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INTRODUCING THE ADAPTIVE
ENERGY MANAGEMENT FEATURES

OF THE POWER7 CHIP
..........................................................................................................................................................................................................................

POWER7 IMPLEMENTS SEVERAL NEW ADAPTIVE POWER MANAGEMENT TECHNIQUES

WHICH, IN CONCERT WITH THE ENERGYSCALE FIRMWARE, LET IT PROACTIVELY EXPLOIT

VARIATIONS IN WORKLOAD, ENVIRONMENTAL CONDITIONS, AND OVERALL SYSTEM USE

TO MEET CUSTOMER-DIRECTED POWER AND PERFORMANCE GOALS. THESE INNOVATIVE

FEATURES INCLUDE PER-CORE FREQUENCY SCALING WITH AVAILABLE AUTONOMIC

FREQUENCY CONTROL, PER-CHIP AUTOMATED VOLTAGE SLEWING, POWER CONSUMPTION

ESTIMATION, AND HARDWARE INSTRUMENTATION ASSIST.

......Managing the power and perfor-
mance trade-off of a running computer sys-
tem is complex. Power7 has many low-level
knobs for power management, but these
also affect performance, depending on the
type and combination of workloads being
processed at a given time. Because there’s
no ‘‘one size fits all’’ policy, IBM’s Energy-
Scale approach1 employs an adaptive solu-
tion that encompasses hardware, firmware,
and systems software.2 A dedicated off-chip
microcontroller, coupled with policy guid-
ance from the customer and feedback from
the Power Hypervisor and operating systems,
determines operation modes and the best
power and performance trade-off to imple-
ment during runtime to meet customer
goals. Power7, like its predecessor Power6,
provides the more traditional dynamic en-
ergy savings techniques such as clock-gating
circuits when they’re not needed, runtime
scaling of frequency and voltage to adjust

to varying use, and sensors to measure the
environment and workloads under which
the chip is operating.3 This article describes
several adaptive energy management features
added to Power7 to augment these capabil-
ities, presents empirically measured results
of using these features, and discusses auto-
nomic frequency-control capabilities that
will provide further improved energy effi-
ciency in the future.

Functional overview
The Power7 chip features eight processor

core chiplets, each consisting of the processor
core with its associated Level 2 (L2) and
Level 3 (L3) caches, which are all fed by a
common external power source that is con-
trolled separately from the power source
feeding the rest of the chip. For modularity
and design reuse, each core chiplet runs asyn-
chronously to the symmetric multiprocessor
(SMP) interconnect fabric. For optimal
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power, thermal, and yield concerns, we
power the static RAM (SRAM) and
embedded DRAM (eDRAM) array circuits
with a separate, slightly higher voltage
(Varray) than the voltage (Vlogic) used by
the rest of the logic circuits in the core chip-
let. This means the system must manage two
voltages independently of the voltage sup-
plied to the rest of the chip. At the system
level, a dedicated external EnergyScale
microcontroller communicates with the
Power7 chip through a dedicated link that
allows direct access to power management
controls and sensors.

The dedicated EnergyScale microcontrol-
ler’s firmware works with the system’s other
firmware elements to provide a total system
energy management solution. It receives
policy and management direction from the
customer via the IBM Systems Director in-
terface, while sensing and controlling the
Power7 system’s elements directly during

runtime and reacting to changes in environ-
mental conditions such as temperature and
workload. Figure 1 shows a physical and
logical view of the energy management
structure.

Operating system software and hypervisor
firmware together dynamically manage the
workload running on the machine. The
physical hardware is affected by the operating
environment in which it is running in addi-
tion to the workload executing on it. Logi-
cally, the EnergyScale firmware runs a
control loop with three steps:

1. Sense the state of the hardware, in-
cluding workload and environmental
conditions.

2. Decide which trade-offs to make on the
basis of policy direction from the
customer.

3. Control the hardware’s behavior to di-
rect these changes.
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The hardware’s response to the controls (la-
beled Actuate in Figure 1), along with any
variations in workload and environment,
changes the state of the system that can be
sensed yet again.

Figure 2 illustrates the empirical results of
a system under different EnergyScale poli-
cies. In this example, an IBM Power 750
Express Server is running representative cus-
tomer code, which is a highly utilized scien-
tific application with a varying workload
profile.

