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Abstract

Minimizing power dissipation is an important design require-
ment for both portable and non-portable systems. In this work,
we propose an architectural solution to the power problem that
retains performance while reducing power. The technique, known
as Pipeline Balancing (PLB), dynamically tunes the resources of
a general purpose processor to the needs of the program by mon-
itoring performance within each program. We analyze metrics for
triggering PLB, and detail instruction queue design and energy
savings based on an extension of the Alpha 21264 processor. Us-
ing a detailed simulator, we present component and full chip power
and energy savings for single and multi-threaded execution. Re-
sults show an issue queue and execution unit power reduction of
up to 23% and 13%, respectively, with an average performance
loss of 1% to 2%.

1. Introduction

The primary goal of state-of-the-art general purpose processor
design is performance. Given the large number of targeted applica-
tions, the processor is designed to achieve the best performance on
the greatest number of applications. Therefore, most general pur-
pose processors contain resources that are appropriate to a subset
of programs but not all programs. Furthermore, enough variation
exists within the execution of each application such that the full ar-
chitectural features of the processor are required only for a portion
of the program’s execution. In this work, our goal is to determine
the changing needs of each program and tune processor resources
to the program with the aim of reducing power dissipation.

Previous work also addresses methods to reduce energy con-
sumption by tuning the microprocessor for program needs. Al-
bonesi suggested balancing clock rates with architectural features
in [1], and modifying cache associativity for the individual needs
of a program in [2]. Manne [14] showed that energy can be re-
duced without impacting performance by restricting instruction
fetch when the machine was likely executing wrong-path instruc-
tions.

Wilcox notes in [18] that out-of-order issue logic and execution
dissipated a significant portion of the power on the Alpha 21264
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processor. Our work, henceforth referred to as Pipeline Balanc-
ing, or PLB, targets these high power components by adjusting the
pipeline issue and execution capabilities to the varying needs of
the program. Unlike [14], we address both integer and floating
point programs, as well as multi-threaded execution. Furthermore,
PLB does not require complex implementation of clocks to save
power as required by [1].

Issue IPC
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Figure 1. Issue IPC variation for the apsi benchmark.

Wall showed that the amount of instruction level parallelism
(ILP) within a single application varies by up to a factor of
three [17]. Figure 1 shows an example of the issue rate over
time for the SpecFP95 benchmark apsi running on an §-way su-
perscalar, out-of-order processor. Each plot point represents the
average number of instructions issued per cycle (issue IPC) over a
window of 10000 simulated cycles. The issue IPC varies by a fac-
tor of three over a million cycles of execution. The variation may
result from either the inherent program behavior or the behavior of
the program within the constraints of the hardware (e.g., the data
size of the program relative to the cache size). Regardless, these
issue variations can be exploited to reduce power dissipation. In
the case where apsi does not require the full issue capabilities of
the processor, a lower issue width machine would have been ap-
propriate, while the high issue rate might require a 6 or 8 wide
machine.

Ghiasi et al. also exploits IPC variations to reduce energy con-
sumption in processors [10]. In her work, the operating system
(OS) indicates the IPC requirement of each program, and the pro-
cessor is adjusted to meet OS requirements. The base microar-
chitecture is an out-of-order, 4 or 8 way superscalar machine that
can be modified to either gate the pipeline as proposed in [14], or
change from an out-of-order to an in-order machine. The determi-
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nation of when to switch modes is based on comparing the commit
IPC of the processor to the optimal IPC requested by the operat-
ing system. Ghiasi did not extrapolate on the hardware required
to change from in-order to out-of-order execution. One way to
implement this feature is to have two issuing structures on the pro-
cessor, one being out-of-order and the other being in-order. The
out-of-order structure is clock gated when the processor switch-
es to in-order issue and vice-versa. Switching queues requires the
out-of-order queue to be drained of all instructions before switch-
ing to the in-order queue. This can take a non-trivial amount of
time, depending on the number of instructions already in the out-
of-order queue. Ghiasi measures performance as the overall frame
rate of the MPEG benchmarks she uses. In the rate controlled
workloads, there is slack time available at the end of many frames.
She can slip slightly on each individual frame and not pay any
penalty on the overall frame rate because of the slack.

As with Ghiasi’s work, PLB also exploits IPC variations to
reduce energy consumption. However, we work purely at the
microarchitectural level without any OS guidance, and we take
advantage of both performance variations between different pro-
grams and fine grained variations within a given program. Fur-
thermore, we only modify the issue width of the machine and do
not modify the scheduling algorithm from out-of-order to in-order
issue. The fine grained switching required in PLB and the type of
benchmarks we use (Spec95) make it difficult to absorb the per-
formance cost of transitioning from out-of-order to in-order issue.

The PLB algorithm is quite simple. First, we monitor the issue
needs of the program. When the program does not require the full
issue capabilities of the processor, we reduce the processor issue
width and enter the low-power mode. When the program switches
behavior again, we return the processor to normal operation. Fig-
ure 2 shows the pipeline of the simulated superscalar processor. It
contains 8 execution pipelines that execute a combination of inte-
ger, floating point and memory operations. When executing nor-
mally, all 8 pipelines are in use. When in low-power mode, some
or all the shaded regions of the figure are disabled, resulting in
power savings. Details about the monitoring scheme, pipeline de-
sign, and power savings from disabling the pipelines are provided
in latter sections.

Implementation of PLB has some additional requirements. The
monitoring scheme for PLB must be simple since the solution can-
not be more power hungry than the problem. Also, PLB cannot
sacrifice performance to reduce energy. First, the market demands
high performance from state-of-the-art processors. Second, ener-
gy is a function of the total execution time of the program, and
reducing power dissipation by increasing execution time does not
always result in overall energy savings [4].

