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Aims & Scope

IEEE Access® is a multidisciplinary, open access (OA), applications-oriented, all-electronic
archival journal that continuously presents the results of original research or development
across all IEEE fields of interest.

IEEE Access will publish articles that are of high interest to readers, original, technically correct,
and clearly presented. Supported by article processing charges (APCs), its hallmarks are a rapid
peer review and publication process with open access to all readers. Unlike IEEE's traditional
Transactions or Journals, reviews are "binary", in that reviewers will either Accept or Reject an
article in the form it is submitted in order to achieve rapid turnaround.
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Editorial Board

The IEEE Access Editorial Board members are IEEE Life
Fellows, IEEE Fellows, or IEEE Senior Members who are
recognized as technical experts in their fields. You can
learn more about their responsibilities by visiting our
Editorial Leadership (/editorial-leadership/) page. Below
you will find a complete list of our board members. You
can click on the bio link to learn more about each member.
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The University of Adelaide, Adelaide, SA, Australia

View Bio >
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KAREN BUTLER-PURRY
Texas A&M University, USA

View Bio >
(https://ieeeaccess.ieee.org/editorial-team/butler-purry-karen/)

ZHIPENG CAI

Georgia State University, USA

View Bio >
(https://ieeeaccess.ieee.org/editorial-team/zhipeng-cai/)

GERT CAUWENBERGHS
University of California San Diego, USA

View Bio ->
(https://ieeeaccess.ieee.org/editorial-team/cauwenberghs-gert/)

PIN-YU CHEN

IBM Thomas J. Watson Research Center

View Bio >
(https://ieeeaccess.ieee.org/editorial-team/chen-pin-yu/)
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YIXIN CHEN
Washington University, St. Louis, MO, USA

View Bio >
(https://ieeeaccess.ieee.org/editorial-team/yixin-chen/)
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Southern Methodist University, Dallas, TX, USA

View Bio >
(https://ieeeaccess.ieee.org/editorial-team/j-c-chiao/)
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KERSTIN DAUTENHAHN

University of Waterloo, Ontario, Canada

View Bio >
(https://ieeeaccess.ieee.org/editorial-team/dautenhahn-kerstin/)

AYMAN S. EL-BAZ

University of Louisville/Bioengineering Department, Louisville, KY, USA

View Bio >
(https://ieeeaccess.ieee.org/editorial-team/ayman-s-el-baz/)
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LUIGI FORTUNA

University of Catania, Italy

View Bio >
(https://ieeeaccess.ieee.org/editorial-team/luigi-fortuna/)
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HOAY B. GOOI

Nanyang Technological University, Singapore

View Bio >
(https://ieeeaccess.ieee.org/editorial-team/hoay-b-gooi/)
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L. JAY GUO

The University of Michigan, USA

View Bio >
(https://ieeeaccess.ieee.org/editorial-team/guo-l-jay/)

PEDRO INACIO

University of Beira Interior (UBI), Portugal

View Bio >
(https://ieeeaccess.ieee.org/editorial-team/inacio-pedro/)

@


https://ieeeaccess.ieee.org/editorial-team/luigi-fortuna/
https://ieeeaccess.ieee.org/editorial-team/luigi-fortuna/
https://ieeeaccess.ieee.org/editorial-team/luigi-fortuna/
https://ieeeaccess.ieee.org/editorial-team/luigi-fortuna/
https://ieeeaccess.ieee.org/editorial-team/luigi-fortuna/
https://ieeeaccess.ieee.org/editorial-team/luigi-fortuna/
https://ieeeaccess.ieee.org/editorial-team/luigi-fortuna/
https://ieeeaccess.ieee.org/editorial-team/luigi-fortuna/
https://ieeeaccess.ieee.org/editorial-team/luigi-fortuna/
https://ieeeaccess.ieee.org/editorial-team/luigi-fortuna/
https://ieeeaccess.ieee.org/editorial-team/luigi-fortuna/
https://ieeeaccess.ieee.org/editorial-team/hoay-b-gooi/
https://ieeeaccess.ieee.org/editorial-team/hoay-b-gooi/
https://ieeeaccess.ieee.org/editorial-team/hoay-b-gooi/
https://ieeeaccess.ieee.org/editorial-team/hoay-b-gooi/
https://ieeeaccess.ieee.org/editorial-team/hoay-b-gooi/
https://ieeeaccess.ieee.org/editorial-team/hoay-b-gooi/
https://ieeeaccess.ieee.org/editorial-team/hoay-b-gooi/
https://ieeeaccess.ieee.org/editorial-team/hoay-b-gooi/
https://ieeeaccess.ieee.org/editorial-team/hoay-b-gooi/
https://ieeeaccess.ieee.org/editorial-team/hoay-b-gooi/
https://ieeeaccess.ieee.org/editorial-team/hoay-b-gooi/
https://ieeeaccess.ieee.org/editorial-team/guo-l-jay/
https://ieeeaccess.ieee.org/editorial-team/guo-l-jay/
https://ieeeaccess.ieee.org/editorial-team/guo-l-jay/
https://ieeeaccess.ieee.org/editorial-team/guo-l-jay/
https://ieeeaccess.ieee.org/editorial-team/guo-l-jay/
https://ieeeaccess.ieee.org/editorial-team/guo-l-jay/
https://ieeeaccess.ieee.org/editorial-team/guo-l-jay/
https://ieeeaccess.ieee.org/editorial-team/guo-l-jay/
https://ieeeaccess.ieee.org/editorial-team/guo-l-jay/
https://ieeeaccess.ieee.org/editorial-team/guo-l-jay/
https://ieeeaccess.ieee.org/editorial-team/guo-l-jay/
https://ieeeaccess.ieee.org/editorial-team/inacio-pedro/
https://ieeeaccess.ieee.org/editorial-team/inacio-pedro/
https://ieeeaccess.ieee.org/editorial-team/inacio-pedro/
https://ieeeaccess.ieee.org/editorial-team/inacio-pedro/
https://ieeeaccess.ieee.org/editorial-team/inacio-pedro/
https://ieeeaccess.ieee.org/editorial-team/inacio-pedro/
https://ieeeaccess.ieee.org/editorial-team/inacio-pedro/
https://ieeeaccess.ieee.org/editorial-team/inacio-pedro/
https://ieeeaccess.ieee.org/editorial-team/inacio-pedro/
https://ieeeaccess.ieee.org/editorial-team/inacio-pedro/
https://ieeeaccess.ieee.org/editorial-team/inacio-pedro/

ATIF IQBAL

Qatar University, Doha, Qatar

View Bio >
(https://ieeeaccess.ieee.org/editorial-team/atif-igbal/)

YUMI IWASHITA

NASA-JPL California Institute of Technology, Pasadena, CA, USA

View Bio ->
(https://ieeeaccess.ieee.org/editorial-team/yumi-iwashita/)
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BAHRAM JAVIDI
University of Connecticut, Storrs, CT USA

View Bio ->
(https://ieeeaccess.ieee.org/editorial-team/bahram-javidi/)

Jet Propulsion Laboratory, Pasadena, USA

View Bio >
(https://ieeeaccess.ieee.org/editorial-team/cecile-jung-kubiak/)
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HULYA KIRKICI

University of South Alabama, Alabama, USA

View Bio >
(https://ieeeaccess.ieee.org/editorial-team/hulya-kirkici/)

AGNIESZKA KONCZYKOWSKA

ADesign

View Bio >
(https://ieeeaccess.ieee.org/editorial-team/agnieszka-konczykowska/)
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GITTA KUTYNIOK

Ludwig-Maximilians-Universitdt Minchen, Munich, Germany

View Bio -
(https://ieeeaccess.ieee.org/editorial-team/gitta-kutyniok/)

GERMANO LAMBERT-TORRES

Gnarus Institute, Itajuba, Brazil

View Bio >
(https://ieeeaccess.ieee.org/editorial-team/germano-lambert-torres/)
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(https://ieeeaccess.ieee.org/editorial-team/hengyong-yu/)

