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Motivation: Minimize Energy

-
YEARS
YEARS =
Increase lifetime. Reduce battery size.
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Minimizing Energy on Constrained Devices

Duty Cycling A

(( )) * Put system to sleep while idle

* Wake up via timers or interrupts

Power

+ Very effective, very easy
- Minimizes energy only during idle phase

Time
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Minimizing Energy on Constrained Devices

Duty Cycling A
* Put system to sleep while idle
* Wake up via timers or interrupts

Power

® + Very effective, very easy

- Minimizes energy only during idle phase :
Time

Dynamic Voltage and Frequency Scaling A

i * Fine-grained performance control

+ Minimizes energy during active phase

Power

- Very complex

Requires detailed hardware knowledge :
Time

Hard to generalize
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Platform Agnostic Programming

Application Code

Unified Software Stack (OS + HAL)
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* Clock Configuration Abstraction
* Clock Tree Power Modeling
* Evaluation

e Conclusion and Outlook

A Power Model of System Clocks to Minimize Energy Consumption on Constrained MCUs 8



The Clock .
Configuration I

Abstraction



Clock Tree Challenges
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Clock Tree Challenges

H

Abstractions for Datasheets do not | |Physical properties

low-level clock cover the entire of proprietary
settings clock configuration| | hardware designs

on constrained space. are not disclosed.
devices.

{Previous WOI’k} —< Our contribution fixes this >—
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The Clock Configuration Space is Large

-»| EXT 4-48 MHz J I
\I ~P —{ CPU
RC 16 MHz i >B_’ PLL
>
~MxN=R
RC 0.1-48 MHz [

* 3 different oscillators
* o different topologies for clocking the CPU
* Sscale factor settings

* Tens to thousands of configurations for generating the same
frequency
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Same Frequency = Same Power

Task-specific energy-optimal frequency [MHz]

8 I 8 56 24 24
|
Clock configuration

0.125 [ZZ Energy optimal
= 1 Worst case
gﬁ 0.075 =
.
= 0.050 -
5 Y

0.025 -

0.000

Idle ADC TX Frame FFT Busy-loop
Compute Task
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Same Frequency = Same Power
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Same Frequency = Same Power

Task-specific energy-optimal frequency [MHz]
3 8 56 24 24

Clock configuration
0.125 [ZZ Energy optimal
[ Worst case

0.100 - .

0.075 - -30%

Energy [mJ]

0.050 - 347

0.025 4 ’ 51%

0.000 [/ ‘ m

Idle ADC TX Frame FFT Busy-loop
Compute Task
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Clock-Tree
Power Modeling



Clock-Tree Power Model: The Idea

-» EXT 4-48 MHz J

I P
~| _:B-» =P || cpru
RC 16 MHz PLL
+MxN-+R
RC 0.1-48 MHz 4 \

f f, N f, fy S I R fy
0.11§\§[:Hz > Xy ‘. Xm; =P xmy P Xxms; p———u> xm; p—p{ CPU
P> . E coece

Map all scale factors to separate node
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Clock-Tree Power Model: The Idea

V X Ileak

P leak

P switch C X V2 X f

Pshort = V X f X I_shortA(ti)

o Al

—p| CPU
0.1 MHz

Assign consumption terms to surrogate CMQOS circuit
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Modeling the Full Clock-Tree

Psys—clock (N) = Pleak (N) + Pswitch (N) + Pghort (N)
k

Z {Crny ¥ V2 X froy + V X frm) X Lo (T (1)) A(t)) +V X e (T (n))}
1

i

= |l

V {CF(ni) X fl“(nl-)} +V {fl"(ni) X I_short (r (nz)) A(ti) + Lieak (r (nl))}
i=1

P Sys (N ) =P sys-stat (V) + P sys-clock (N ) + P sys-task (Va f )

min SSE = Z (Pmod () = Pemp (1"))2

S.t. CF(n,-) > 0
Leak T'(7;)) > 0 and I_short IT'@m)> 0 19



Modeling the Full Clock-Tree

,<Summarize consumption terms of all clock nhodes
and make them depend on configuration values and
hardware properties”
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,Relate clock-tree consumption to the overall system power" ‘
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k

Z {Crny ¥ V2 X froy + V X frm) X Lo (T (1)) A(t)) +V X e (T (n))}
1

i

= |l

V2 {Cruy X fram} + V {froy X Lot T (1)) A () + Deax (T (1))}

=1
P Sys (N ) =P sys-stat (V) + P sys-clock (N ) + P sys-task (Va f )

,Objective function to approximate the hidden hardware
properties from empirical measurements”
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Modeling the Full Clock-Tree
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Modeling the Full Clock-Tree

Psys—clock (N) = Pleak (N) + Pswitch (N) + Pghort (N)
k
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Model Input: Measurement
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Model Input: Measurement
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Automatic Parametrization of the Model

MCU (Device Under Test)
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Automatic Parametrization of the Model

v ScaleClock

:(9)
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Automatic Parametrization of the Model

MCU (Device Under Test)
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Automatic Parametrization of the Model

MCU (Device Under Test) E Experiment Control Host (Linux)
E> e
ae| |
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Automatic Parametrization of the Model