Under nominal operation, the frequency
and voltage remain constant so that power
varies only on the basis of the workload.
Under a maximum performance policy, the
processor’s average frequency—and therefore
performance—is increased at the expense of
higher system power (also called turbo
mode). When the customer selects the
Dynamic Power Save policy, the system’s fre-
quency and voltage—and therefore power—
follow the workload’s exact needs, resulting
in increased energy efficiency (performance
per watt consumed).

Instrumentation
Power7 provides several on-chip instru-

mentation enhancements to reduce the
bandwidth and compute power required by
the external EnergyScale microcontroller,

allowing it faster response times and there-
fore more efficient energy management.

Temperature calculation
Each Power7 chip contains 44 digital

thermal sensors (DTSs)—five per each pro-
cessor core chiplet, and four in the SMP
link and memory controller regions. They’re
located near predicted hot spots on the chip,
as Figure 3 shows.

In the DTS design, a temperature-sensing
circuit uses a band gap diode voltage compa-
rator similar to previous designs.4-6 What’s
new in Power7 is that the voltage reading
is converted by the chip’s logic to a temper-
ature value in degrees Celsius via a polyno-
mial curve fit (px2 þ mx þ b, where x is
the output of the comparator after analog-
to-digital conversion). The coefficients are
derived during manufacturing tests and cali-
brated per DTS using a traditional off-chip
thermal diode as a reference, centered on
the chip’s expected operating temperature
range from 65 degrees Celsius to 80 degrees
Celsius. The firmware can then use the tem-
perature values from the hardware directly
without expending valuable real-time com-
puting resources. The firmware uses the tem-
perature measurements to guide EnergyScale
decisions, tune the power proxy, and prevent
the chip from possible overheating during
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Figure 2. Empirical data illustrating the effect of EnergyScale policies on an IBM Power 750 Express Server. The frequency

and voltage remain constant under nominal operation, are increased when maximum performance is required, and vary
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the dynamic (that is, turbo) modes of
operation.

Critical path monitors
A critical path monitor circuit (CPM) is

co-located with each DTS to provide real-
time feedback on the chip’s current timing
margins. The CPM is a critical path synthesis
circuit based on a design first included exper-
imentally in the Power6 processor.7 Figure 4
shows a high-level block diagram of the
circuit.

The CPM uses four delay paths with dif-
ferent mixes of field-effect transistor (FET)
and wire delay to approximate the different
critical paths that will dominate in the
microprocessor over its operating range. At
clock cycle n, a pulse is launched down the
delay paths and then captured in a 12-bit
edge detector on the following clock cycle,
n þ 1. The penetration of the edge into
the 12 bits indicates the circuit’s timing mar-
gin at the given operating point. The pulse’s
delay through the synthesis paths is a func-
tion of a number of varying processes (such
as voltage, temperature, workload, and age)
that affect the operation of the circuit. In
other words, the CPM provides a direct
measurement of the chip’s operating envi-
ronment on a given clock cycle and how
variation in that environment is affecting
the current timing margin of that region of
the chip.

Sensor consolidation
EnergyScale firmware accesses sensor in-

formation and sets controls on the processor
via an on-chip serial communication infra-
structure that provides 64-bit registers in a
memory-mapped, 32-bit address space. An
industry-standard Inter-Integrated Circuit
(I2C) interface provides connectivity from
the EnergyScale microcontroller to this com-
munication infrastructure on each Power7
chip. To reduce the number of transactions
required to obtain power-management-
related data, we packed multiple sensors
into single read operations. In addition, by
implementing a multicast read function, we
further compact data from multiple chiplets
into a single read operation, and certain con-
trols can be written to multiple chiplets in a
single write command.

Given the limited bandwidth of the I2C
bus and the growth in sensor traffic from
the Power6 generation—both in the type
and number of items tracked—we also
needed an efficient access method for the
data. Power7 implements an automated on-
chip communications assist mechanism in
the form of a transaction table that periodi-
cally collects performance and thermal sen-
sors from around the chip. Once the latest
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set of sensor data is consolidated in a central
location, the EnergyScale microcontroller
can stream it out as a single I2C transaction,
eliminating almost all of the I2C protocol
overhead that individual I2C transactions
would entail. The on-chip communications
assist macro built into each Power7 chip
allows for highly synchronized access to all
the core chiplets such that the processor uti-
lization measurements are done with preci-
sion, with at most 0.1 percent error.