CHIK PATRICK YUE

Hong Kong University of Science and Technology, Hong Kong

View Bio >
(https://ieeeaccess.ieee.org/editorial-team/chik-patrick-yue/)


https://ieeeaccess.ieee.org/editorial-team/georgia-tourassi/
https://ieeeaccess.ieee.org/editorial-team/georgia-tourassi/
https://ieeeaccess.ieee.org/editorial-team/georgia-tourassi/
https://ieeeaccess.ieee.org/editorial-team/georgia-tourassi/
https://ieeeaccess.ieee.org/editorial-team/georgia-tourassi/
https://ieeeaccess.ieee.org/editorial-team/georgia-tourassi/
https://ieeeaccess.ieee.org/editorial-team/georgia-tourassi/
https://ieeeaccess.ieee.org/editorial-team/georgia-tourassi/
https://ieeeaccess.ieee.org/editorial-team/georgia-tourassi/
https://ieeeaccess.ieee.org/editorial-team/georgia-tourassi/
https://ieeeaccess.ieee.org/editorial-team/georgia-tourassi/
https://ieeeaccess.ieee.org/editorial-team/keith-wear/
https://ieeeaccess.ieee.org/editorial-team/keith-wear/
https://ieeeaccess.ieee.org/editorial-team/keith-wear/
https://ieeeaccess.ieee.org/editorial-team/keith-wear/
https://ieeeaccess.ieee.org/editorial-team/keith-wear/
https://ieeeaccess.ieee.org/editorial-team/keith-wear/
https://ieeeaccess.ieee.org/editorial-team/keith-wear/
https://ieeeaccess.ieee.org/editorial-team/keith-wear/
https://ieeeaccess.ieee.org/editorial-team/keith-wear/
https://ieeeaccess.ieee.org/editorial-team/keith-wear/
https://ieeeaccess.ieee.org/editorial-team/keith-wear/
https://ieeeaccess.ieee.org/editorial-team/hengyong-yu/
https://ieeeaccess.ieee.org/editorial-team/hengyong-yu/
https://ieeeaccess.ieee.org/editorial-team/hengyong-yu/
https://ieeeaccess.ieee.org/editorial-team/hengyong-yu/
https://ieeeaccess.ieee.org/editorial-team/hengyong-yu/
https://ieeeaccess.ieee.org/editorial-team/hengyong-yu/
https://ieeeaccess.ieee.org/editorial-team/hengyong-yu/
https://ieeeaccess.ieee.org/editorial-team/hengyong-yu/
https://ieeeaccess.ieee.org/editorial-team/hengyong-yu/
https://ieeeaccess.ieee.org/editorial-team/hengyong-yu/
https://ieeeaccess.ieee.org/editorial-team/hengyong-yu/
https://ieeeaccess.ieee.org/editorial-team/chik-patrick-yue/
https://ieeeaccess.ieee.org/editorial-team/chik-patrick-yue/
https://ieeeaccess.ieee.org/editorial-team/chik-patrick-yue/
https://ieeeaccess.ieee.org/editorial-team/chik-patrick-yue/
https://ieeeaccess.ieee.org/editorial-team/chik-patrick-yue/
https://ieeeaccess.ieee.org/editorial-team/chik-patrick-yue/
https://ieeeaccess.ieee.org/editorial-team/chik-patrick-yue/
https://ieeeaccess.ieee.org/editorial-team/chik-patrick-yue/
https://ieeeaccess.ieee.org/editorial-team/chik-patrick-yue/
https://ieeeaccess.ieee.org/editorial-team/chik-patrick-yue/
https://ieeeaccess.ieee.org/editorial-team/chik-patrick-yue/

w.f xlc din. pp/ org/

ace °~ CO pro app
"bOO*O;n'm/ file/ 7
k.co ice CO lee co
m/ mp eac mm
iee ©9C hSEes A
ces tk?é'c e
eﬂi&ps eee urnallleee -access)
ces |ee kys 6/
S) e- ocia IEE
Jxlew blished Articles
(https: llleeeaég e.ieee orE(EIIRecentlssue Jjsp?punumber=6287639)
ess/
acti

itie
I E E Eh)tps://www.ieee.org/)

Home | More Sites (https://www.ieee.org/sitemap.html) | Contact & Support (https://
www.ieee.org/about/contact.html) | Accessibility (https://www.ieee.org/
accessibility_statement.html) | Nondiscrimination Policy (https://www.ieee.org/
nondiscrimination) | IEEE Ethics Reporting (https://ieee-ethics-reporting.org) | IEEE Privacy
Policy (https://www.ieee.org/about/help/security_privacy.html) | Terms & Disclosures
(https://www.ieee.org/about/help/site-terms-conditions)

© Copyright 2026 IEEE - All rights reserved. A public charity, IEEE is the world's largest
technical professional organization dedicated to advancing technology for the benefit of

humanity.