The rest of the paper discusses the implementation details and
results of the PLB technique. Section 2 details the metrics and
analysis techniques used in PLB. Section 3 discusses the imple-
mentation of the issue queue, and analyzes the potential power
savings with PLB. Results are presented in Section 4, and Sec-
tion 5 concludes the paper.

2. Implementation

We used the ASIM [7] simulation infrastructure to model a cy-
cle level, execution driven simulator that generates performance

and activity numbers. We modeled our baseline processor on the
Alpha 21264 [6] and next generation processors cited in litera-
ture [5] [8]. The model is an 8-way issue, out-of-order machine
with a 128 entry instruction queue, capable of simultaneously ex-
ecuting multiple threads from different processes. Similar to the
21264, we have separate instruction issue and commit queues. We
doubled the functional unit resources of the 21264, and allow up
to 8 integer, 4 floating point, and 4 memory operations to execute
per cycle. The 21264 processor has a seven stage pipeline and cur-
rently operates at frequencies around 900MHz. However, given
the increase in issue width from 4 to 8 and the need for operating
frequencies of 1.5GHz and higher in the next processor genera-
tion, we modeled the pipeline length to be comparable to the 20
cycle, super-pipelined, Pentium 4 processor from Intel [11]. Al-
though the simulation infrastructure we chose limits the study to a
specific architecture implementation, the benefit is a higher level
of accuracy in the final performance and power numbers.

2.1. Disabling resources

The architecture of the issue logic, shown in Figure 2, deter-
mines what resources get disabled when in low-power mode. Al-
gorithmically speaking, PLB could reduce the issue rate from 8
down to a single instruction issued per cycle. However, our spe-
cific implementation of the machine requires that to retain a full set
of functional operations, i.e., to perform all the operations required
by the ISA, we need to have at least one cluster of functional units
active. Therefore, an issue rate of 4 per cycle is the lower bound
for restricting issue width. A 4-way issue machine is also the sim-
plest modification to make since it is easy to disable one cluster of
functional units as shown in Figure 2.

We implement PLB with two possible issue widths when oper-
ating in low-power mode: 4-wide issue and 6-wide issue. We save
more power when in 4-wide issue, but we also do not enter this
mode very often, if at all, in some programs. On the other hand,
we have less power savings in the 6-wide issue mode, but enter
this mode more frequently and across many programs. There is a
further complication to the 6-wide mode that involves which func-
tional units to disable. In 6-wide mode, we disable two sets of
functional units. In our simulated machine, we split the functional
units between the clusters so that each cluster executes a maximum
of 4 instructions per cycle consisting of up to 2 floating point op-
erations, 4 integer operations, and 2 memory operations. All four
issue slots can handle integer operations, while two of the slots
handle memory operations and the remaining two handle floating
point operations. If we disable half the issue slots, we must be
careful which operations we remove or we end up with a machine
that is unbalanced for many applications. We could either dis-
able the 2 floating point units, the 2 memory units, or one of each.
We decided to disable the 2 floating point units in 6-wide mode
and leave the memory units intact because memory bandwidth is
critical for both floating point and integer performance. To reme-
dy problems we face in some benchmarks due to reduced floating
point bandwidth, we added a secondary release mechanism as dis-
cussed below.

2.2. Triggering PLB

PLB uses enabling and disabling conditions to determine when
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Figure 2. Pipeline organization of 8-wide issue processor.

to enter and exit low-power modes. The conditions are a func-
tion of primary and secondary thresholds that were determined
through experimentation and analysis. Figure 3 shows the state
machine for transitioning between normal issue and low-power
modes. The enabling and disabling conditions for 4-wide and 6-
wide are EC4y, DC4y, EC6w, and DCé,,, respectively. Note
that we can transition from normal issue to either of the low-power
modes. However, when we disable either the 4-wide or 6-wide
mode, we transition immediately to normal mode in order to min-
imize potential performance loss.

!EC4w & !IECow

ECéw & !EC4w

Figure 3. State machine for enabling/disabling PLB. Tran-
sition conditions are based on our chosen threshold values.

Sampling window The basic premise of the PLB algorithm is
that past program behavior indicates future program needs. There-
fore, based on past program characteristics such as issue IPC
(Irpc), we predict the future resource needs of the program. To
smooth out short bursts of activity, we measure these values over
a fixed sampling window. In addition, to reduce spurious transi-

IDCéw & !EC4w

tions between low-power and normal modes, we require that the
pipeline stay in the current mode for at least one sampling win-
dow before switching modes. Hence, the sampling window has
to be large enough to handle short bursts of high or low issue
IPC without unnecessarily enabling or disabling PLB, but small
enough such that we do not lose performance by staying in low-
power mode too long after the program changes behavior.

To guide us in our window size selection, we ran experiments
that varied window size from 64 to 512 cycles. We found that
for several integer benchmarks such as gcc and xlisp, performance
suffered more with increased window size. The long window in-
terval did not provide the opportunity to switch issue width in a
timely fashion when the pipeline state changed due to branch mis-
predictions. This is critical since correct path instructions fetched
after a branch misprediction generally have high ILP, requiring the
full issuing capabilities of the machine. Since energy is a func-
tion of both power and performance, this negatively impacted our
main objective of energy reduction. On the other hand, with a
small window we were too sensitive to small program variations
in benchmarks such as gcc and applu and were not able to exploit
low power modes as well. Based on these findings we found a
window size of 256 cycles to be a good compromise.

Primary and secondary triggers We use performance trig-
gers to determine when to enter and exit the low-power modes.
The enabling and disabling conditions are a function of these trig-
gers and their associated thresholds. The primary trigger, and the
one that achieves most of our energy savings, is issue IPC (I;pc).
We use issue IPC instead of commit IPC because the pipeline mod-
ifications we focus on are in the issue logic, and commit IPC is not
necessarily indicative of the issue needs of the program. Wrong-
path and out-of-order execution, for example, can perturb the issue
state of the pipeline while the commit state shows no discernible
change.

