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Background

Carbon Footprint = Energy Consumption x Composition
Energy Consumption = Power X Latency

Composition depends on multiple factors, including geography,
availability, and cost
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Energy Consumption

Energy Consumption = Power X Latency
Power dissipation is determined by hardware
Example: CPUs: 55 - 150 W, GPUs: 50-300 W
Latency is determined by hardware and software

Typically, only latency is optimized by programmers
because it is measurable', and observable by end-users

LCPU clock cycles
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Software power attribution

State of consumer operating systems

Windows: : Kernel-supported tracing (Windows E3)
Mac OS: : Kernel-supported tracing (Activity Monitor)
Android: Kernel-supported tracing (Battery subsystem)

iOS: Kernel-supported tracing (Battery usage)
Linux: 77
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Problem

Why software power attribution matters?

Consumers wish they had infinite battery capacity

Battery capacity is a major design constraint and UX factor for
any consumer device: mobiles, laptops, VR headsets [1]

[1] Cole, Wesley, A. Will Frazier, and Chad Augustine. Cost projections for utility-scale battery storage: 2021 update. No.

NREL/TP-6A20-79236. National Renewable Energy Lab.(NREL), Golden, CO (United States), 2021.



Hardware power attribution

Representative breakdown for per-component power dissipation.

Source: Barroso, Luiz André, Urs Holzle, and Parthasarathy Ranganathan. "The datacenter as a computer: Desighing warehouse-scale
machines." Synthesis Lectures on Computer Architecture 13.3 (2018): i-189.
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Goal

Develop a framework to reliably determine the energy
consumption of any process executing on a Linux system

Report the statistics to the

» End-users: In an easy-to-understand and useful format
» Developers: Via APIs that improve programmer actionability
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Windows Energy Estimation Engine (E3)
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Windows Task Manager Integration

1) Task Manager
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Activity Monitor (Applications in last 12 hours)
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PowerTOP

testuser@raquel-eth:~
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PowerTOP: The solution?

It is possible to use Powertop to view the "power estimate" of a
process/device/interrupt/timer.

Problems:
1. Power estimate is a discrete-time event. Energy consumption is a
continuous process with a higher correlation to battery drain.
2. Vendor-specific implementation
3. Actionability of this data for end-users and programmers

Process X consumes 1.45 Watts. What should the programmer do to optimize it?
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System Design

Kernel Process
Accounting
Infrastructure

(One-time) Multi-variate Per-process
Device-specific Regression Energy
Measurements Model Consumption
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Device-Specific Measurements

Goal: Determine regression parameters

Method:
» Minimize system load by turning off all devices
» Measure battery drain rate over multiple intervals
» Turn on target device
» Sweep target device parameters while measuring battery drain
» Train multivariate model
» Repeat for all target devices
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Kernel Process Accounting Infrastructure

Goal: Determine regression inputs

Method:

» For each running process, poll the process accounting infrastructure to
determine CPU time allocation, network activity, open file handles,
memory usage, and screen wakeups.

» Input the measured values in the regression model to predict energy
consumption estimate for each process.
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End-users
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Programmers

Upstream the kernel module
Expose API for programmers

Example use-case: Energy-based optimization suggestions in IDE
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Conclusion

A useful feature is missing from the Linux kernel

This module empowers both end-users and programmers with
realistic carbon footprint of their applications

Questions/Suggestions 7

amangli@ethz.ch
https://www.linkedin.com/in/adityamanglik/
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Extended Discussion



Windows Energy Estimation Engine (E3) System

Design

How Does Energy Estimation Engine Work?

Hardware
Power
Monitoring

Hardware
Power
Characteristics
(Registry)

* the more accurate the energy attribution and estimation,
the higher the engineering cost to collect hardware power
characteristics

Per application

Per hardware
Resource

Energy Estimation Engine

CPU
Energy
Estimator

Network
Energy
Estimator

Application
Energy
Attribution

GPU Display
Energy Energy
Estimator {§ Estimator Device Energy

Attribution
Storage
Energy
Estimator

System Energy
Estimation

End User
scenarios

Developer/
Partner
scenarios


https://channel9.msdn.com/Events/WinHEC/2015/OWD203
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Reverse Engineering Windows'
Energy Estimation Engine: back-end

» The Energy Estimation Engine (E3) service runs on all Windows
devices and attributes energy consumption to individual hardware
components and applications.

» Why software-based attribution: Few PCs in the market have
such dedicated chips: According to reports, 99% of current
devices in market lack dedicated current and voltage monitors.

» Software-based power attribution provides about 85% accuracy
compared to a 98% accuracy rate from systems equipped with
dedicated current and voltage monitors (e.g., Microsoft Surface)

» Microsoft claims that they prioritize data from devices with
dedicated chips while developing the software-based power



E3 System Design

» Power profiles: Windows has separate power profiles for individual
hardware devices like network, disks etc. Further, profiles
specialize for Laptops, Tablets, Phones devices etc.

» The following data columns can be observed in the E3 Service
Report (shown below): ScreenOnEnergy, CPUEnergy, SoCEnergy,
DisplayEnergy, DiskEnergy, MBBEnergy, NetworkEnergy,
EmiEnergy, and many more.

Figure: Data dump from E3 CLI
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System design goals

The framework should be:
Accurate: Eliminate anomalous values
Portable: Able to function across different hardware vendors?
Independent of extra measurement devices
Transparent: Should not induce any load on the target system?
Reliable: Repeat experiments should yield similar results

2Stretch goal
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Design Optimizations

Central information store to overcome randomness?

» Overcoming variation in values: Collect data across systems to
create a database

» Privacy challenges: can we do better?
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Design Considerations

» Reliable: Co-executing processes significantly influence power.
Solution: Energy consumption should be roughly similar.

» Accuracy:

» Challenging to isolate individual contributions as many processes use
multiple hardware devices simultaneously (CPU, GPU, Display, RAM,
SSD, Ethernet/WiFi).

Hardware devices do not measure/expose individual power draw.
Significant variation in data-sheets across devices and vendors.
Reliable values: CPU perf counters (RAPL?) and current battery
charge (ACPI?)

vvyy



Different hardware devices

vy

vvyyvyy

CPU: Dominant factor, P-states vs C-states, interfaces (Intel
RAPL)

GPU: periodic bursts of large power draw

RAM: Increasing DRAM capacity is challenging due to refresh
power draw (Reference)

|/O Peripherals: USB devices are polled every 5 ms
Display: Often the most consistent drain

Network Adaptors: Ethernet, WiFi ping frequency
Disk: SSD, HDD writes are cached for bulk ops


https://appleinsider.com/articles/16/10/29/apple-limits-2016-macbook-pro-models-to-16gb-of-ram-to-maximize-battery-life

Design Considerations

» Hardware requirements: Cannot rely on external power monitors
» Transparency: Polling for values induces load on the target system
» Able to function across different hardware vendor APIs

» Actionability of data: Reporting hardware power values is "futile"
because hardware is difficult to change, but processes might be
optimized.
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