https://www.facebook.com/ieeeaccess
https://www.facebook.com/ieeeaccess
https://www.facebook.com/ieeeaccess
https://www.facebook.com/ieeeaccess
https://www.facebook.com/ieeeaccess
https://www.facebook.com/ieeeaccess
https://www.facebook.com/ieeeaccess
https://www.facebook.com/ieeeaccess
https://www.facebook.com/ieeeaccess
https://www.facebook.com/ieeeaccess
https://www.facebook.com/ieeeaccess
https://www.facebook.com/ieeeaccess
https://www.facebook.com/ieeeaccess
https://www.facebook.com/ieeeaccess
https://x.com/ieeeaccess
https://x.com/ieeeaccess
https://x.com/ieeeaccess
https://x.com/ieeeaccess
https://x.com/ieeeaccess
https://x.com/ieeeaccess
https://x.com/ieeeaccess
https://x.com/ieeeaccess
https://x.com/ieeeaccess
https://x.com/ieeeaccess
https://x.com/ieeeaccess
https://x.com/ieeeaccess
https://www.linkedin.com/company/ieee-access
https://www.linkedin.com/company/ieee-access
https://www.linkedin.com/company/ieee-access
https://www.linkedin.com/company/ieee-access
https://www.linkedin.com/company/ieee-access
https://www.linkedin.com/company/ieee-access
https://www.linkedin.com/company/ieee-access
https://www.linkedin.com/company/ieee-access
https://www.linkedin.com/company/ieee-access
https://www.linkedin.com/company/ieee-access
https://www.linkedin.com/company/ieee-access
https://www.linkedin.com/company/ieee-access
https://www.linkedin.com/company/ieee-access
https://www.linkedin.com/company/ieee-access
https://www.linkedin.com/company/ieee-access
https://www.linkedin.com/company/ieee-access
https://bsky.app/profile/ieeeaccess.bsky.social
https://bsky.app/profile/ieeeaccess.bsky.social
https://bsky.app/profile/ieeeaccess.bsky.social
https://bsky.app/profile/ieeeaccess.bsky.social
https://bsky.app/profile/ieeeaccess.bsky.social
https://bsky.app/profile/ieeeaccess.bsky.social
https://bsky.app/profile/ieeeaccess.bsky.social
https://bsky.app/profile/ieeeaccess.bsky.social
https://bsky.app/profile/ieeeaccess.bsky.social
https://bsky.app/profile/ieeeaccess.bsky.social
https://bsky.app/profile/ieeeaccess.bsky.social
https://bsky.app/profile/ieeeaccess.bsky.social
https://bsky.app/profile/ieeeaccess.bsky.social
https://bsky.app/profile/ieeeaccess.bsky.social
https://bsky.app/profile/ieeeaccess.bsky.social
https://ieee-collabratec.ieee.org/app/community/96/IEEE-Access/activities
https://ieee-collabratec.ieee.org/app/community/96/IEEE-Access/activities
https://ieee-collabratec.ieee.org/app/community/96/IEEE-Access/activities
https://ieee-collabratec.ieee.org/app/community/96/IEEE-Access/activities
https://ieee-collabratec.ieee.org/app/community/96/IEEE-Access/activities
https://ieee-collabratec.ieee.org/app/community/96/IEEE-Access/activities
https://ieee-collabratec.ieee.org/app/community/96/IEEE-Access/activities
https://ieee-collabratec.ieee.org/app/community/96/IEEE-Access/activities
https://ieee-collabratec.ieee.org/app/community/96/IEEE-Access/activities
https://ieee-collabratec.ieee.org/app/community/96/IEEE-Access/activities
https://ieee-collabratec.ieee.org/app/community/96/IEEE-Access/activities
https://ieee-collabratec.ieee.org/app/community/96/IEEE-Access/activities
https://ieee-collabratec.ieee.org/app/community/96/IEEE-Access/activities
https://ieee-collabratec.ieee.org/app/community/96/IEEE-Access/activities
https://ieee-collabratec.ieee.org/app/community/96/IEEE-Access/activities
https://ieee-collabratec.ieee.org/app/community/96/IEEE-Access/activities
https://ieee-collabratec.ieee.org/app/community/96/IEEE-Access/activities
https://ieee-collabratec.ieee.org/app/community/96/IEEE-Access/activities
https://ieee-collabratec.ieee.org/app/community/96/IEEE-Access/activities
https://ieee-collabratec.ieee.org/app/community/96/IEEE-Access/activities
https://www.facebook.com/ieeeaccess
https://x.com/ieeeaccess
https://www.linkedin.com/company/ieee-access
https://bsky.app/profile/ieeeaccess.bsky.social
https://ieee-collabratec.ieee.org/app/community/96/IEEE-Access/activities
https://ieee-collabratec.ieee.org/app/community/96/IEEE-Access/activities
https://ieee.atyponrex.com/journal/ieee-access
https://ieee.atyponrex.com/journal/ieee-access
https://ieee.atyponrex.com/journal/ieee-access
https://ieee.atyponrex.com/journal/ieee-access
https://ieee.atyponrex.com/journal/ieee-access
https://ieee.atyponrex.com/journal/ieee-access
https://ieee.atyponrex.com/journal/ieee-access
https://ieee.atyponrex.com/journal/ieee-access
https://ieee.atyponrex.com/journal/ieee-access
https://ieee.atyponrex.com/journal/ieee-access
https://ieee.atyponrex.com/journal/ieee-access
https://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=6287639
https://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=6287639
https://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=6287639
https://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=6287639
https://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=6287639
https://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=6287639
https://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=6287639
https://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=6287639
https://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=6287639
https://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=6287639
https://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=6287639
https://www.ieee.org/
https://www.ieee.org/
https://www.ieee.org/
https://www.ieee.org/
https://www.ieee.org/
https://www.ieee.org/
https://www.ieee.org/
https://ieeeaccess.ieee.org/editorial-leadership/editorial-board/#
https://ieeeaccess.ieee.org/editorial-leadership/editorial-board/#
https://www.ieee.org/sitemap.html
https://www.ieee.org/sitemap.html
https://www.ieee.org/sitemap.html
https://www.ieee.org/sitemap.html
https://www.ieee.org/sitemap.html
https://www.ieee.org/sitemap.html
https://www.ieee.org/about/contact.html
https://www.ieee.org/about/contact.html
https://www.ieee.org/about/contact.html
https://www.ieee.org/about/contact.html
https://www.ieee.org/about/contact.html
https://www.ieee.org/about/contact.html
https://www.ieee.org/about/contact.html
https://www.ieee.org/about/contact.html
https://www.ieee.org/about/contact.html
https://www.ieee.org/accessibility_statement.html
https://www.ieee.org/accessibility_statement.html
https://www.ieee.org/accessibility_statement.html
https://www.ieee.org/accessibility_statement.html
https://www.ieee.org/accessibility_statement.html
https://www.ieee.org/accessibility_statement.html
https://www.ieee.org/accessibility_statement.html
https://www.ieee.org/accessibility_statement.html
https://www.ieee.org/accessibility_statement.html
https://www.ieee.org/nondiscrimination
https://www.ieee.org/nondiscrimination
https://www.ieee.org/nondiscrimination
https://www.ieee.org/nondiscrimination
https://www.ieee.org/nondiscrimination
https://www.ieee.org/nondiscrimination
https://www.ieee.org/nondiscrimination
https://www.ieee.org/nondiscrimination
https://www.ieee.org/nondiscrimination
https://ieee-ethics-reporting.org/
https://ieee-ethics-reporting.org/
https://ieee-ethics-reporting.org/
https://ieee-ethics-reporting.org/
https://ieee-ethics-reporting.org/
https://ieee-ethics-reporting.org/
https://www.ieee.org/about/help/security_privacy.html
https://www.ieee.org/about/help/security_privacy.html
https://www.ieee.org/about/help/security_privacy.html
https://www.ieee.org/about/help/security_privacy.html
https://www.ieee.org/about/help/security_privacy.html
https://www.ieee.org/about/help/security_privacy.html
https://www.ieee.org/about/help/security_privacy.html
https://www.ieee.org/about/help/security_privacy.html
https://www.ieee.org/about/help/site-terms-conditions
https://www.ieee.org/about/help/site-terms-conditions
https://www.ieee.org/about/help/site-terms-conditions
https://www.ieee.org/about/help/site-terms-conditions
https://www.ieee.org/about/help/site-terms-conditions
https://www.ieee.org/about/help/site-terms-conditions
https://www.ieee.org/about/help/site-terms-conditions

IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received 9 October 2024, accepted 28 October 2024, date of publication 4 November 2024, date of current version 15 November 2024.

Digital Object Identifier 10.1109/ACCESS.2024.3491632

== RESEARCH ARTICLE

Development of a Model for Prediction of loT
Processor Power Utilization Using Instruction
Dissection-Based Technique

DIBAL P. YUSUF"“', HASHIM E. AHMED 2, (Member, IEEE), ELIZABETH N. ONWUKA3,
AND ZUBAIR SULEIMAN?

! Computer Engineering Department, University of Maiduguri, Maiduguri 600282, Nigeria
2Computer Engineering Department, College of Computer Science, King Khalid University, Abha 61421, Saudi Arabia
3Telecommunication Engineering Department, Federal University of Technology Minna, Minna 920101, Nigeria

Corresponding author: Dibal P. Yusuf (dibalpeter @unimaid.edu.ng)
This work was supported in part by the Deanship of Research and Graduate Studies at King Khalid University through the

Large Research Project under Grant RGP2/291/45, and in part by the Tertiary Education Trust Fund (TETFUND) National
Research Fund under Grant TETFUND/RD&D/NRF/STI/56/Vol.1.

ABSTRACT The global drive towards a net-zero world and commitments from advanced countries towards a
significant cut of greenhouse gases by 2030 are objectives that have compelled a new technological paradigm
that must align with new global initiatives towards meeting agreed objectives towards the net-zero world. The
Internet-of-Things (IoT) is a technology that has shown strong viability in assisting nations and corporations
in meeting global commitments to the net-zero goal. To be effective, the operation of IoT devices must meet
very tight constraints; consequently, the design of the electronics, and applications that run on IoT devices
must be optimal especially in power utilization considerations. It is in this regard that this paper presents the
design of a power prediction model for a Cortex M processor. The design was achieved through a unique
methodology in which an instruction dissector played a central role in determining the exact instructions that
were executed, rather than using a generalized set of instructions from an instruction grouping. Multivariate
Adaptive Regression Splines (MARS) was used as the machine learning technique for deriving the prediction
models. A key feature of using MARS is that the predictor variables having the greatest effect on the models
were identified as the MVN and SBC instructions. A performance comparison of the design in this paper
was made with similar designs where it was shown that the approach of the design in this work yielded more
robust models with a reported error rate of 0.000629193 for logic power and 0.023096787 for data power.

INDEX TERMS Data power, IoT, logic power, power prediction model.