We also use two secondary triggers, floating point issue IPC
(FPrpc) and mode history, to improve performance in some of
the benchmarks. In 6-wide mode, we reduce the floating point
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bandwidth from 4 to 2 instructions per cycle, resulting in an unbal-
anced machine. Programs such as tomcatv, however, require a bal-
anced machine and the full floating point bandwidth for much of
its execution. These programs show a relatively low I; pc when in
6-wide mode because their performance is limited by the floating
point bandwidth. Therefore, monitoring both Irpc and F Prpc
helps reduce the performance loss in these floating point programs.

The other secondary trigger, mode history, reduces spurious
transitions from one issue mode to another. If the program be-
havior varies from low ILP to high ILP frequently, we lose per-
formance because we spend a large portion of the program execu-
tion time in low-power mode waiting to transition to normal issue
mode. To alleviate this problem, we use a technique common to
branch prediction. We do not transition to 4-wide issue unless we
see two consecutive sampling windows that satisfy the other trig-
gering conditions. The mode history bit is incremented every time
we meet the necessary conditions, and reset to zero once these
conditions are no longer satisfied. We could have used a similar
mechanism for enabling 6-wide mode, but chose not to because
the performance penalty for spuriously entering 6-wide mode is
not as great as the performance penalty for entering 4-wide mode.

Enabling and disabling trigger thresholds Threshold val-
ues are constrained by the issue limits of the machine. For in-
stance, we should not enable 4-wide mode if I7p¢ is greater than
4 since we know we would never be able to maintain this per-
formance in this mode. On the other hand, determining when to
return to normal issue mode is not so straight forward. When in
4-wide or 6-wide issue, we can never accurately determine if we
should return to normal issue mode because we never exceed the
restricted issue width of our current low-power mode of operation.
Therefore, the thresholds chosen for disabling low-power mode
are a function of the maximum issue width possible in the current
mode. Noting these constraints, we chose the actual threshold val-
ues based on empirical data obtained from experiments with varied
thresholds.

The values shown in Table 1 produce the best power savings
with the least performance loss, on average, across all benchmarks.
The table describes the enabling and disabling conditions for the
selected mode as a function of primary and secondary triggers and
their chosen thresholds. For example, we enable 4-wide mode if
I;pcoisless than 3.0 and F Py pc is less than 1.4, and return to nor-
mal operation from 4-wide mode if I7pc exceeds 3.2 or FPrpc
exceeds 1.6. Note that Table 1 shows different enabling and dis-
abling threshold values for each trigger. We found that this added
flexibility allows us to better tune PLB for optimal performance
and power. A mechanism which dynamically sets threshold values
may lead to improved results; however, this is beyond the scope of
this work.

2.3. Monitoring PLB triggers

For PLB to be worthwhile, the performance monitoring scheme
required to dynamically enable/disable low-power mode must be
simple and energy efficient. The hardware for PLB consists of a
counter and two comparators for each IPC trigger monitored (is-
sue IPC, floating-point IPC), and a 2 bit counter for mode history.
We also need registers to hold information indicating current mode

Trigger | Threshold Values |

EC 4y (I]P(,' < 3.0) AND (FP]P(,' < 1.4)
AND (mode history of 2 Consecutive Windows)
DC 4y (I]P(,' > 3.2) OR (FP]P(,' > 1.6)
ECgy (I]P(,' < 4.5) AND (FP]P(,' < 1.4)
DCsw | (Itpc > 5.0) OR (FPrpc > 1.6)

Table 1. Enabling and disabling conditions for different
low-power modes. EC refers to enabling conditions, and
DC refers to disabling conditions.

of operation for the pipeline. At the beginning of each sampling
window, the issue width counters are reset. Each cycle we incre-
ment the counters by the number of instructions of the specified
type issued during that cycle. At the end of the sampling period
we compare each counter value to the preset enabling and dis-
abling threshold values. If the machine is currently operating in
normal, 8-wide mode, then we use the enabling comparators’ re-
sults to determine if we should enable 6-wide or 4-wide mode'.
Likewise, if we are already in one of the restricted issue modes
and the counter values are greater than one or more of the appro-
priate disabling threshold(s), we disable low-power mode. These
counters and comparators add a negligible amount of power to the
base processor.

2.4. Measuring the accuracy of PLB

To measure the validity of this assumption that past behavior
is a good indicator of future behavior, we borrowed a diagnostic
mechanism used to measure the usefulness of various confidence
estimation techniques for branch prediction [13].

Predicted
Mode
P, Py
Resulting Rr | LL | NL
Mode Ry | LN | NN

Table 2. Quadrant table for analyzing the accuracy of the
PLB prediction mechanism.

Table 2 shows the quadrant table similar to the one used in [13]
to describe the conditional probabilities which occur between the
estimated correctness of a branch prediction and the resolution of
that branch. In this table, Py and Pr refer to predicted normal
mode and predicted low-power mode while Ry and Ry refer to
resulting in normal mode and resulting in low-power mode, re-
spectively. Note that low-power mode refers to both 4-wide and
6-wide modes. For PLB, the quadrant table shows the intersec-
tion between the prediction of low-power mode or normal mode
of operation at the end of the previous sampling window, and the

"Note that the actual value of the enabling and disabling thresholds is not the
average instructions issued per cycle, but rather the total number of instructions that
would have to be issued within the sampling window in order to obtain the desired
IPC threshold. This scheme avoids having to divide the counter value by the window
size, and is similar to that proposed by Ghiasi [10].
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resulting resource usage in the current sampling window based on
this prediction. For example, if at the end of the previous sampling
window we predict 4-wide mode, then we switch to 4-wide mode
for the current sampling window. At the end of the current sam-
pling window, we measure the Irpc and F'Prpc. If these values
do not trigger the disabling of 4-wide mode for the next sampling
window, then our prediction was correct. That is, we predicted
low-power mode and the result was low-power mode based on the
selected enabling and disabling conditions. On the other hand, if
these values measured in the current window trigger a disabling
of 4-wide mode, then our prediction was incorrect; we predicted
low-power mode and the result was normal mode.