Per-core asynchronous frequency
scaling capability

Because previous Power systems’ cores ran
synchronously to the SMP interconnect,
EnergyScale firmware had to change the ref-
erence clock’s frequency for the entire system
in order to change the processor cores’ fre-
quency. This system-level process was rela-
tively slow and affected every core and
cache in the system, making it suboptimal
for adaptive power management algorithms.
In addition, this method often constrained
the EnergyScale firmware because the
attached support chips (such as I/O control-
lers) also ran synchronously to this SMP
interconnect but could only operate within
certain frequency ranges, that differed
according to the type and version of support
chips present in the given system. In addi-
tion, multiple processor cores on a chip tra-
ditionally run off a shared analog phase-
locked loop (APLL), a design that’s not ame-
nable to frequency scaling. To work around
this problem, some systems have incorpo-
rated dynamically selectable, fractional-
frequency operation (such as a programma-
ble M out of N cycles) to downstream cir-
cuits either internal or external to the
APLL.8 With the scale-up to eight cores on
a chip, running all cores at the same fre-
quency or even from a subset of independ-
ently configurable fractional frequencies off
the same reference would make the Energy-
Scale firmware less able to match power effi-
ciency to the demand (utilization and
workload type) running on each core.
Power7 leverages the asynchronous core
chiplet design by supporting a 50 percent
to 110 percent change from nominal fre-
quency, while minimizing latency by using a
synchronous-write, asynchronous-read array

queuing structure across the chiplet interface.
To provide this flexibility, we designed
employed a new circuit to let EnergyScale con-
trol frequency independently and dynamically
during runtime on a per-core chiplet basis.

This new circuit in Power7, a per-core
chiplet variable frequency generator, is built
around a fractional-N digital phase-locked
loop (DPLL).9 The DPLL contains a digi-
tally controlled oscillator (DCO), where the
output frequency is selected as a multiplier
off a reference clock base. An internal
DPLL filter ensures that no overshoot or un-
dershoot in cycle time is present in the tran-
sient during requested frequency changes.
The combination of the controlled-
frequency change rate and the absence of
short cycles allows Power7 to use this
DPLL-based variable frequency generator to
dynamically adjust the core chiplet’s fre-
quency while the core is fully operational,
executing code. The DPLL can change fre-
quency in excess of 50 Mhz per microsecond
(ms) across the full range of supported fre-
quencies. Consequently, the Power7 sees
dramatic improvement in both slew rate
and frequency range over the Power6, in ad-
dition to providing the capability on a per-
core basis.

Figure 5 shows two scenarios where the
per-core frequency scaling capability with
DPLL provides increased energy efficiency.
Scenario1 is when a single core is busy at
100-percent load while the other seven
are also running, but with their workloads’
demands met by running at the minimum
allowed frequency. Scenario2 is when a sin-
gle core is busy in a chip and seven others
are napping. While both scenarios show
energy reductions with the per-core
scaling, the higher benefits for Scenario 1
show the DPLL’s unique value for
energy-efficiency improvements when all
cores are active.

Processor idle states
In the Power architecture, the hypervisor

controls the entry to and exit from processor
idle states through state-specific privileged
instructions. Operating systems guide the
hypervisor on which idle state to use based
on expected idleness for the processor thread
(and ultimately the core) through specific
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hypervisor calls. The Power7 processor sup-
ports two distinct idle states: Nap and Sleep.

The Nap idle state quiesces instruction
fetch and execution and turns off all clocks
to the execution engines in the core. This
addresses power in latches not already turned
off naturally by local clock gating when the
execution pipelines go idle. Nap on Power7
keeps the caches (L1, L2, and L3) coherent
and doesn’t purge them.

Sleep is a more aggressive idle mode than
Nap, in that it clocks off the entire core chip-
let including the caches and even its own
clock source (the DPLL). Coherency is
maintained by purging L1, L2, and L3
caches to memory and invalidating all trans-
lation lookaside buffers before entering this
state. Upon waking from Sleep, the hardware
logic restarts the DPLL, powers up the L3
cache’s eDRAM, and sequences the core
chiplet back to functional operation.
Power7 allows additional power reduction
for Nap and Sleep by supporting automated
coupling of the on-chip frequency and
voltage-slewing capabilities with the pro-
cessor idle states. For Nap, hardware logic
selectively supports scaling down frequency
to a preprogrammed lower value on Nap
entry and ramping up to the operational fre-
quency value on Nap exit. Since this lowers
power for still-clocked components on the
chiplet, such as the caches, it can potentially
also lower the performance of data accesses
into these caches from other still active
cores. When all the cores on a package the
chip are in Sleep, the hardware logic can be
configured to automatically lower the exter-
nal voltage to retention voltage, a low-voltage,
reduced leakage level at which latches and
arrays can continue to retain data.

