been fetched this cycle
by counting the number of icache and branch predictor accesses. The resulting icache power is based on the
notion of accessed or not accessed. This models an architecture where only a single line is fetched unless
the pipeline stalls. After aline is fetched, as many instructions as possible are used from it. However, the
out-of-order simulator used in this case does not model this architecture so there is a disparity between
the power model’s architecture and the architectural simulator’s architecture. In addition, Wattch provides
no mechanism for power consumption accounting during fetch if the fetch engine is able to fetch multiple
cache lines per pipeline cycle.

The Cai-Lim model instead distinguishes between accesses to next PC prediction and writes to the
dispatch queue. The number of accesses and writes are factored into separate circuit blocks. This model
alows multiple fetches during a cycle to be accurately accounted for and shows power reductions when the
pipeline gating technique is applied partially because the writes to the dispatch queue have been halved.
This more closely models the underlying simulation architecture which can make repeated icache searches
during fetch and an architecture in which the fetch engine runs faster than the rest of the pipeline.

The accounting and breakdown done by each model also has implications on the power consumed by
theregister file. For example, on a4-wide architecture, the Cai-Lim model indicatesthat half as much power
is consumed by the register file under pipeline gating when it is compared to the base case. Wattch indicates
a much smaller reduction. The Cai-Lim model produces results that indicate larger per cycle power and
overall energy savingsfor the load-store queue (L SQ), the register file, and the Register Update Unit (RUU)
than Wattch does.

Overal, the Cai-Lim model has a finer granularity for determining activity within units. For example,
Wattch employs a single notion of instruction cache (icache) access, but the Cai-Lim model tracks instruc-
tion lookaside buffer (itlb) accesses, replacements, invalidations, and writebacks in addition to instruction
tag (itag) and icache contributionsthat are dependent upon level-1icache (il 1) accesses, replacements, inval -
idations, and writebacks. In addition, each unit is broken down into its dynamic, static, clock, memory, and
PLA contributors allowing the model to be finally tuned by adjusting its power densities and areas to match
specific target architecture. Unfortunately, this granularity is not fully utilized in the current implementa-
tion of the Cai-Lim model because the same power density is used throughout for each block leading to
potentially erroneous results. Additionally, the lack of access to the details heeded for determining the area
used by components whose sizes differ from the Cai-Lim base model means that these were not adjusted to
reflect their new size.

4.2 Dynamic Instruction Queue Resizing

Figure 3 shows the results for this experiment. All runs shown are normalized against a base case where no
power reduction techniques have been applied. We are primarily interested in energy because our intent isto
discover if dynamic instruction queue resizing is an appropriate technique for exploiting periods during an
application’slifetime where newly arrived instructions are not being issued. We areinterested in whether or
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Fig. 3. Experiment 2 - Dynamic Instruction Queue Resizing on 4 and 8-wide Alpha-like architectures. All results are
normalized against the appropriate base case. Error estimation is based upon the 10% margin of error reported by Wattch
at the 90% confidence level. Error bars for the base cases are indicated by the box centered around 1.

not the models are able to reflect the fact that the average instruction queue size under dynamic instruction
queueresizing is often considerably less than its maximum size and how well conditional clocking can be
applied to this block in the power models.

We expected both model s to show arelative power reduction due to the scaling of the instruction queue.
We aso expected an energy reduction because the overal effect on the runtime of the application is less
than 10%. We are more concerned with energy resultsin this case because we are interested in the overall
effect of applying this technique.

Results. Under a 4-wide architecture, we observed only a single case where the energy reduction was
statistically significant using our minimum estimate of the error in the power models (Figure 3 (a) Cai-
Lim compress). Realisticaly, the error is larger and none of the results are statistically different from the
baseline. The Wattch and Cai-Lim models also are not di stinguishable from each other. Our results are much
more conservative than Folegnani et al. because we used a smaller instruction queue than they did.