I. INTRODUCTION

The era of green technologies and the drive towards a net-
zero world are two important realities that are playing central
roles in the development of current and future technologies.
A net-zero world powered by technologies is a universally
accepted human aspiration strongly undergirded by different
resolutions from several UN bodies [1], [2], [3] and Confer-
ence of the Parties (COP) 26 [4] as a response to the dual
challenge of global warming and rapidly changing climate

The associate editor coordinating the review of this manuscript and
approving it for publication was Wei Quan.

that pose an existential threat to the future of humanity.
To realize this aspiration, several technologies like internet-
of-things (IoT) have emerged with the aim of creating
the possibility of efficient management of environmental
resources and grid power consumption in real-time in order to
curb wastages that negatively affect the environment. Green
technologies like eco cars, smart buildings, smart agriculture
etc., being an integral part of the solution themselves,
rely heavily on IoT for their interconnectivity and optimal
functionality [5]. Thus, IoT is indirectly the center of
gravity for technological solutions geared towards a net-zero
future.

© 2024 The Authors. This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.
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IoT is a microcontroller-driven technology that has a
central processor on each of its node in a given network [6],
[7], [8]. Girded with this information, the development of
apps that run on IoT nodes must be in a manner that
optimally utilizes the capabilities of the processors at the
lowest possible power cost in order to assure long-term
operations especially in remote locations. One way to achieve
this is for the processor to be able to predict the rate of power
utilization, and supply such an information to a running app
that then uses it to decide the best possible route to take
in reducing power consumption. For this undertaking to be
meaningful, one must decide what type of processor to target
for the design of a power prediction model; this is important
because there are billions of IoT nodes having different types
of processors (from a number of chip makers and vendors) in
existence today [9], [10], [11]. A reasonable approach will
be to target a processor that is widely used in IoT nodes;
a candidate processor will be the CortexM series family
of processors from Advanced RISC Machines (ARM). The
choice of these ARM processors is hinged on the fact that
they have the most significant share of the market for IoT-
powered technologies as shown in figure 1 [12], [13].
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FIGURE 1. Market share of ARM processors.

Having established a reasonable basis for the choice of a
target processor, the second important factor is the choice of
technique to use for estimating the processor power. There are
quite a number of techniques for the estimation of processor
power utilization [8], [14], [15], [16]; of these, the instruction
level technique aligns naturally with the requirements for
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the design a power prediction model because it allows the
complete isolation of the estimated power of an application
from the hardware [8]. This is a desirable feature for any
focused-driven power estimation technique. Based on this
understanding, the design in this work will be an instruction
level power estimation technique.

To set the tone for the design, the paper is organized as
follows- section II presents an overview of related works
that have been done by other authors on instruction level
power estimation. Section III presents the methodology for
the design of the prediction model. In section IV, various
results obtained by simulations based on the methodology
are shown, alongside a performance comparison to similar
designs. A conclusion and open issues about future research
directions are finally discussed in section V.

Il. OVERVIEW OF RELATED WORKS

Quite a number research on instruction level power estimation
have been conducted by different authors. A few of these
include the work by [17] where an instruction level energy
model for VLIW architectures was used for high level power
exploration framework. Specifically, they focused on the
reduction of the complexity of the energy model of k-issue
VLIW processor with respect to the number of operations
from O (|ISA|"‘) to (0 (k * |ISA|2)).

The instantaneous current drawn by the processor during
the execution of instructions was used by [18] as a basis
for the design of a technique for modeling instruction
level energy of pipelined processors. Using an appropriate
instrumentation, energy costs were modeled with regards to a
reference instruction. The costs factored inter-cycle energy
components that cancel out when summed to produce the
total estimates of a given program.

An instruction level power estimator called IPEN was
developed by [19] for sensor networks. To be robust, IPEN
was designed independent of a host OS; it is therefore capable
of estimating different types of sensor node software. The
operation of IPEN is based on the profiling of peripheral
accesses and function calls when an application is running.

By the combination of an empirical method and a statis-
tical analysis method technique, [20] developed a method
for accurately deriving the energy consumption model at
instruction level. The equation developed by their technique
works in such a manner that for any given program, the energy
behavior is characterized by observing the properties of the
instructions in the program.

Measurement based instruction level power analysis was
used as a basis by [21] for the development of a technique for
costing the power utilization of software in an accurate and
practical way. The technique was applied to three commercial
processors that are architecturally different. The systematic
analysis by their technique lead to the identification of
sources of software power consumption that can be targeted
during software design and transformation techniques.

Apart from these attempts, several other authors recently
used instruction level technique for the estimation of
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processor power utilization. A summary of some of these is

shown in Table 1.

TABLE 1. Recent research efforts in instruction level power estimation.

Author(s)/  Title of Methodology Strength Weakness
Year work
Kiran & Instruct The technique The There was
Ravish / ion is based on the  creation of no
2021 Based execution of trace data justification
Power instruction on  and given  for
Ref: [22] Estimat an automotive current the choice
ion microcontrolle  measurem  of selected
Method r called ent from instructions
in AURIX. The the trace wused as a
AURI estimation buffer basis for the
X used some set provideda estimator.
Microc  of instructions  significant
ontrolle that AURIX degree of
r uses for data coherency
transfers and in the
memory quality of
storage. data used
for the
estimation
Kulkarni Instruct A technique The A sample
& Udupi /  ion was developed  inclusion rate of
2019 Level for the of the  200ksps
Energy  estimation of effects of was chosen
Ref: [23] Consu performance inter- for all
mption  and energy  instructio measureme
Estimat utilization by n and nts
ion of ARM Cortex static irrespective
Embed M4 processor. power of their
ded Three different makes the peculiarity;
Process methods were technique it is not
or used for the robustand clear how
measurement more this  value
of  software accurate was arrived
energy than at.
consumption similar
technique To find the
s that do base cost,
not factor each
the effects  instruction
of these was
parameter  executed
s 1000 times;
for  large
number of
instruction
types, this
approach
can be very
costly.
Wang & An An instruction The model Results that
Zwolinski  Improv  level power uses are less
/2014 ed model based significant accurate
Instruct on  ARMII ly less  than similar
Ref: [24] ion- processor was number of models are
Level designed for input data likely to be
Power predicting to achieve  produced
Model power of  good because
for software results. inter-
ARMI1  applications. instruction
1 The model effects is
Microp  does not treat not factored
rocesso  every by this
r instruction technique.
individually,
and does not
factor the
effects of two
adjacent
instructions.
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TABLE 1. (Continued.) Recent research efforts in instruction level power

estimation.
Bazzaz, An A model was Themodel The model
M.et al /  Accura  designed, and is a very ignored the
2013 te whose robust system
Instruct  parameters model initializatio
Ref: [25] ion- included because it n part and
Level instruction encompas  assumed
Energy  opcode, ses a that the
Estimat  number of significant  system
ion shift number of always
Model operations, factors not  operates in
and register bank  considere its main
Tool bit flips, d by part; for a
for Hamming similar system with
Embed  distance, designs. large
ded instruction number of
System  weights, and peripherals,
s memory the likely
access type error due to
this
assumption
can be
significant

lll. METHODOLOGY

The approach in this work is divided into five stages and
spanning a number of tools from Open Virtual Platforms
(OVP), to MATLAB, and to VIVADO. Figure 2 shows the
flow for the methodology using these tools.

i (FPGA Hardware realization of PPM based an

| | Systolic Array Architecture

| Open Virtual Plarforms (OVP) |

(a)

Redundancy
remaval in trace
file

classification

Ilmh'l.ll:’liun Dissector using MATLAB ]‘

i
Xilimx VIVADOD I

FIGURE 2. Workflow for methodology.

The first stage in the methodology is the modeling of the
Cortex M processor using OVP. This is shown in figure 2a,
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and it involves three sub-stages i.e. processor modeling,
performance benchmarking, and instruction tracing. The
processor modeling involves the use of OP API to design and
integrate three key components of the processor considered in
this work i.e. the bus, the CPU, and the memory. The intercon-
nectivity of these components form the measurement setup
for the work. Figure 3 shows the schematic representation of
the interconnectivity; the components are integrated using OP
APIL.