Figure 6 shows some typical latencies
associated with exiting the processor low-
power modes and range of measured chip-
level power reduction relative to idling at
the nominal operating point with the operat-
ing system polling for work. Nap latency
is typically around 2 ms; Sleep latency as
observed by an application is typically less
than 1 ms, where its minimum duration is
dominated by the eDRAM re-enablement
process upon exit and its maximum duration
is dominated by the L3 cache purge on entry.
When voltage for the chiplets is dropped to
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retention level, typical resumption latency
increases to 2 ms due to the voltage slew
back to the desired operating point.

Automated voltage-slewing controls
To support reducing the voltage to reten-

tion for an all-core Sleep state in the required
sub-10-ms timescale, Power7 includes inte-
grated voltage control for both the array volt-
age (Varray) and logic voltage (Vlogic)
feeding the core chiplets. The on-chip con-
troller automatically selects between the idle
and operational target voltage. By communi-
cating to the Power7 chip, the EnergyScale
microcontroller can request the on-chip con-
troller to adjust the operational voltage in re-
sponse to changes in environment, workload,
and customer policy.

Industry-standard voltage regulator mod-
ules (VRMs) can safely process only small,
instantaneous voltage change requests.
Power6 EnergyScale firmware spent hun-
dreds of milliseconds sequencing large volt-
age change requests via multiple steps to
elicit a smooth, stable VRM response and
avoid voltage transients during the transition.
Power7 chip hardware automates this func-
tion by providing a voltage sequencing en-
gine, freeing up compute power on the
microcontroller for more advanced power
management algorithms. A change in the tar-
get voltage triggers the automated sequencer
to step toward the new voltage level at a pro-
grammable rate, while maintaining the
desired relationship between the Varray and
Vlogic voltages.

Power7 low-end and mid-range systems
contain VRMs external to the chip directly
sourcing the two voltage rails to the core
chiplets. They’re controlled by an industry-
standard 8-bit parallel interface (PVID),
which expresses voltage in 6.25-mV (milli-
volt) increments. This technique is fast be-
cause it’s limited only by the response time
of the VRMs, which sample the PVID
input in the megahertz range. High-end sys-
tems requiring greater power delivery and re-
liability use redundant power supplies with
embedded controllers that support more so-
phisticated techniques such as current shar-
ing and failover. In such systems, the sheer
number of processors and resulting scarcity
of available connector and board wiring

make PVID interfaces impractical at the sys-
tem level. Therefore, Power7 chips provide a
serial control interface over I2C to communi-
cate to the power supplies’ embedded con-
trollers, which then perform the stepping
across the full operational voltage range in
a few milliseconds.

Power proxy
Effective power management in a micro-

processor requires a runtime measurement
of power. However, the measurement of
real, calibrated power consumption in hard-
ware is difficult. For example, physically
measuring power might require periodically
stalling the processor for proper calibration.
Isolating power consumption on a per-core
chiplet basis is simply not possible when
multiple chiplets share the same power
grid. Additionally, reliable internal power
measurement circuits weren’t available for
the Power7 chip. In the absence of actual
measurement, we developed a technique to
provide an estimate, or proxy, for the
amount of power each core chiplet was
consuming.

Researchers have examined using exist-
ing hardware performance counter data,
collected by software, to estimate core or
chip power consumption.10 However, pre-
vious research hasn’t addressed choosing
the right (and minimal) set of activity mon-
itors and corresponding weights to estimate
power at high accuracy. AMD has referred
to an on-chip power monitoring and con-
trol facility,11 and Intel has also reported
a mechanism to choose the chip’s global
settings (such as voltage or frequency) by
monitoring activity levels across various
regions within the chip.12 However, a com-
parison with our technique is not possible
because these other designers haven’t
reported specific implementation concepts
and detailed measurement-based perfor-
mance (that is, accuracy analysis) data for
their designs.