Ideally we want high values in quadrants LL and NN. A high
value in quadrant NN is good for performance, and a high value
in quadrant LL is good for power. Quadrant LN indicates situa-
tions which are bad for performance and quadrant NL is bad for
power. The best case scenario has LN = NL = 0. However, this
can never happen unless NN = 100, given the algorithm for deter-
mining when to switch issue modes. We always base our decision
on switching modes after we detect at least one window of cycles
where we should have been in a different mode. Therefore, if we
ever switch modes, we will always have entries in quadrant LN
and NL. Furthermore, the number of entries in quadrant LN and
NL will either be equal or will differ by one. Mode history was
introduced to address these frequent transitions from one mode to
another; by using mode history, we reduce the number of mode
transitions and hence the number of entries in quadrants LN and
NL.

Unlike branch prediction, there is no easy method for deter-
mining the correct resulting mode because the characteristics of
the resulting mode in PLB are a function of the prediction. If we
predict low-power mode for the current sampling window, then the
issue rate in the current window never exceeds the maximum pos-
sible (either 4-wide or 6-wide) for the predicted low-power mode.
One way to more accurately determine whether the prediction is
correct is to run the simulator twice over the same window, once
with the low-power mode set, and once with no issue width restric-
tions. If the two runs over the same window produce similar I7pc
and F P;pc results, then the prediction is correct. Otherwise, the
prediction is incorrect. Then the machine state is set to the state
of the execution with the restricted issue width, and the process is
repeated again for the next window. This procedure is time con-
suming and difficult to implement, and still produces subjective
results based on what we consider to be similar I7p¢c and F Prpc
results for the two executions over the same window.

We decided to use the enabling and disabling conditions to de-
termine the “correct” result for PLB and weigh these subjective
quadrant table values against the resulting power and performance
numbers for each program. The quadrant table is only a good in-
dicator of the accuracy of the prediction assuming we select ap-
propriate enabling and disabling conditions. The final arbiters of
the goodness of our methodology, metrics, and algorithm are the
performance and power numbers resulting from PLB.

3. Power Calculations

PLB saves energy by modifying the activity rate in two prima-
ry components: issue queue and execution logic. There may be

an activity reduction in other components of the processor, such as
the register file, but this only occurs if the total number of instruc-
tions issued is lower when using PLB. A reduction in instructions
issued occurs if PLB reduces the number of wrong-path instruc-
tions; however, since PLB does not directly address the topic of
wrong-path execution, reduction in wrong-path instructions can-
not be guaranteed for every program.

3.1. Execution unit design

Given that the total number of instructions executed does not
change with PLB, power in the execution units is reduced by gat-
ing the clock. In the Alpha 21264, clocks are a significant portion
of the power of the chip. The local clocks alone account for ap-
proximately 20% of the power of the integer execution units and
issue logic [18]. Therefore, clock gating the execution units mea-
surably reduces the overall energy consumption. The Alpha 21264
uses clock gating to reduce power dissipation in the floating point
(FP) units by only driving the clock for the functions required that
cycle [12]. This saves power in some parts of the floating point
datapath, but not the entire floating point execution unit. With
PLB we save additional power when in low-power mode because
we can safely disable portions of an entire functional unit cluster
which includes not just the datapath but all associated control logic
and clocks.

An argument can be made that every execution unit should be
gated on a cycle by cycle basis by default, instead of doing so
only when the machine enters a low-power mode. Since we know
at issue time whether an instruction will be sent to a particular
execution unit, we can gate or ungate the clocks to that execution
unit every cycle. There are, however, some implementation issues
with this technique.

First, the Alpha 21264 processor uses global and local clock
patches to distribute clocks with a minimal amount of skew [18].
In future processors, it may be necessary to use more than two
levels of hierarchy to distribute a clean clock signal. If the gran-
ularity of gating is one execution unit, then we can only gate the
clocks to the execution unit in question, and not the next higher
level of the clock patch. With PLB, we know in advance that we
are either gating half of the right cluster or the entire right cluster.
Hence we have the opportunity to gate more of the clock circuitry
for greater power savings. Second, the clock enable wires and log-
ic have a higher switching activity with cycle by cycle gating then
with the PLB technique where we only gate or ungate at the end
of every sampling window. Given that the clock patches we are
gating are large, the power dissipated for enabling and disabling
the clock patch is also large. Hence, gating on a coarser time scale
reduces the amount of dynamic power dissipated by the clock gat-
ing circuitry. For the reasons stated, we believe that PLB allows
for a more general clock gating scheme within this architectural
environment.

3.2. Issue queue design

Quantifying issue queue (IQ) energy savings is a more complex
problem because the power savings is a function of the IQ archi-
tecture. The complexity of designing and implementing any 1Q
is related to the problem of picking N data ready instructions out
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of M entries in the 1Q. Therefore, 1Q issue logic consists of two
primary components: the queue dependency logic (scoreboard),
holding relevant information such as the readiness of instruction
operands and the dependency between instructions, and the struc-
tures known as arbiters that pick which instruction to issue out of
the queue.

We modeled our processor’s 1Q hardware on the design of the
Alpha 21264 issue logic [6] [9]. The Alpha 21264 contains two
IQs, an integer queue of 20 entries and a floating point queue of
16 entries. The integer 1Q issues up to 4 data ready instructions
out of a queue of 20 instructions. In the nomenclature given above,
N =4 and M = 20. To simplify the integer IQ further, the 21264
splits it into two clusters, with each cluster picking and executing
up to 2 out of 20 instructions. A cluster contains 2 arbiters, one
copy of the integer register file, and 2 functional unit pipelines.
Instructions are assigned to a specific integer cluster based on their
position in the chunk of 4 instructions fetched into the integer 1Q,
and the type of instruction. At most, 2 arbiters within the same
cluster can service an instruction.