Memory

Main bus

CPU CPU |___| CPU
Core 1 Core 2 Core n

FIGURE 3. Measurement setup based on OVP model of processor
integrated components.

The performance of the integrated system is tested using
selected benchmarks like Dhrystone, and PeekSpeed2 as
shown in figure 2a. The instructions used in executing
the benchmarks by the processor are then extracted using
instruction tracing by the OP API. A code algorithm for the
operations in figure 2a is shown as follows:

Algorithm 1 Code Algorithm for Processor Modeling,
Benchmarking, and Instruction Tracing

Input: CPUCores, MainBus, RAM, Benchmark
Output: InstructionTrace
1: Connect processor core to MainBus
2: Connect processor to RAM
3: Load Benchmark n
4: while Benchmark n do
initialize instruction pointers
run Benchmark on processor
CPUId < {x | x e CPUCores}
PointerAddress < {x | x € InstructionsAddresses}
. InstructionHexCode < {x | x € InstructionsHexCodes}
10:  InstructionName < {x | x € InstructionsNames}
13: end while
14: InstructionTrace < (CPUId, PointerAddress,
InstructionHexCode, InstructionName)

VRN

Figure 4 shows a partial view of the inputs and anticipated
output from Algorithm 1; a partial view of the OP APIs used
from processor modeling to instruction tracing are shown.

The second stage as shown in figure 2b is the dissector
of the instructions that were run by the processor while
executing benchmarks in figure 2a. The first step is the
removal of redundancies in the instruction trace files; this
process extracts only the listed instructions in the trace
file. The extracted instructions are then counted in the
instruction counter step to determine how many times each
instruction was executed during the benchmark operations.
The information from the instruction is fed to the instruction

VOLUME 12, 2024

filter step; this step will separate instructions that were
not executed thus having a count value of zero, from the
instructions that were executed and thus having a count
value greater than zero. The executed instructions are fed to
the instruction classification step where they are classified
into instruction categories as specified by ARM i.e. the
designers of the processors; the reader is referred to [26]
for further information on instruction groups for instruction
classification.

Algorithm 2 shows the pseudocode for the operation of
the instruction dissector using MATLAB; figure 5 presents
in more conceptual details the operations that happen in the
instruction dissector stage.

In figure 2c i.e. the third stage of the methodology, a design
of a RISC processor based on ARM instruction set architec-
ture is performed; the design is a general purpose processor
whose decoder is tailored to execute the instructions that were
actually executed during the benchmarking operations; for
the work considered in this paper, the decoder is designed to
execute data processing instructions. This approach ensures
that redundancy is eliminated by having a decoder that does
not have hardware for instructions that will not considered;
hence, an accurate power utilization information will become
obtainable by this approach.

Algorithm 2 Code Algorithm for Instruction Dissection

Input: InstructionTrace
Output: InstructionClassification
//Redundancy removal
1: InstrName <« {x | x € InstructionTrace and x is all instruction
names in InstructionTrace}

2: Name <« InstrName

3:j«0

// Instruction counter

4: while Name do

5:  Count < 0

6: forallk =0toN-1do

7 if(Namej == InstrName) then

8 if (Name;jN {x | x € Name and Nameg < x < Name;_})

== 0) then
9: Count < Count + 1
10: else
11: Count < Count
12: end if
13: end if
14:  end for
15: NameCountj <« Count
160 j<«<j+1

17: end while

// Instruction filter

18: Exelnstruction < {x | x ¢ Name and NameCount of Name > 0 }

19: NonExelnstruction <— {x | x ¢ Name and NameCount of Name ==

0}

/' Instruction classification

20: InstrType < {x | x € Exelnstruction and Exelnstruction is sorted
into instruction type}

21: InstrTypeCount <— >" ¢ x where S < {y | y is the count value

for each instruction in a selected InstrType}
22: InstrClassification <— (InstrType, InstrTypeCount)
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FIGURE 4. Processor modeling, benchmarking, and instruction tracing
using OP APIs.

VHDL was used as the coding language for the hardware
description of the processor, and Xilinx VIVADO was used
as the coding environment. The instruction decoder in the
processor design in this stage is a modification of the decoder
in the processor design by [27]; all other components used
for the processor were adopted from the VHDL description
of the components by [27]. The operation of the processor
is tested by executing each data processing instruction that
was actually executed by the processor model designed using
OVP in figure 2a; for each execution, the logic and data
power utilization of the instruction type is extracted using
the Switching Activity Interchange Format (SAIF) file. The
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SAIF file contains the static and dynamic power utilization
of an instruction class; this work focuses on the dynamic
power utilization because it is what an app developer can
readily optimize. Figure 6 shows the conceptual details of the
workflow activities in figure 2c.

Info ‘cpul¥, GaDO0000I00Z1214: Gab0I004 beg  21aZc

Info ‘cpul’, DOOMO00D000E1 a2 : eBbS0 kim  spL{rdlr)

Info ‘cpul?, B DMOO000I00 a30: e Hiflebx I

Info “cpul’, Gx0M000000000Z00c]: ch0Midec bl Z1ETE

Info ‘cpul’, DOOM000D0000Z1ETA: = INTERCERT == |__get_mamiop)
Info ‘cpul’, BeOO0A0000000200cY: e2 00020 sebs  ofl,r0 422

Info “cput’, G 000000000120 0cA: &1 202000 mow

Info ‘cpul’, DOOM00000000Z000:: e5510028 kr ), |pc880)

It “cpul, D OMOA0000000200d0: sbO00SFT I Z1H
|mI'Pu.h1
!inhwimea

M“dl“““” E [lr-m:ﬁmdmmmum L
bx InstructionType  Count
A= ME
subs Memory access 66,410,128
Data processing 46,161,833
Instruction Idr Branch & Control 3,030,481
counter f——— | b Bitfield: 201,057
Instruction Count e e :mm,a;
add 8181794 e
&S5 3
beq ]
Idm 0
b k1]
mav 402
idr 17854805
bl 52 add
béc 1] H5ME
Idm beq
—_— bic mav
msr Idr
thb .
Imstruction fitker

FIGURE 5. Operation of dissector for instruction dissection.

The fourth stage in the methodology i.e. figure 2d is
machine learning stage; it churns the logic and data power
utilization by computing the sum of power utilization for each
row of data. This yields an input/output relationship dataset
that is fed to the multivariate adaptive regression splines
(MARS) as a machine learning technique.

MARS is a data-driven machine learning technique that
uses a non-parametric regression approach to break a training
dataset into different splines- piecewise linear segments
characterized by differing slopes. The segments are delimited
using knots in such a manner that the sub-divisions between
any adjacent regions are marked to obtain basis functions
(BFs) which are piecewise curves [28], [29], [30], [31].
Mathematically, MARS can be expressed as [30]:

N kj
y=0Co+ Z CiHbji (96.0) ey

i=1 j=1
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where y is the output variable, Cy a constant, C; the vector of
coefficients associated with non-constant BFs, bj; (xg(,-, i)) is
the BF with truncated power and having @ (j, i) as the index
of independent variable used in the i term of the j** product,
and k; being a parameter that limits the interaction order. Any
spline bj;, can be defined by the following relationships [28],
[29], [30], [31]:

ML .
bji (x) = |x — 5] % = I (x _O’J;} xlf>xz< fi
A "

bjit1 (x) = |lji _x|:1— = ’ (tjl 0);)“ xlf>xt< g (2)

where #; is the knot of the spline, g (¢ > 0) represents the
spline power and the degree of smoothness of the resultant
function approximation. The determination of the basis
function to be included in the model is done by generalized
cross-validation (GCV); this is the mean of the squared
residual error divided by a penalty whose complexity depends
on the model and is mathematically expressed as [30]:

N
v 2 i —f @)F
GCV = —= : 3)
[1 . M+d><(M—1)/2]
N

where M is the number of bases functions, d the penalty for
each basis function in the sub-model, N the number of data
sets, and f (x;) the predicted values by MARS.