Power7 implements a hardware mecha-
nism in the form of a power proxy by
using a specially architected, programmably
weighted counter-based architecture that
monitors activities and forms an aggregate
value. Activities are carefully selected with
an understanding of the processor’s
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microarchitecture, such that they correlate
maximally with active power consumption.
Figure 7 shows a diagram of power proxy
activity event collection in the Power7 pro-
cessor core chiplet.

The activity events (Ai) in the processor
core, L2 cache, and L3 cache are each multi-
plied by a programmable weight factor (Wi)
and then added together, with a constant off-
set for empirical curve fit, into a single value
representing average active power over a sam-
pling interval, where Pact¼

P
(Wi� Ai)þ C.

The estimation occurs across a programma-
ble timescale interval as small as a few
microseconds. The event power Pact then
adjusts for active power not associated with
the available activity events (such as clock
grid power and other frequency-dependent
events) by multiplying the average measured
frequency (Favg) over the interval by a final
constant to generate a chiplet power proxy
value, where Pproxy ¼ Pact þ (K � Favg). By
selectively weighting the different events
and constants relative to each other on the
basis of empirical post-silicon correlation
work, we can estimate the amount of active
power the chiplet consumes within an accu-
racy of a few percent. Power management
firmware then adjusts the hardware activity-
based power proxy for the effects of leakage,
temperature, and voltage to estimate the
chiplet’s total power.

To perform a measurement-based weight
calibration, we collect sample points for a se-
ries of targeted benchmarks such that all the
power proxy events are represented. Each
sample point contains a power measurement
(for the core and L2 and L3 caches) and a
count for each activity event. For the work-
loads’ duration, sample points are taken peri-
odically at granular intervals, such as 1 ms.
Once we gather and post-process the data,
we run genetic algorithms to determine the
power proxy settings to provide an optimal
curve fit.

Empirical data in Figure 8 shows the
results of the power proxy run against a
range of sample workloads and microbe-
nchmarks collected using real hardware.
The y-axis shows power data normalized to
the workload representing peak power, and
the x-axis contains a set of disjoint samples
from many independently run benchmarks.

Empirical results demonstrate that the
power proxy estimates are close to actual
power consumption in most cases. In our ini-
tial attempts to calibrate against hardware,
91 percent of samples fell within plus or
minus 10 percent relative error, and 73 per-
cent of samples fell within plus or minus
5 percent error.
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Power efficiency algorithms and results
As with Power6, the Power7 EnergyScale

microcontroller monitors several on-chip
counters to measure system use and varies
both the chip’s frequency and voltage.
Power7 servers add dynamic fan manage-
ment, which reduces the fan’s power con-
sumption by regulating fan speeds to

maintain a safe thermal setpoint as measured
by the DTS located in the core chiplets and
by other system components such as
memory.

Power7’s power management features sig-
nificantly improve server energy efficiency, as
shown by running the industry standard
SPECpower_ssj2008 benchmark13 on an
IBM Power 750 Express server14 with four
Power7 processors with a nominal ship fre-
quency of 3.55 GHz and 64 Gbytes of
memory.

The SPECpower_ssj2008 benchmark is
representative of server-side Java business
applications. It measures system energy ef-
ficiency while injecting transactions into
the server at load levels from 10 percent
to 100 percent of calibrated maximum
throughput. The final benchmark score
is the ratio of the sum of system through-
put to the sum of system power consump-
tion, each sum being across all load levels.
Figure 9 shows the normalized benchmark
scores across three EnergyScale policies.
The ‘‘no power management’’ case repre-
sents how the server would run without
any EnergyScale power management firm-
ware, at a static nominal operation
and with dynamic fan control turned off.
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The system AC power consumption
for each benchmark load level is shown in
Figure 10 and is normalized to the maxi-
mum power measured across all experiments.

The first dramatic improvements are
found in the Static Power Save (SPS) Energy-
Scale policy. SPS uses a fixed processor fre-
quency which is lower than nominal and
incorporates dynamic fan management.
This approach minimizes the power con-
sumed by the processors and fans and leads
to a significant jump of 24 percent in the
score over the nominal system with no dy-
namic fan management. The score improve-
ment comes from running the processors at
70 percent of nominal frequency, but realiz-
ing a system power consumption that is
roughly 60 percent of the nominal system
across all load levels (see Figure 10).

