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(cf. EXCES [35]). Operators can leverage power when it is

abundant to reorganize data into appropriate tiers.

Power-capping and IO shaping. Our measurements,

summarized in §3.3, show that power capping and IO shaping

can be used to reduce storage power butwith a relatively large

impact on throughput. To walk this trade-off intelligently,

storage system developers can use our power-throughput

models to determine appropriate power caps and IO shaping

on storage devices under performance constraints, to

minimize throughput impact when reducing power usage. In

tiered storage, weaker SLOs for slower tiers may allow opera-

tors to apply power-adaptive mechanisms more aggressively

on those tiers. Operators can match the power-performance

models with performance guarantees to determine when and

how to apply these mechanisms to different tiers. For latency,

a similar model can be drawn from the measurement results.

Leveraging asymmetric IO. Given the different perfor-

mance trends in read versuswrite workloadswhen the device

is power capped, segregating write traffic to a small set of

disks, while power capping the remainder, is a possibility.

Leveraging this form of asymmetric IO can reduce power

consumption while minimizing the influence on storage

system QoS. In tiered storage, directing writes to lower

storage tiers when power is constrained can also be applied

to reduce storage power consumption.

4.1 Broader implications.

Transitioning to power-adaptive storage. There are

serious consequences to incorrectly controlling power, such

as bringing down power infrastructure in the data center or

violating agreements with the grid. As such, it is necessary

to carefully roll out any power-adaptive storage system.

A power-adaptive storage system could be designed for

incremental deployment at the sub-rack granularity, i.e.,

below the lowest tier of the data center power hierarchy [19].

Local failures of the storage system to control power can

safely be identified before a failure threatens to exceed the

power budget of rack-level breakers. For the same reason,

small-scale test deployments should be distributed among

power domains so that coordinated failures of deployments

to reduce power do not overwhelm a single domain. As con-

fidence in small-scale deployments is achieved, the size of the

power-adaptive storage system can be gradually increased.

Implications on broader data center powermanage-

ment. Interaction with other power control mechanisms for

other system components should be assessed. For instance,

if the power consumption of other components is reduced,

how does that affect the power consumption of storage?

Will it change the preferred mechanism for reducing storage

power? For example, CPU throttling to reduce CPU power

usage may in turn reduce request rates to storage. In this

case, IO redirection together with putting devices on standby

may be preferred over IO shaping, because lower IO request

rates may mean devices can remain in standby mode for

longer. Further, the order in which power control techniques

are applied to different components (CPU, storage devices,

networking devices, etc.) can impact which techniques are

most effective, opening up an area of further study.

5 RelatedWork

There is a large body of work from the last decade mea-

suring the power and energy characteristics of storage

devices [5, 28, 30]. Prior work investigates power and energy

characteristics of HDDs, including the effect of spin-down

on power use [15, 16]. Measurement studies investigate

the impact of SSDs’ internal architecture on power and

energy [7, 41, 42].Grupp et al. characterized thepower of flash

operations on SLC and MLC devices [10], but did not look

at workload-level impacts on device power usage. Our study

draws inspiration from this prior work, including the design

of our measurement system [5, 42]. We add to these findings

by investigating modern storage devices, including the high-

capacity NVMe devices used in data centers today, and by

focusing on themechanisms for adapting device power usage.

Other prior work models SSD power consumption, using

SSD power measurements to parameterize or to validate

models [7, 21, 23]. Such work typically does not report

power measurements in detail. As observed by others [5],

simulations often do not accurately model device behavior;

hence we carry out a measurement study in this work.

More recent work measures whole-system power while

handling storage workloads, investigating the impact on

power of device type [12]; IO interfaces, submission and

completion mechanisms [13, 31]; and IO schedulers [38].

Investigations into system power are complementary to

our work. Understanding device power is necessary for

large-scale data center storage systems where a significant

percentage of power is drawn by storage devices.

6 Conclusion

Through a thorough measurement study, we characterize the

power control dynamic range of modern data center storage

devices. We find that device power states and IO shaping

can halve idle power and achieve a power control dynamic

range of up to 59.4% of a device’s maximum operating power.

We observe the throughput and latency trade-offs when

applying these mechanisms, we build a power-throughput

model across storage devices, and we discuss implications

on power adaptive storage system design.
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