We use a 128 entry IQ in our simulations of a 8-way issue pro-
cessor. Unlike the 21264, our IQ is an integrated integer/floating
point queue. Therefore, we need to select 8 instructions out of 128
entries every cycle. Figure 4 shows a 128 entry IQ implementation
based on the 21264 design. We use this implementation to deter-
mine our power savings. To simplify the figure, we only show the
arbiters, the execution units and the instruction scoreboard. Sim-
ilar to the 21264, we slot instructions into left and right clusters,
but each cluster now issues 4 instructions instead of 2. We also
split the scoreboard into 4 sections of 32 instructions each. One
of the critical paths in queue design is scanning the available en-
tries in the queue to determine the readiness of an instruction. The
21264 split the 1Qs between floating point and integer to minimize
the number of instructions scanned every cycle. Therefore, it is
unlikely that we could design a queue which contains more than 4
times as many instructions as the 21264 integer 1Q, and still be able
to issue instructions in one cycle. By segmenting the scoreboard
into 4 sections of 32 instructions each, we reduce the problem of
picking 8 out of 128 to a more manageable problem of picking 8
out of 32.

Each 32 entry scoreboard section has 8 arbiters. Each arbiter
per section issues to a set of associated functional units. There
could be 4 instructions, one from each scoreboard section, com-
peting for the same functional unit. Hence, some further control
logic is required to arbitrate between instructions competing for
the same execution resources. Figure 4 also shows the wiring and
muxes necessary to decide which instruction wins the bid for the
functional unit. When there is contention between instructions in
different sections, the oldest instruction wins.

In the 6-wide low-power mode, we disable one half of the right
cluster of arbiters for all four sections of the queue. This lim-
its the number of instructions issued per cycle to 6, but the the
queue still picks from a total of 128 instructions. The pickers is-
suing to the floating point units are disabled, reducing the floating
point issue bandwidth from 4 to 2 but retaining a memory band-
width of 4 instructions per cycle. For the 4-wide low-power mode,
we disable the entire right cluster of arbiters. Figure 4 highlights
the disabled issue queue components. For both modes, instruc-
tions are reassigned to the non-disabled arbiters and clusters when

Disable in 6X128
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Figure 4. Issue queue hardware implementation.

entering low-power mode. Similarly, the machine begins assign-
ing instructions to the right cluster when it exits low-power mode.
Neither of these operations requires additional logic or time since
each instruction already has a set of 8 arbiter enable signals indi-
cating its arbiter assignment, and these signals can redirect arbiter
assignment as necessary.

3.3. Power savings with PLB

To estimate the total energy savings of our processor when op-
erating in low-power mode, we extrapolated from available 21264
power estimates [18] [3]. Wilcox showed that the §-way issue Al-
pha 21464 is expected to dissipate between 125-150 Watts, with
46% of the power dissipation resulting from issue logic, and 22%
from execution units [18]. Issue logic includes register files, regis-
ter mapping, and the IQ. Execution unit power includes both float-
ing point and integer functional units. Of the 46% associated with
issue logic power, we assume that half of that power results from
the IQ based on the relative power numbers shown for the 21264
processor. Therefore, the IQ and execution units account for 23%
and 22% of the total chip power, respectively.

Execution unit energy savings In the execution logic, we
save energy by disabling the clocks in unused portions. Wilcox
noted that clocks comprised approximately 40% of total chip pow-
er for both the Alpha 21164 and the Alpha 21264. Assuming that
this ratio is constant for all components of the chip, 40% of the
execution unit power results from the clocks as well. In 6-wide
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mode, we disable one quarter of the execution units, which is 10%
(1/4 x 40%) of total execution unit power. In 4-wide mode, we
disable one half of the execution units, resulting in a maximum
savings of 20% overall execution unit power. The actual power
savings is a function of how much time we spend in each mode.

In terms of total chip savings, the clock power numbers cal-
culated above are weighted by the contribution of the execution
unit power to the total chip power. The execution unit power ac-
counts for 22% of total chip power, so the full chip energy sav-
ings in the 6-wide and 4-wide mode is 22% x 10% = 2.2% and
22% x 20% = 4.4%, respectively.

Issue queue energy savings In the issue queue (IQ), we save
energy both by disabling portions of the clock and by disabling
some amount of the queue logic. When in low-power mode, we
pick either 6 out of 128 or 4 out of 128 instructions to issue per
cycle, depending on the low-power mode. When an arbiter cluster
is disabled, we reduce the activity on the arbiter enable signals,
the bid logic and signals, and the selection logic and signals. Each
cluster of arbiters accounts for approximately 35% of the IQ pow-
er [3]. The remaining 30% is distributed between the scoreboard,
instruction storage array and miscellaneous logic. This results in a
maximum savings of 17.5% of the IQ power in the 6-wide scheme,
where we disable one-half of one arbiter cluster, and a 35% IQ
power savings in the 4-wide scheme where we disable an entire
arbiter cluster. Again, the actual power reduction is a function of
the amount of time spent in each mode. For total chip savings, we
weighted the 1Q energy savings with the IQ contribution to total
chip power. Given that the IQ contribution is 23% of total chip
power, the total chip energy savings from 4-wide and 6-wide low-
power modes is 23% X 17.5% = 4.0%, and 23% x 35% = 8.0%,
respectively.

Summary of energy savings Depending on the IQ scheme
enabled, we can estimate the total chip energy saved while oper-
ating in low-power mode by simply adding together the appropri-
ate numbers calculated above. For instance, if we always use the
4X128 scheme, we reduce total chip energy by 4.4% + 8.0% =
12.4%. Likewise, the 6X128 scheme produces a savings of
2.2% + 4.0% = 6.2%. Table 3 summarizes the potential ener-
gy savings calculated above for each component and configura-
tion scheme. All values are rounded to the nearest whole number,
and they represent the maximum power savings possible for the
given configuration. The total power reduction for each program
is a function of the numbers given in Table 3 and the percent of
execution time the program spends in each low-power mode.