Using the Dynamic Power Save (DPS)
EnergyScale policy boosts the score to 49 per-
cent over no power management, doubling
the improvement SPS made. DPS continues
to use dynamic fan management but lets the
processor frequency vary from 50 percent to
109 percent of nominal use in response to
processor use. The effect of changing voltage
and frequency under DPS mode is visible at
loads greater than 50 percent (had maximum
performance ‘‘turbo mode’’ been disabled,
the DPS and ‘‘no power management’’
point at 100-percent load would coincide).
The DPLL provides a minimum frequency
stepsize of 28 MHz (one-eighth of the
224-MHz reference clock input), and
decisions are made approximately every
100 ms, which enables a fine degree of con-
trol. This lets us minimize the global fre-
quency selection to match the needs of the
SPECpower_ssj2008 load level, which fur-
ther results in the minimum possible chip
voltage to complete the required work.

DPS runs at 109 percent of nominal fre-
quency under heavy workloads, which allows
the benchmark throughput overall to be
increased by about 7 percent over nominal
frequency owing to a higher work injection
rate being selected during the benchmark’s
calibration phase. The throughput for DPS
was 41 to 45 percent higher across all load
levels when compared to SPS. At the 50 per-
cent load level and below, the system power
consumption is nearly identical for DPS and

SPS, even though DPS yields a higher
throughput. Although DPS consumes more
power than SPS above the 50 percent load
level owing to higher frequency selection,
this is more than offset by the higher work
injection rate across all load levels, and lets
DPS achieve better throughput-per-watt
efficiency.

Autonomous frequency control
The per-core asynchronous frequency

scaling capability also lets Power7 implement
several new autonomous frequency control
mechanisms beyond what was included in
the results we described earlier. Autonomous
frequency controls move processor core chip-
let frequencies within a defined range in re-
sponse to operating conditions, exploiting
the fine-grained, low-latency frequency con-
trol provided by the per-core DPLLs. The
upper end of the frequency range is typically
the nominal operating frequency for the cur-
rent voltage, and the lower end of the range
varies depending on the power management
policy and system-level timing constraints.
Given the common voltage planes shared
by all cores in a Power7 chip, per-core auton-
omous frequency scaling can be effective
for managing power in a virtualized
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environment where interpartition constraints
could preclude lowering common voltages.

Low-activity detection
The Power7 low-activity detection

(LAD) mechanism autonomously manages
core chiplet frequencies in response to
workload changes observed on intervals as
short as a few microseconds. LAD is trig-
gered by changes in per-core utilization
or performance, typically derived from
instructions-per-cycle (IPC) measurements
when the processor is executing a workload.
LAD hardware lowers core chiplet frequen-
cies as long as the triggering metric is below
a programmable threshold. For example, if
this mechanism observes an average IPC of
less than 0.25 over an interval of 32 ms the
EnergyScale firmware may program this
mechanism to drop core frequency to
50 percent of nominal. The LAD mecha-
nism permits rapid frequency scaling to ex-
ploit low activity periods that are too short
for firmware or system software to detect.
Prior proposals in this context have been
primarily software driven and consequently
unlikely to take advantage of low activity at
very fine timescales.15-17

An example of LAD’s potential arises in
scalable server systems using message passing
or user-level remote direct memory access
protocols that employ busy-wait polling
strategies for service requests. This leads to
cases where a system that’s 100 percent
busy by traditional metrics might actually
be 100 percent idle in terms of the useful
work being accomplished, defeating tradi-
tional use-based dynamic voltage and
frequency scaling (DVFS) energy-savings
algorithms. Polling servers that know they’re
idle can immediately reduce their energy
consumption by executing strategies to pur-
posefully reduce instruction throughput
while still maintaining an acceptable polling
rate. The LAD mechanism will then auto-
matically trigger frequency scaling in re-
sponse to the reduced throughput, further
reducing energy consumption. Finally, soft-
ware control loops executing on the Energy-
Scale microcontroller can also lower the
maximum frequency and associated voltages
suitably after having observed that the LAD
logic has reduced the effective average fre-
quency. This ‘‘green polling’’ methodology
allows for significant energy reductions in
lightly used servers with only small increases
in transaction latencies.

Figure 11 illustrates the energy savings
possible with LAD and a Green Polling tech-
nique for a Power7 system. Application-
directed reduced instruction throughput
coupled with LAD can provide up to a
20-percent reduction in system power as
workload usage drops. Aggressive DVFS pol-
icies can produce an additional 30-percent
reduction.