MCU (Device Under Test) E Experiment Control Host (Linux)
Evaluation Firmware @D 5D

each Configuration
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Automatic Parametrization of the Model

MCU (Device Under Test) E Experiment Control Host (Linux)

6 Compile Parameterized

Evaluation Firmware : @D 5D Optimization Problem
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Automatic Parametrization of the Model

Experiment Control Host (Linux)

6 Compile Parameterized 6 Use NLP Solver to

Eh Eh Optimization Problem Determine Power
@ Model Variables
dat

[QM o -l 1] e [

Consumptlon of
each Configuration

rDigltal Sampling Multimeter || Voltage |
(Keithley DMM7510) Supply
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Automatic Parametrization of the Model

Experiment Control Host (Linux)

6 Compile Parameterized 6 Use NLP Solver to

Eh Eh Optimization Problem Determine Power
@ Model Variables
dat \
M o v var
[9 o L[ [ o> |
each Conﬁguratlon )
rDigltal Sampling Multimeter ][ Voltage |[ Power Model )
(Keithley DMM7510) Supply Calculate v *
Consumption
SCPi of all Clock
O - Configurations
Power [mW]4_j
. \. J \\ J J
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Evaluation:

Three Very n
Different Boards -



Clock Configuration Space (slstk3402a)
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Clock Configuration Space (slstk3402a)
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Clock Configuration Space (slstk3402a)
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Clock Configuration Space (slstk3402a)
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Clock Configuration Space (slstk3402a)
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Clock Configuration Space

slstk3402a nucleo-l476rg rpi-pico-2-riscv

1.0
15 =
- 401 0.8 g
= 40 A
£ 104 0.6 g
o R
) +~
5 20 | 04 g
£ 51 20 5
0.2 5
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Lower frequencies and more flexible tree » wider power range
Best config saves 22% - 47% vs. vendor- and 2% - 4% vs. OS-default
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Power Model Accuracy
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Model generalizes across manufacturers and core architectures
Configuration-space is covered with small errors (MAPE < 2%)
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Conclusion
and Outlook



Conclusion and Outlook

« Power estimation requires more than core frequency and voltage
- Clock topology and intermediate scale factors matter

Our power model of system clocks

Covers the full clock configuration space

Accurately predicts the power consumption (MAPE 0.4% - 1.9%)

- Generalizes to heterogeneous target devices
(Evaluated for Cortex-M and RISCV on Silicon Labs, STMicroelectronics, Raspberry Pi)

Automatic framework to measure devices and parametrize our model

Application directions Source Code

Dynamic and static scenarios

Cl and dev tool integration for compile-time hints
On device deployment for adaptive power-awareness
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Clock-Tree Power Model: Task Independence
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Clock-Tree Power Model: Task Independence
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Clock-Tree Power Model: Task Independence

Hypothesis: at the same CPU frequency and voltage the difference in system consumption
for two configurations should be equal to the difference of the clock tree consumption.

P SYS (N ) =P sys-stat (V) + P sys-clock (N ) + P sys-task (Va f )
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Clock-Tree Power Model: Task Independence

Hypothesis: at the same CPU frequency and voltage the difference in system consumption
for two configurations should be equal to the difference of the clock tree consumption.

P SYS (N ) =P sys-stat (V) + P sys-clock (N ) + P sys-task (Va f )

I

A=P SYS (N ) - P Sys ( ,) =P sys-clock (N) B PSyS'CIOCk (N,)

A(wi) = A(wp) =0
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Clock-Tree Power Model: Task Independence

Hypothesis: at the same CPU frequency and voltage the difference in system consumption
for two configurations should be equal to the difference of the clock tree consumption.

P SYS (N ) =P sys-stat (V) + P sys-clock (N ) + P sys-task (Va f )

I

A = Pgys (N) — Psys (N') = Pgys-clock (V) = Psys-clock (N”)

A(wi) = A(wp) =0

Confirmation:

Residual Error

Task  Total Consumption Mean Standard Deviation
flash 23.6 - 25.6 mW 11.8 uW (0.05 %) 15.0 pW (0.06 %)
Wl count 132 - 153 mW 7.3 uW (0.05 %) 54 pW (0.04 %)

timer 122 - 143 mW 7.0 pW (0.05 %) 5.2 pW (0.04 %)
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Clock Configuration Space (slstk3402a)

. 10
-0.8 2
> O
-
£.10- 0.6 2
8 +
A, O- .
_— Reference Config 0.2 g
X Default Vendor Config = RIOT O

0 ' - . 0.0

0 10 20 30 40
Core Frequency [MHz|

51



Clock Configuration Space (nucleo-l476rg)
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Clock Configuration Space (rpi-pico-2-riscv)
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ScaleClock

Clock Tree Abstraction Architecture & OS-Integration
Application
Monitor
Platform A "\A"Sldwar Utilization OS / Scheduler
i Callback

=29 Monitor Query Transition Manager Interaction

Monolithic & Notify
AP _ - 1\» Core Voltage
Generic Module{ Clock Configurator Module

Unified Interface{ Abstract Clock

Static Model &
Configuration

Voltage & Frequency
Range Constraints

{ |  Properties, Constraints, Flags |

Gate || Mux || Scaler || ... |

Hardware
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