4. Experimental Results

We used the ASIM infrastructure with the processor described
in Section 2 and Spec95 benchmarks to analyze performance and
component activity with the PLB technique. Some of the Spec95
benchmarks are combined to produce 2-threaded runs. The 2-
threaded benchmarks are combinations of 2 integer benchmarks, 2
floating point benchmarks, and one floating point and one integer
benchmark. All results are reported relative to the base processor
described in Section 2. For single threaded runs, we skip from

| Configuration | Component | %Savings |
4-wide Execution Unit 20%
Issue Queue 35%
Total Chip 12%
6-wide Execution Units 10%
Issue Queue 17%
Total Chip 6%

Table 3. Summary of localized and full chip power savings
with low-power modes. Numbers shown are the maximum
realizable power savings for each mode.

250 million to 2 billion instructions, warm up the simulator for 1
million instructions, and simulate each benchmark anywhere from
100 to 200 million instructions. The multi-thread benchmarks are
simulated for 100 million instructions total for both threads, and
each program within the multi-threaded run skips the same num-
ber of instructions as it would have in a single threaded run. All
benchmarks are compiled with the official Compaq Alpha Spec95
flags.

4.1. Reduced issue width results

PLB saves energy by reducing processor resources when the
program does not require them. To determine the worst case per-
formance loss, we analyzed the performance of the machine when
it is always operating in 4-wide or 6-wide issue mode. Figure 5
shows the relative performance loss for a processor that always
issues a maximum of 4 or 6 instructions per cycle instead of a
maximum of 8 instructions®. Speedup numbers above 100% in-
dicate performance improvement relative to the base case, while
numbers below 100% indicate a performance loss. The rest of the
paper represents performance in the same manner.

Results show a relative performance loss ranging from less than
1% for 6-wide issue su2cor to nearly 30% for 4-wide issue swim.
The data indicate that the simulated machine is architecturally bal-
anced with reference to issue width; otherwise, reducing issue
width would not have resulted in such a dramatic performance
loss. In general, integer benchmarks suffer less performance loss
than floating point benchmarks. Integer benchmarks do not have
the ILP (either due to data dependencies or due to branch mispre-
diction) to take advantage of an 8-wide issue processor; a 6-wide
issue processor is adequate for capturing most of the performance
requirements. Also, many multi-threaded benchmarks, especial-
ly those that contain at least one integer benchmark, show mini-
mal loss with 6-wide issue. The 4-wide issue processor, however,
measurably degrades performance across all benchmarks, indicat-
ing that even programs with low IPC (such as compress) some-
times require a wider machine. Although a 4-wide issue processor

2The relative performance of multi-threaded benchmarks is measured
according to the methodology presented in [16]. The performance of each
program in the multi-threaded run is measured against the program’s s-
ingle threaded performance. The resulting speedups from each thread are
summed and the sums of the base case and the 4-wide or 6-wide executions
are compared for the final speedup numbers.

lEEE

COMPUTER

Proceedings of the 28th Annual International Symposium on Computer Architecture (ISCA’01) SOCIETY

1063-6897/01 $10.00 © 2001 IEEE



is detrimental to performance, PLB results presented later in this
section show that many programs can safely enter 4-wide issue
mode for a portion of the program’s execution without paying a
performance penalty.

O Always 4-wide B Always 6-wide
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Figure 5. Speedup for single and multi-threaded bench-
marks with reduced issue width of 6 and 4. Note that the
Y-axis begins at 70%.

In the next set of experiments we ran PLB with a single low-
power mode of either 4-wide or 6-wide instead of the multi-mode
formulation discussed in Section 2 in order to analyze the impact
PLB has on performance. The enabling and disabling conditions
for these experiments are based solely on Irpc. In PLB with 6-
wide issue, we either stay in normal mode or enter a low-power
mode and reduce the issue width to 6. Similarly, in 4-wide issue,
we reduce issue width to 4 when in low-power mode.

The data in Figure 6 shows that PLB with I;pc alone effec-
tively reduces issue width without jeopardizing performance for
the 4-wide configuration, but not for the 6-wide configuration. For
the sake of brevity, we only show a few single threaded, float-
ing point benchmarks. Given that always issuing 4-wide is worse
for performance than always issuing 6-wide, we expected PLB to
more effectively address the performance loss in 6-wide mode than
in 4-wide mode. However, as pointed out in earlier discussions,
the 6-wide mode results in an unbalanced machine by reducing
the floating point bandwidth. The data in Figure 6 shows that the
problem with PLB using 6-wide mode is not with the PLB tech-
nique, but with Irpc. The I7pc metric is more indicative of the
program’s resource needs for a balanced, 4-wide machine than for
the unbalanced, 6-wide machine.

Impact of Unbalanced Machine

M PB with 4-wide
O PB with 6-wide

O Always 4wide
0O Always 6wide

N )
& ®

Figure 6. Results for some floating point benchmarks with
4 or 6-wide issue with and without PLB. Note that the Y-
axis begins at 70%.

4.2. Impact of primary and secondary triggers

Figures 7 and 8 show the impact of primary and secondary
triggers on performance when using the multi-mode PLB tech-
nique. In multi-mode PLB, we enter either 6-wide issue or 4-wide
issue as described in Section 2. Note that the y-axis begins at 80%
speedup.

MT: Speedup With Primary and Secondary Triggers
@ I(IPC) mI(IPC)+FP(IPC) OI(IPC)+FP(IPC)+H

Figure 8. Performance impact of primary and secondary
triggers on multi-threaded benchmarks. Note the Y-axis be-
gins at 80%.