The output from the machine learning using MARS is a
power prediction model (PPM) of the form:

y = Cy + C1BF, — C,BF, & - - - &+ C,,BE, )

Algorithm 3 shows the pseudocode for the machine
learning based on MARS, and Algorithm 4 shows the
pseudocode for the power prediction model.

Algorithm 3 Pseudocode for Machine Learning Based on
MARS

Input: InstrPower from RTL design
// InstrPower is all instruction power in RTL design
Output: PMEquation
: DataPower < {x | x € all data power in InstrPower}
2: LogicPower < {x | x € all logic power in InstrPower}
3: TrainingDataPower < {x | x € DataPower and 80% of
DataPower}
: TestingDataPower < {x | x € DataPower and 20% of DataPower}
: TrainingLogicPower < {x | x € LogicPower and 80% of LogicPower}
: TestingLogicPower <— {x | x € LogicPower and 20% of LogicPower}
: DataPowerModel < aresbuild (TrainingDataPower)
: LogicPowerModel <— aresbuild (TrainingLogicPower)
// aresbuild is the function that executes MARS
9: DataPowerModelValidation < DataPowerModel (TestingDataPower)
10: LogicPowerModelValidation < LogicPowerModel(TestingLogicPower)
11: DPModelEquation < areseq (DataPowerModel)
12: LPPowerModelEquation <— areseq (LogicPowerModel)
// aresbuild is the function that produces the model equation used for PPM
13: PMEquation < (DPModelEquation, LPModelEquation)

—_

o e Y

Figure 7 shows the conceptual workflow in the fourth stage
i.e. the operations in figure 2d.

The last stage of the methodology is shown in figure 2e;
it involves an FPGA-based design of a systolic array
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IF [rising_sdge{CIkj) THEN
IF {DF_lnstr_Code = Add_OpCode AND Instr_%_Code = 1) THEN
AL Resuit<= ALU_jnsd + ALU_lnB;
ELSIF [OP_instr_Code = Bic_OpCode AKD Insir_S_Code = '0°) THEW
AL Flesult <= AL InA AND ROT[ALL_InB);

open_saif <saif_file_name>

log_saif [get_ohjects*] lughmdmwrnmﬂun
close_saif
Switching Activity Interchange Il I
Format (SAIF) file l ‘
Logic Data
power power
Diymarme: DERER
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1w Dievics Stauc 0082 W
_| Dynamic and static power data I—

FIGURE 6. ARM based processor design and power utilization extraction.

Algorithm 4 Pseudocode for Power Prediction Model

Input: PowerModelEquation
Output: PowerPredictionModel
1: DataPowerEquation <— DataPowerModelEquation € PMEquation
2: LogicPowerEquation <— LogicPowerModelEquation ¢ PMEquation
X —t,x>t
3 bftl < [ 0, otherwise
t—x,x <t
0, otherwise
/1 bft implies Basis Function Type
5: bfdp < DataPowerEquation(bftl, bft2)
// btdp is basis functions for data power
6: bflp <— LogicPowerEquation(bftl, bft2)
// bflp is basis functions for logic power
7: DataPowerPredictionModule <— {x | x € bfdp and bfdp, <x < bfdpyn }
8: LogicPowerPredictionModule < {x | x € bflp and bflp; < x < bflpps}
9: PowerPredictionModel <— (DataPowerPredictionModule, LogicPow-
erPredictionModule)

4: bft2 <

architecture based on the PPM equation. The systolic array
architecture will used as a sub-circuit that can be embedded in
an overall design will be used for predicting power utilization
for an application running on Cortex-M processor.

IV. ANALYSIS OF RESULTS

This section presents an analysis of the results obtained from
the designs performed in this works, as well as from the
methodology through which the designs were made. The
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FIGURE 7. Machine learning and power prediction model.

analysis is constructed based on the results obtained from the
generalized workflow in figure 2.

A. INSTRUCTION TRACING ANALYSIS

The instruction tracing is the first result obtained from the
design flow process; it is the final output from the modeling
of the processor and the execution of the selected test
benches. A partial view of the traced instructions is shown
in Table 2 for 15 samples from the trace file after executing
the PeakSpeed2 benchmark.

TABLE 2. Partial view of executed instructions in the trace file.

S/N  Information  Address Opcode Instruction
1 Info 'cpul’ 0x0000000000020098: €3a0b000 mov  fp,#0
2 Info 'cpu0’ 0x000000000002009¢: e€3b07000 movs r7.#0
3 Info 'cpu0’ 0x00000000000200a0: el0f0000 mrs r0,CPSR
4 Info 'cpul’ 0x00000000000200a4: €3c¢000c0  bic r0,r0,#192
5 Info 'cpul’ 0x00000000000200a8: el29f000 msr CPSR_fe,r0
6 Info 'cpu0’ 0x00000000000200ac: e€3b01000 movs rl #0
7 Info'cpu0’  0x00000000000200b0: ~ €59f0038  Idr 10, [pe,#56]
g  Info'cpud’  0x0000000000020164:  €28db004 add  fp,sp,#4
9 Info 'cpul’ 0x00000000000200b8: €0522000  subs r2,r2,r0
10 Info'cpud’  0x00000000000200bc: eb000621 bl 21948
11 Info'cpud’  0x0000000000021948:  €3100003  tst r0,#3
12 Info 'cpu0’ 0x000000000002194c: €92d4010  stmdb sp!,{rd,Ir}
13 Info'cpud’  0x0000000000021984:  €3520003 cmp 12,#3
14  Info 'cpu0’ 0x0000000000024088: 0284cf53  addeq ip,r4,#332

15 Info 'cpul’ 0x000000000002016¢: ~ €50b0010  str 10, [fp,#-16]

The information column in Table 2 indicates that only
a single CPU called “cpu0” was modeled; the address
column shows the respective memory addresses from where
the executed instructions were fetched. The opcode column
show the machine code (in hex) for executing an instruction,
while the instruction column indicate the actual instruction
that the CPU executed. Table 3 shows the types of bench-
marks executed and the total number of instructions traced
for each benchmark.

B. INSTRUCTION CLASSIFICATION ANALYSIS

Instruction classification as shown in figure 2b is the output
of the instruction dissector. Its task is to determine the
total number of instructions executed for every category
of instructions. The categories were selected based on the
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TABLE 3. Benchmarks and numbers of traced instructions.

Benchmark Total instructions traced

PeakSpeed2 135,002,730
DhryStone 122,606,253
Fibonacci 138,147,711

categories in [26] as earlier indicated. Table 4 shows the
output of the instruction dissector; it can be seen that the
PeekSpeed2 has the highest number of memory access
instructions while the Fibonacci test bench has the highest
number of data processing instructions.

TABLE 4. Instruction categorization and count by dissector.

Instruction Number of Executed Instructions
Category PeakSpeed2 DhryStone Fibonacci
Data Processing 45,001,412 46,161,833 67,534,306
Memory Access 90,000,813 66,410,128 67,427,482
Multiply 98 602,076 2,086
Divide 28 100,386 596
Bitfield 47 201,057 938
Branch and Control | 330 9,030,481 3,182,301
Miscellaneous 2 100,292 2

Total instructions 135,002,730 122,606,253 138,147,711

It should be noted that the derived instruction categories
from the instruction dissector is the basis on which the
instruction decoder for the VHDL design of the processor
in figure 2c is performed. For the work in this paper, data
processing instructions are the focus for the design of the
prediction for power utilization. The prediction model of
other instruction classes will be considered in a future work.

C. LOGIC AND DATA POWER EXTRACTION

The extraction of the logic and data power for each instruction
type is performed after the SAIF process; for each instruction
type, the logic and data power are extracted using the power
analysis tool in the VIVADO design suite. Figure 8 shows an
example of extracted power the SUB instruction, and the EOR
instruction. In figure 8, the power associated with signals
represents the data power. The input/output (I/O) power is not
considered in this work as it is negligible with a value of less
than 0.001W. As indicated in figure 8, for some instructions
the data power is higher than the logic power, while for some
others, the reverse is the case.