Reducing wasteful guard band
We choose a microprocessor’s voltage lev-

els during the manufacturing test and charac-
terization process on the basis of its intended
operating frequency range. We set the vol-
tages conservatively so that the microproces-
sor will operate at a target frequency in high-
temperature environments over all expected
workloads with a sufficient circuit-timing
margin. Typically, we include some addi-
tional guard band voltage to cover for un-
known variables and test inaccuracy.

In a Power7 system, we can sense the
available timing margin at runtime using
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the CPM instrumentation and adjust the
guard band dynamically to meet changing
environmental conditions and workloads.
Each cycle the CPMs determine the mini-
mum sensed timing margin across the core
chiplet. The DPLL implements a propor-
tional feedback loop based on the combined
CPM outputs to control the frequency dur-
ing runtime, slowing it down if the timing
margin is too small and speeding it up if
the timing margin is larger than necessary
to achieve a comfortable guard band. This
forms the CPM-DPLL feedback loop, a cir-
cuit that dynamically compensates circuit
timing in response to runtime variation.

We can use this reduced guard band ei-
ther to boost performance by overclocking
the microprocessor or to reduce power con-
sumption by undervolting the microproces-
sor. Figure 12 shows overclocking results
for running the SPECpower_ssj2008 (100-
percent load level only) on a typical
Power7 chip. The dynamic guard band
results are normalized to the static case’s per-
formance throughput as measured by the
workload’s transaction rate, and both cases
use the same turbo voltage level. The static
guard band case shows the server running
the DPS policy (frequency is 109 percent
of nominal) using the traditional guard
band. The dynamic guard band case shows
7.3 percent more throughput because of
the CPM-DPLL feedback loop selecting to
run at an even higher frequency (at a con-
stant voltage). A hand-tuned frequency,
which is empirically determined by when
this particular chip actually fails, is only
slightly higher. This small remaining guard
band is necessary because the CPMs’ calibra-
tion, tracking to the real critical circuits, and
location in the floorplan are not perfect.

Figure 13 shows an example of undervolt-
ing using an experimental version of Energy-
Scale firmware that lowers voltage while
meeting the frequency target set by the
DPS policy. The entire system’s power con-
sumption (normalized to the static case)
drops by 15.8 percent without affecting per-
formance because frequency holds constant.
Using hand-tuned voltage reduces power
consumption by 26.4 percent before the
chip fails. This result was not surprising be-
cause unlike the remaining frequency guard

band, which has a largely linear affect on per-
formance, the unclaimed voltage guard band
has a more than quadratic relationship with
power. Regardless, in both the overclocking
and undervolting cases, large amounts of
the traditional guard band are reclaimed.

A s we’ve just illustrated, energy effi-
ciency can best be achieved by either
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reducing power consumption while main-
taining the same amount of performance or
by increasing performance at the same
power level. The direction for future
EnergyScale hardware and firmware devel-
opment will be to build upon the capabil-
ities and results achieved on Power7 to do
just that. The effort is centered on increas-
ing performance to stay just inside the
system’s power delivery envelope combined
with dramatic power reduction for inactive
portions of the computing system. This
focus enables higher performance from
systems than is being achieved today by
shifting power from idling portions of
systems to those that are active and will
benefit from running faster.

To reach this goal will require better in-
strumentation, more intelligent algorithms,
finer-grained voltage controls, increased
guard band reduction techniques, smaller
idle latencies, and faster EnergyScale firm-
ware response time. For example, imple-
menting support for a deeper-architected
idle mode (named Winkle in the Power
ISA) lets us completely shut off the power
to a processor core or a core chiplet when
it is idle. Faster wakeup latencies will
allow the OS and Hypervisor software
stacks to invoke the idle instructions more
often and under more scenarios. Incorpo-
rating more intelligence and algorithms
natively into the host (OS and Hypervisor)
code can enable greater energy efficiency by
better synchronizing resource scheduling
with resource state management. Better
support for main memory usage monitor-
ing and power control will help address a
growing component of server power. The
ability to scale voltage with frequency on
a finer-grained basis and with lower re-
sponse times will provide much better
DVFS capability to match the power of
the core with the workload it is running.
More advanced algorithms coupled with
faster real-time EnergyScale firmware
(such as executing in the microsecond in-
stead of millisecond range) will allow en-
ergy efficiency to track more closely with
the exact needs of the workload. The chal-
lenge will be to match the best combination
of these techniques to the policy selected by
the user. M I CR O
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