The difference between the first and second bars is the addi-
tion of the secondary trigger F'Prpc. Integer benchmarks are not
affected by F'P;pc because they have very few, if any, floating
point operations. However, floating point benchmarks benefit sig-
nificantly because of the unbalanced nature of the 6-wide issue
mode. Without this secondary trigger, benchmarks such as applu,
fprppp, mgrid, swim and tomcatv would stay in low-power mode er-
roneously because of a low I7pc resulting from the floating point
bandwidth reduction. The geometric mean of speedup for floating
point benchmarks improves from 91% to 99% with the addition of
the F'Prpc trigger.

The third bar shows the impact of mode history. Mode history
primarily helps the performance of integer benchmarks since they
are more susceptible to widely varying issue rates due to branch
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Figure 7. Performance impact of primary and secondary triggers on single threaded benchmarks. Note the Y-axis begins at 80%.

mispredictions. Branch mispredictions result in low I;pc for a
portion of the sampling window because of the time required to
flush wrong-path operations and fetch correct path instructions.
However, once correct path instructions begin moving through the
pipeline, they will require the full issue capabilities of the proces-
sor. Mode history reduces spurious transitions to 4-wide mode by
requiring at least two consecutive windows which satisty the other
4-wide enabling triggers.

Since the goal of PLB is power reduction and not performance
improvement, at best we retain the performance of the base case.
With the primary and secondary triggers, we reduce performance
loss to approximately 2% and 1%, on average, for integer and
floating point benchmarks, and less than 1% for multi-threaded
benchmarks. The only exception is hydro2d, which shows good is-
sue IPC variation and should be an ideal candidate for PLB. How-
ever, even with secondary triggers, performance loss is still at 4%.
Further analysis showed that the performance loss for hydro2d is
related to the clustering of long latency, non-pipelined operations
(floating point divides and square roots).

In the simulated architecture, a non-pipelined operation can
overlap execution with a pipelined operation and vice-versa, but
two non-pipelined operations cannot overlap with each other in the
same floating point functional unit. Hence, programs with clus-
tered, non-pipelined operations result in low Irpc and F'Prpc.
Because Irpc and or F'Prpc no longer indicate the true float-
ing point execution needs of the program, the processor enters and
stays in low-power mode erroneously, resulting in a performance
loss. Numerous benchmarks execute non-pipelined instructions.
For example, apsi has the same relative number of non-pipelined
instructions as hydro2d; however, these operations are spread over
many sampling windows in apsi, resulting in a low density of non-
pipelined instructions per sampling window, while hydro2d has
many non-pipelined instructions spread over fewer sampling win-
dows, resulting in a clustering of non-pipelined operations. Of the
benchmarks simulated, hydro2d is the only one which showed a
measurable performance loss due to this phenomenon. This prob-
lem may be alleviated by disabling low-power mode when the

number of non-pipelined operations exceeds a given threshold in
the current sampling window.

4.3. Accuracy of PLB

The quadrant table proposed in Section 2 analyzes the funda-
mental assumption that past behavior is indicative of future needs.
To determine if this assumption is valid and to see the benefits
of mode history, we plotted the quadrant table values for all sin-
gle threaded benchmarks in Figure 9. These results are for multi-
mode PLB with and without mode history but with all other trig-
gers (Irpc and F'Prpc). The first bar shows the results without
mode history, and the second bar shows results with mode histo-
ry. The values in each quadrant are normalized to the sum of all
quadrants for each benchmark. A high value in the LL quadrant
is best for power, and a high value in NN quadrant is best for per-
formance. Ideally, we want very few instances in the LN and NL
categories.
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Figure 9. Quadrant table values for single threaded bench-
marks. The first bar shows results without mode history,
and second bar shows results with mode history.
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The first observation from Figure 9 is that very little time is
spent in the LN and NL quadrants. These values are a function
of the number of times PLB switches from low-power to normal
mode and vice-versa. This observation, combined with the per-
formance and power data for PLB, shows that PLB works well
and that past behavior is a good indicator of future program needs.
The second observation is that mode history helps reduce the num-
ber of spurious transitions between low-power and normal mode.
This is reflected in the smaller contributions quadrants LN and NL
make in programs such as compress, gcc, go, perl, and fpppp.

4.4. Component level power reduction

The data in Figures 7 and 8 shows that It pc combined with
the two secondary triggers F'Prpc and mode history produces the
best performance with PLB. Therefore, we use this configuration
to determine per component and full chip power and energy re-
duction. Figure 10 shows the power reduction in the 1Q and ex-
ecution logic. The first and second bar in each cluster show the
power saved in the execution logic and IQ, respectively. The bot-
tom portion of each bar is the power saved when in 4-wide mode
and the top portion is the power saved when in 6-wide mode. The
numbers show an 1Q power savings between 10% and 23%, and
execution unit power savings between 5% and 12% for a number
of benchmarks. We save more power in the 1Q than in the execu-
tion logic because only clock power is impacted in the execution
logic while the IQ saves power in the clocks and the instruction
selection mechanism.

Integer benchmarks produce the best results for power savings.
We found that there is no strict correlation between commit IPC
and the percent of time each benchmark spends in 4-wide or 6-
wide mode. For example, compress has a very low commit IPC,
but is hardly ever in 4-wide mode. Although it has poor commit
IPC, its issue IPC (I7pc) is generally above the 4-wide I;pc en-
abling threshold value of 3.0. Hence compress spends nearly all its
execution time in 6-wide mode without any performance loss, but
rarely enters 4-wide mode. On the other hand, the expectation for
gece and go based on their commit IPC would be that they spend
most of their time in 6-wide mode. However, results show that
their power savings are garnered equally from 4-wide and 6-wide
modes. Analysis of the time varying behavior of gcc and go shows
a large I; pc variation which puts both programs well below the
4-wide I pc threshold for a portion of the execution time. Other
examples are m88ksim and vortex. The m88ksim benchmark has
a higher commit IPC than vortex, yet spends some portion of its
execution time in 4-wide mode while vorfex hardly ever enters 4-
wide mode. Again, this is because of the I7pc variations seen in
m88ksim which bring the I pc below the 4-wide I; pc threshold.