The data and logic power for all the executed instructions
are extracted and used as the basis for the construction of
a table that will be used by the machine learning stage. For
each instruction category, the instruction dissector, as shown
in figure 5, filters out the executed instructions from the non-
executed instructions. Consequently, for the data processing
instructions, the executed instructions, as determined by the
instruction dissector, are shown in Table 5 in the context of
their description as predictor variables, and their definition.
Thus, eleven predictor variables were derived from the
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FIGURE 8. Extracted power for SUB and EOR instructions.

dissection of the data processing instructions executed by the
processor. The same variable nomenclature holds for data
power, and logic power; hence, their definition applies to
all two categories of power type. For the data processing
instructions, the sample data for the logic and data power are
shown in Table 6.

TABLE 5. Summary of input and output variables for data power.

Description Definition
2 | x1 ADD instruction data/logic power
2| x2 SUB instruction data/logic power
E | x3 AND instruction data/logic power
B | x4 BIC instruction data/logic power
g | x5 CMP instruction data/logic power
E X6 MOV instruction data/logic power
5 x7 RSB instruction data/logic power
5| x8 EOR instruction data/logic power
'§ x9 SBC instruction data/logic power
&~ | xI0 ORR instruction data/logic power

x11 MVN instruction data/logic power

Output variables | Data Power, Logic Power

D. MACHINE LEARNING ANALYSIS

Using MARS, the optimum number of basis for the logic
power, and data power for data processing instructions
in Tables 6 are selected as shown in figures 9 and 10
respectively. The optimum number of basis was estimated
by Generalized Cross Validation (GCV) and cross validation
converged on the same value of 7 as the optimum number
of basis for the logic, and data power; this is a desirable

VOLUME 12, 2024

TABLE 6. Sample training and testing data.

Logic power Data power
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property and a good indicator of the quality of the data from
the perspective of stability.

A key feature of MARS is in its ability to identify what
predictor variables are having the strongest effect on a
derived model. Consequently, for the logic and data power,
the analysis of the weights of their predictor variables is
presented in Tables 7 and 8 respectively.

In Table 7, there are three predictor variables which have
an effect on the logic power model, with x11 representing the
MVN instruction having the strongest effect; following it is
x5 representing the CMP instruction having a lesser effect.
The predictor variable x8 representing the EOR instruction
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FIGURE 10. Optimum number of basis for data power.

TABLE 7. Weights of logic power predictor variables.

Variable delGCV  nSubsets subsRSS  subsGCV
1 0.0000 0 0.000 0.000 unused
2 0.0000 0 0.000 0.000 unused
3 0.0000 0 0.000 0.000 unused
4 0.0000 0 0.000 0.000 unused
5 95.949 5 100.0 100.0
6 0.0000 0 0.000 0.000 unused
7 0.0000 0 0.000 0.000 unused
8 38.995 3 0.079 0.079
9 0.0000 0 0.000 0.000 unused
10 0.0000 0 0.000 0.000 unused
11 100.00 1 0.015 0.015
TABLE 8. Weights of data power predictor variables.
Variable  delGC nSubset subsRS subsGC
1 0.0000 0 0.000 0.000 unused
2 95.056 1 0.007 0.006
3 0.0000 0 0.000 0.000 unused
4 0.0000 0 0.000 0.000 unused
5 0.0000 0 0.000 0.000 unused
6 0.0000 0 0.000 0.000 unused
7 81.209 4 100.0 100.0
8 0.0000 0 0.000 0.000 unused
9 100.00 3 2.071 2.096
10 0.0000 0 0.000 0.000 unused
11 0.0000 0 0.000 0.000 unused

has the least effect on the model for predictor variables that
are used; other predictor variables are unused. Table 9 shows
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the basis function for this model having the participating
predictor variables.

TABLE 9. Basis functions with corresponding logic power model
equations.

BF Equation BF
BF1 | max (0,x5-0.001078) | BF4
BF2 | max (0,0.001078 - x5) BF5
BF3 | max (0,x8—-2.181e-07) | BF6
Output Equation

y = 0.004551 +593*BF1 -3.733*BF2 +1.928*BF3 -1761*BF4
+2.107*BF5 -25.21 *BF6

Equation

max (0, 2.181e-07 - x8)
max (0, x11 —5.782e-06)
max (0, 5.782e-06 —x11)

In Table 8, the variable x9 that represents the SBC has
the strongest effect on the data power model; following
it is x2 that represents the SUB instruction and then the
RSB instruction represented by x7; other predictor variables
are unused. Table 10 shows the basis function and the
corresponding equation for the data power model.

TABLE 10. Basis functions with corresponding equations for data power
model.

BF Equation BF
BF1 | max (0, x7 — 5.002¢-08) BF4
BF2 | max (0, x9 —0.0005452) | BF5
BF3 | max (0, 0.0005452 - x9)
Output Equation

y =0.0007622 +2.041*BF1 +0.8434*BF2 -1.038*BF3 +1.292*BF4
-0.9726*BF5

Equation
max (0, x2 —0.0002021)
max (0, 0.0002021 - x2)

The plot for the logic power model shown in figure 11was
plotted with x5 and x11 as independent variables, and y
as the dependent variable. The non-linearity effect of the
independent variables on the output of the model is visible
along the x5 axis. In a similar analysis, the plot of the data
model shown in figure 12 has x2 and x9 as the independent
variables, and y as the dependent variable. Figure 12 shows
better linear relationship between the independent variables
and the dependent variable. The variation in linearity between
figure 11 and 12 will affect the rate of convergence of the BFs
associated with the models.

E. BASIS FUNCTION CONVERGENCE ANALYSIS

The performance of the basis functions for the data power and
logic power associated with the data processing instructions
is shown in figure 13a and 13b respectively. It can be observed
that the BFs of the data power achieved convergence earlier
than those of the logic power. This is expected because for any
given set of data processing operations, the data involved are
likely to remain constant except for a few intermediate values,
while the logic operations on the data can span from a few
operations to a large number of operations. As an example,
consider the circuit shown in figure 14; it can be observed that
while there are three input data associated with its operations,
there are however seven logic operations that occur between
that data. These kind of scenarios have an effect on
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FIGURE 12. Linearity plot of data power model.

the latency associated with the convergence of the logic
power BFs.

F. COEFFICIENT OF DETERMINATION (R%) ANALYSIS

To determine the proportion of variance of the dependent
variables (power outputs from the model equations) that can
be predicted from the independent predictor variables, the
R? results for the two models is presented in this regard in
Table 11.

TABLE 11. R2 values for power model categories.

Data power
0.9996

Parameter Logic power
R? 0.9995

The results in Table 11 indicate that the MARS models for
the power model categories of data processing instructions
indicate that only marginal differences will be observed
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FIGURE 15. Curve fitting performance for logic power.

between measured power and the predicted power. For the
logic power and data power, the prediction model will be
able to predict power utilization with an error of 0.05%
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and 0.04% for logic power and data power respectively.
This level of performance implies that the prediction models
are reliable; hence, there is a justification for the design
of an embedded sub-circuit based on these models. Such a
circuit when integrated in a system running on the Cortex
M3 processor can be saddled with the responsibility of
continuously predicting the logic power and data power
for data processing operations. With such an information,
an application running on the system would be able to make
optimal decisions during data operations to guarantee energy
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efficiency while at the same time maintaining a good level of
performance.

To corroborate the level of accuracy, figure 15 shows the
plot of the performance of the logic power for the training
phase and validating phase. For the training phase, an almost
perfect fit was achieved by the model in figure 15a, while
during the validation phase, a slight deviation from the
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FIGURE 21. Systolic array circuit for FPGA realization of logic power
model.

fitting curve occurred at about 0.04W. In a similar analysis,
figure 16 shows the curve fitting performance for data power.
Figure 16a shows a better fitting in the training phase for
the data power than the training phase for the logic power
in figure 15a. Similarly, for the validation phase, the data
power model showed better curve fitting in figure 16b than
the logic power model in figure 54b. A convergence plot
between the predicted power during the training phase, and
the predicted power during the validation for the case of the
data power and logic power models is shown in figure 17,
and as expected a faster convergence is observed in the case
of the data power model than that of the logic power model.
The reason for the convergence rates is a function of the curve
fitting performance in figure 15 and 16.