The 8-wide architecture indicates a statistically significant energy reduction for all benchmarks except
compress when examined with the Cai-Lim model. Once again, the Wattch model produced energy re-
ductions that are not statistically different from the baseline. In this case, the Cai-Lim and Wattch models
are statistically different from one another for the benchmarks that show the largest power reductions (go,
m88ksim, and ijpeg). Cai-Lim and Wattch are not statistically distinguishablefor the remaining benchmarks.

Under the Cai-Lim model we would conclude that dynamic instruction queue resizing is a worthwhile
technique to pursue on our 8-wide architecture. We would not draw similar conclusions from either power
model on the 4-wide architecture or from Wattch on the 8-wide architecture.

iped
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We have included the average per cycle power results as well as an indication that dynamic instruction
queue resizing did not increase the run time of the applications inordinately. This can be seen by examin-
ing the normalized average per cycle power results and comparing them to the normalized energy results.
Dynamic instruction queue resizing increases the average runtime of an application by afew percent.

Analysis. There are a number of factors that contribute to the resulting differences. One difference in our
results generated by the two power models can primarily be attributed to the different clock representation
methods employed by each model. The Wattch model keeps track of the clock power as a separate compo-
nent, while the Cai-Lim model cal culates the clock power on a per block basis using the amount of areaof a
block devoted to clock power distribution. This allowsthe Cai-Lim model to scale the clock contribution of
array structures more easily. Wattch precalculates the clock contribution and then ssmply scales it for each
cycle by the comparing the current cycle's total power to the maximum total power. In order to accurately
examinethe effects of array structure scaling, it would be necessary to either recal culate the clock contribu-
tion every time an array structure such as the instruction queue is resized or to precompute al the possible
clock values based on all possible array structure sizes during power model initialization. Neither of these
solutions was applied in this case.

Another contributor to the observed differences can be found in the base numbers themselves. The RUU
includes the reorder buffer behavior. The rename registers cannot be gated off because they may still be
referenced. The power savingsthen comes from not dispatching new instructionsinto the “disabled” portion
of the RUU and not broadcasting valuesto it. Under the Cai-Lim model, these form alarger contribution to
the total power than they do under Wattch.

4.3 Which Model to Use?

It is unclear which model provides a more accurate picture of the experiments. The unknown accuracy
of the Cai-Lim model could mean that the results it produced are wildly inaccurate. Its use of a single
power density for all componentsand lack of accessible structural scaling factorsalso limit its applicability.
The less finely grained counters as well as the accounting methods used during fetch and decode under
Wattch may not account for the types of activity reduction the low power modes are expected to produce.
The unknown contributions to Wattch's total error that occur under structural scaling suggests that caution
should be used when applying it outside existing processor designs.

Further analysis should be done before using either power model in situations where the target archi-
tecture differs significantly from that used by the power model. For example, both power models are based
upon the use of an RUU. The inaccuracies that may be introduced by attempting to model a reservation
station-based design may blur any possible power savings.

5 Conclusions and Future Work

Although architectural level power modeling tools are important as we continue to explore new low power
optimization techniques, we find that neither of the two freely available tools are sufficiently accurate or
complete to alow wide-ranging experiments. We also urge extreme caution when analyzing results pro-
duced by either of the current solutions. Our results indicate that even at a 90% confidence level, the power
models often fail to produce results that are statistically distinguishable from the base case. Unfortunately,
we also observed situations in which the models produce results which are statistically different from each
other for the same power reduction technique. We find that the current accuracy of the models will need to
be improved upon to detect anything but the largest power savings.

We have found it is necessary to keep in mind both the underlying architectural model used in the power
model as well as the model of the simulator. In situations where the two models differ, such as fetch and
decode under Wattch and SimpleScalar, one or both models may need to be modified to more closely match
the desired behavior.

It is hoped that as these models are revised and enhanced these shortcomingswill be overcome, making
them more generally useful and accessible to the research community. In particular, we would like to see
enhanced versions that combine the flexibility of Wattch with the granularity of Cai-Lim. In addition, to
produce results which we can confidently state are significant, it will be necessary for new models to more
thoroughly analyze the error in individual components as well as the overall error.
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