PLB also works well for floating point programs, such as apsi
and applu. As with some integer programs, these benchmarks
have widely varying Irpc behavior that makes them ideal can-
didates for PLB. The su2cor benchmark produces the best power
savings of all floating point benchmarks by executing in 6-wide
mode for nearly the entire program execution. Although su2cor
has many floating point operations, the unbalanced 6-wide con-
figuration does not affect this benchmark. The data in Figure 5a
clearly shows that su2cor retains its performance even when run-
ning on a 6-wide machine all the time. This does not imply that
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we should build a 6-wide machine since other benchmarks suffer
significant performance losses with this configuration. However,
it does imply that PLB is capable of detecting the resource require-
ments of su2cor by executing it always in the 6-wide, low-power
mode.

PLB also reduces power in many multi-threaded benchmarks.
This is unexpected for a couple of reasons. First, multi-threaded
execution produces higher overall issue IPC; hence, PLB has less
opportunity to reduce the issue resources of the processor. Sec-
ond, Seng showed that multi-threaded benchmarks are inherently
more energy efficient because they do not allow one program to
dominate processor resources [15]. Figure 10 shows that there is
still room for power reduction in multi-threaded programs which
contain at least on integer benchmark such as gcc-gcce, gec-go, go-
su2cor, and perl-turb3d. The power savings most likely results
from situations when one or more benchmarks has branch mispre-
dicted, and the IQ is relatively empty of instructions for a period
of time.

Finally, Figure 10 clearly shows why we chose to use a multi-
mode PLB technique that has two low-power modes (6-wide and
4-wide) instead of only one. Although 4-wide mode produces
the best power savings, many benchmarks cannot enter this mode
without paying a performance penalty. However, with the in-
troduction of the 6-wide low-power mode, we generate substan-
tial power savings that would have otherwise not been achievable
in programs such as compress, perl, su2cor, gcc-go, and vortex-
hydro2d.

4.5. Full chip power and energy reduction

Just as performance characteristics such as branch mispredic-
tion rate or cache miss rate must be looked at in the context of their
impact on overall performance, so should localized power results
be placed in the context of full chip power. The approximate upper
bound for power savings with PLB is shown in Table 3. The best
case scenario is to execute in 4-wide mode all the time, resulting
in a full chip power savings of 12%.

Full chip power and energy calculations for PLB are presented
in Figure 11. The power numbers are based on the local compo-
nent savings and the impact each component has on the overall
chip power. Overall chip energy is a function of the power dissi-
pated in the execution of the program and the time required to ex-
ecute the program. Therefore, the energy numbers are computed
using the overall chip power savings and the increase in execution
time due to the small performance degradation shown in Figures 7
and 8.

Unlike the substantial per component power savings seen in
Figure 10, the overall chip power savings is at best 8% for go.
However, when this value is placed in the context of a best case
power savings of 12%, we achieve 66% of the maximum possible
power reduction . Similarly, we achieve half or more of the max-
imum power savings for a number of benchmarks such as com-
press, gcc, xlisp, su2cor, and gcc-go. The energy numbers reflect
the small performance loss resulting from PLB. All programs show
smaller energy savings than power savings, but PLB still achieves
a 5% full chip energy savings in a number of benchmarks. Two
benchmarks, fpppp and hydro2d, show a small energy loss of 1%.
Neither of these benchmarks reduced power dissipation enough to
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Figure 10. Per component power savings. First bar shows the execution logic power savings, and the second bar shows the IQ
power savings. The bottom portion of both bars is the power savings from entering 4-wide mode, and the top portion is the power

savings from entering 6-wide mode.

compensate for their performance loss.
4.6. Summary of power and energy savings

We chose to address power dissipation in two of the largest en-
ergy consumers in the processor according to the data presented
in [18], and we achieved significant power savings in these com-
ponents. Yet when these numbers are placed in the context of full
chip power and energy, the overall savings is not as dramatic. Fur-
thermore, as shown by the energy data, we cannot improve the
power numbers by sacrificing performance because full chip ener-
gy is a function of both metrics. What the results show is that PLB
as implemented here is one of many power saving techniques that
need to be a part of processor design if we are to have a reasonable
impact on overall processor power. In summary, it is best to take
a holistic approach that combines PLB with other techniques such
as those presented in [14] and [2] to produce significant full chip
energy savings by attacking all components of the processor.

5. Conclusion

This paper introduced the PLB technique to reduce per
component and full chip power without negatively impacting per-
formance. PLB takes advantage of the inherent IPC variations
within a program to adjust the pipeline issue rate to the dynam-
ic needs of each program. Using the power data from the Alpha
21264 processor, we extrapolated a reasonable model for deter-
mining the per component and overall power and energy savings
with PLB. Using the power model and a cycle level simulator of

a 8-way issue, out-of-order, multi-threaded processor, we showed
that we can achieve up to 66% of the maximum power savings
possible with the PLB technique.

This paper covers a limited number of uses and implementa-
tions of PLB. One possible expansion of this work is to explore
the impact on power savings and performance when using dy-
namically adjustable trigger thresholds and sampling window size.
Another variable to consider is IQ size. Initial experiments show
that using PLB for reducing the IQ size along with the issue width
results in additional power savings. Furthermore, the PLB tech-
nique is orthogonal to other power savings techniques such as that
presented in [14]. Hence combining these techniques will likely
produce better overall results. Finally, PLB can also be used for
peak power management. By reducing the issue width when the
processor gets too hot, we can trade some processor performance
for reliable system behavior.
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