G. FPGA REALIZATION FOR POWER PREDICTION MODEL
(PPM)

The equations for the logic power model in Table 9 and the
data power model in Table 10 can be used for the hardware
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realization of the PPMs. A systolic array approach can be
used for such a design since the independent variables can be
viewed as concurrent streams of data. For the sake of brevity
to avoid over-blotting of this work, the reader is referred
to [32], [33], [34], and [35] for details on systolic arrays
and design techniques. The choice of an FPGA for such
a realization naturally comes to play because FPGAs have
concurrent hardware that makes them ideal for systolic circuit
design.

A natural take off point for the FPGA realization is the
design of the BFs, and based on the expressions in (2), the BFs
are either of the form (x —t)4 or (t - x)1. Figure 18 shows the
design of the BFs using an Algorithmic State Machine (ASM)

164693



IEEE Access

D. P. Yusuf et al.: Development of a Model for Prediction of IoT Processor Power Utilization

OPE Y

|
T x
- :-'E
? S ”
o S 2 = = %
> — s xE £
> = | 3
- w E
= + il = =)
w Sl B 12 2 |3
- £ |~
= g ;‘H E ﬁl
gl _—13 7]
ol E
; E?—H’xi ‘
g.JVE_-J g
o L, . =
=] =

FIGURE 24. Systolic array circuit for FPGA realization of data power
model.

Chart. VHDL was used for the hardware description design of
the BFs; the design was a generic design capable of handling
data with different bit width, and figure 19 and 20 show the
simulation for the BFs for a case of an 8-bit bit width data.

Using the output equation in Table 9, a systolic array based
circuit for the FPGA realization of the logic power model is
shown in figure 21.

The signal orchestration sub-circuit in the design ensures
proper timing of the signals arriving to the SPEs (Summation
Processing Element) and DPEs (Difference Processing Ele-
ment) so that accurate results are obtained by ensuring all the
requirements for data dependencies are satisfied. Figure 22
shows the signal orchestration sub-circuit, and figure 23
shows the circuits for the SPE and DPE blocks.

Similarly, figure 24 shows the FPGA realization for the
data power model and figure 25 shows its corresponding
signal orchestration sub-circuit.

The simulation for the design of FPGA realization of the
logic, and data power models is shown in figure 26 for the first
four of the results. It should be noted that the results are fixed
point results because the FPGA realizations were designed on
the basis of fixed point representation.
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FIGURE 25. Data power orchestration sub-circuit.

To verify the functional accuracy of the FPGA realizations,
two models were developed for the architecture in figure 21
using MATLAB and Ada programming; similarly, two
models were developed for the architecture in figure 24
using MATLAB and Ada programming. Table 12 shows
the first seven samples of the logic and data power results
respectively from the FPGA realization using VHDL, the
MATLAB model, and the Ada model.

A Root Mean Squared Error (RMSE) analysis was
performed between the results from the FPGA realization via
VHDL and the corresponding models in MATLAB and Ada
using the relationship in (5) as defined by [36] as:

N .12
; OESI0]

RMSE = 5)

N

where y (i) is the expected output (obtained from the
MATLAB and Ada models), y(i) is the actual output
(obtained from the FPGA realization via VHDL), and N is
the number of samples.

From the logic power results, the RMSE between the
MATLAB model and FPGA realization is 0.000000, and
the RMSE between the Ada model and FPGA realization
is 6.29193e-6, which translates to 0.000629193% error.
Similarly, from the data power results, the RMSE between
the MATLAB model and FPGA realization is 0.000000, and
the RMSE between the Ada model and the FPGA realization
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FIGURE 26. First four samples of predicted power by processor. Note:
Computed values are in fixed-point representation.

is 2.30968e-4, which translates to 0.023096787% error. It can
be observed that the FPGA realization results show very high
accuracy from the RMSE values; the RMSE values between
the Ada model and FPGA realizations is due to the strong
typed nature of Ada as a language; it thus is able to represent
data with a degree of accuracy that outperforms modeling
languages like MATLAB. For this reason, Ada is the language
of choice in safety-critical systems from avionics to nuclear
plant control.

V. PERFORMANCE COMPARISON WITH

RELATED WORKS

A performance comparison between the design in this paper
and similar designs by other authors is shown in Table 13. The
comparison focused on robustness of design, and accuracy.
It can be observed the design in this paper compares
favorably with other designs. The design methodology in
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TABLE 12. First seven samples of logic and data power results.

Logic power results Data power results

VHDL | MATLAB Ada VHDL MATLAB Ada

Fixed Point
Floating Point
Fixed Point
Floating Point
Fixed Point
floating Point
Fixed Point
Floating Point
Fixed Point
Floating Point
Fixed Point
floating Point

1985840990
29.5913367
1985840990
29.59133670
1985840990
29.5913367
525470616
7.830122352
525470616
7.830122352
525470616
7.830122352

1946557881
29.00597276
1946557881
29.00597276
1946557881
29.00597276
501861798
7.478323549
501861798
7.478323549
501861798
7.478323549

1921779302
28.63674316
1921779302
28.63674316
1921779302
28.63674316
500188374
7.453387588
500188374
7.453387588
500188374
7.453387588

1866953539
27.81977563
1866953539
27.81977563
1866953539
27.81977563
499760196
7.447007239
499760196
7447007239
499760196
7.447007239

1806059327
26.91238116
1806059327
2691238116
1806059327
26.91238116
475695302
7.088412374
475695302
7.088412374
475695302
7.088412374

1753678004
26.13183862
1753678004
26.13183862
1753678004
26.13183862
294584432
4389650106
294584432
4389650106
294584432
4.389650106

1687302098
25.14276055
1687302098
25.14276055
1687302098
25.14276055
285974600
4.261353612
285974600
4.261353612
285974600
4.261353612

this paper had features like predictor variable identification
and mini hardware realization; these features make the
design in this paper more robust in comparison to other
designs.

The predictor variable identification feature made the
design in this work capable of identifying the particular
instruction that consuming the most power; such an informa-
tion is important is very important in optimal design of IoT
applications that are anticipated to operate in remote locations
for an extended period of time. As reported in Table 13,
a very high degree of accuracy was achieved by the prediction
mini hardware realization of the circuits of the prediction
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TABLE 14. (Continued.) Performance comparison with earlier works.

£

:53 No Yes No No No No No Yes
s

=

£

'§ Yes Yes Yes Yes Yes Yes Yes Yes
3

9]

g [39] [40] [41] [42] [43] [44] [45]

z

model in this work. The accuracy was arrived at using RMSE
between the prediction model that was coded in MATLAB
and Ada, and the FPGA realization based on systolic array
architecture via VHDL. The work by authors as reported in
Table 13 also had good accuracys; it should be noted the basis
for the determination of their accuracy is not the same as the
approach in this work.

A comparative analysis is also presented in Table 14 for
performance comparison between the technique presented
in this work, and the techniques published in earlier work
based on a number of parameters that can be broadly
applied.

VI. CONCLUSION

Power prediction models for processors are poised to become
an integral part of future designs of applications that are
envisaged to be energy-aware. Consequently, the design
of processor power models using different techniques has
become an active area of research. The design in this paper
presented an instruction level approach for the design of a
CORTEX M power prediction using MARS. The data for
the design were extracted from the power analysis tool of
VIVADO where all the power associated with the operation
of the processor during the execution of an instruction can
be obtained. The design was able to identify the predictor
variables like MVN and SBC instructions having very strong
effect on the derived models. The accuracy of the models
was underscored by the curve fitting performance where
strong convergence was observed. The design also proposed
a mini hardware realization of the prediction model based on
a systolic array architecture that was coded and functionally
verified using VHDL. The performance comparison of the
design in this work was compared to similar designs in the
context of robustness and accuracy; the design in this work
compared favorably.
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