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Power and Energy

» Why worry about power consumption?
— Bateaylife
— Wi ght
—-89ze
— Heat
— Rdiatility
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Power and Energy

* Rdaionsh p bet ween power and energy
— Power = d/dt (Energy)
e Units
— Power: Watts
— Energy: Joules
- 1J=1Wx1s
— Some equivalents:
s IW=1Vx1A
+1J=1Vx1C
e “Lowpower”! “Lowenergy” !
— E.g. asystem with low power consumption but long latency
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Power and Energy

» No “magic bullet”—the whole system
affects power consumption:

Software
Hardware
Power source

» We'll start from the bottom and work our
way up...
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Power Sources

» Typically batteries

—Thereaedtandives sd a pands, fuel cells,
and 0 on.

» Battery parameters:
— Ri nary (dsposal €) vs. secondary

(rechar gesbl &
— Vdtage
— Capacity (Ether charge or energy)
— Chenastry
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Power Sources

« Bateay chemstry
— Electrode materials determine voltage and theoretical
capacity

Chemistry | Tl Voltage, V C;p:ﬂ'@“iglek o Ca;gst‘mkg

Lead acid 2.1 120 250
NiCd 1.3 180 240
NiMH 1.3 210 270
Li-ion 3.9 100 390

— Realizable capacities are much less than the values listed
— A reference point: TNT energy capacity is 1300Wh/kg
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Power Sources

* Battery properties: |deal

4 g
g i
100
Percent discharged Power of load
Constant voltage Constant capacity
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Power Sources

» Typical battery voltage curves

o o b
n Skepar] disings e b Flat ischaamge pmifile
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Power Sources

* Battery properties: Non-ideal capacity

Capacity versus power for several
battery systems.

A: Li/lMnO, 2/3A cell;

B: Zn/alkaline/MnO, AA cell;

C: Li-MnO, AA cell; D: Ni-Cd i
AA cell; E: Zn/alkaline/MnO, AA cell; .
F: Li-ion AA cell; G: NiMH AA cell. B! Exh

A and B are primary cells, C-G are
secondary cells. Dashed lines show
time of discharge for reference.

(Adapted from Linden's Handbook of Batteries) fanrr. Wik
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Power Sources

e Edti nating bettaylife first order:
L = Energy capacity/Average power

» Energy capacity. E = V,,, x Crating

* Average power:
Pae= PaXty + PyoXtey + . Pyxty,
where B; =average power indédei,
t; =percert d tineingaei
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Power Sources

 Estimating battery life when capacity is
non-ideal (roughly, less than 4 hours):

L= (C(Ppeak) x Vnom)/ Pave

whereP ., = max(Py),

C(Ppea) isthe capacity & the pesk power

29 September 2001 Tom Martin
ISWC'01 Low Power Tutorial

1




Hardware

» Done with power sources, now on to
hardware:

Software
Hardware
Power source

» Most hardware can’t operate at the battery
voltage:

— Power supd y requiredto produce usefu
voltages
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Hardware
e Typicad wearalesysem
software
Vbalev | power Voﬂ_mpu;\ _Ioﬂ:pul:—
battery | : supply : computer
— l— [ —
= l—____ hadyare _ _ _ _
 If power supply were 100%effidert:
Phattery: Pcormuter
Or: Vhatteryl hanery: S (Vcormmer-ilcon‘pmer-i)
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Hardware

* Efficiency = P,/P;,, or, inour case,
Effici ency = Pconputer/ Pbattery

» Two types of power supply:
— Li near regul &
« Fewer components, usualy less efficient
—Swtchngregdaa
« More components, usually more efficient
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Hardware

* Linear regulator efficiency:
— For linear regulators, I;, = Iy,
— Then EffiCienCy = Voulloullvinlin: Voullvin
- But Voul £ Vin - Vdropaut
— ASSUME V yopor = 1V, Vi = Vipy = 35V, V= 25V
— Then Efficiency = 2.5V/3.5V = 71%
— If V.= 4.5V, Efficiency = 2.5V/4.5V = 56%
— Average efficiency is approx. 64%
— For every 1Winthe conput er, you ned
1W0 64 =16Wfromthe beteay ...
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Hardware

e Swtchng regu aor efidency:

: "II|II | | | (From Linear
i | el Technology Databook)

« Typical efficiency > 90% over most of range, so every 1W
for computer requires 1W/0.9 = 1.1W from battery
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Hardware
e Soneingicaions Gascad ng supplies

P
[ty o power 17—
supplyl power Pogz

‘ effl supply2
]

=

o Phat = (P, +Pouo/eff2)/effl
= Poun/effl + Pyl (efflx eff2)
o If P, domnees, then overdl effidency wll be
d oeto(efflx eff2)
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Hardware

¢ Power nanagenent: Rutingidesubsystensirto
lowpower nodes

« Power-pefa nancetrade-offs: Decreasi ng
perf a mance (and thus power) whle active

« DOfficdt tocdl these “hardwere” —+hey inva ve
aspects of both hardware and sd't ware
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Hardware

¢ Power nanagenent: Cod of turning subsystem
back on vs power saved whleitis df.
¢ Exanp e IBM M o odrive
— 0.45W spinning
— 0.07W standby
— 0.7W startup (2-3 seconds)

— Then drive must be able to shut off for 3.1-4.7 seconds
to break even...

« And this doesn’t consider the power consumed by the rest of
the system during those 2-3 seconds...
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Hardware

» Overal savings depends on fraction of total
system power and fraction of time
subsystemisidle

» E.g. If subsystem is 10% of total power,
then if we can shut it off all the time, the
maximum savingsis 10%...
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Hardware

¢ The equi vd et of Andahl’s Lawfor power
consunpti on:

Energy
] J'c'r.‘u':'ul t P

Barervliife =
drrerv e T=F

fali
\WhereEnergy isthe (constat) battery capacity,
Fiqe isthefraction of tineid e
Pige iSthe power whleide and
P.cive iSthe pover whle ative

29 September 2001 Tom Martin 21
ISWC'01 Low Power Tutorial

Hardware

» Experimental example:

Hatiery Latc, s

i T T i
Factionad Tinee 18e, F
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Hardware

¢ Dynanic power nanagenert: Berini, d. d. ‘A
Survey of Design Techniques for System-Level Dynamic
Power Management”, |EEE Trans. on VLSI, June 200

¢ Queuei ng theory approachto power nanagenert:
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Hardware

« Non-ideal battery properties show that
power-performance trade-offs are desirable:

Ty
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Hardware
¢ Simulation results:
S | IR | [ [ [ |
._'._‘._ a5 A T'“ N T
Same [+ I =
average - '_ - = — -
power, [—— = P -
but much =
greater - . ] _" ol _'
battery life [—— R .. 2% . I ., = =
: - =
29 September 2001 Tom Martin 25

ISWC'01 Low Power Tutorial

Hardware

¢ Power pefa nance trade- offs
— CPU clock frequency
— Wireless transmit power
— Main memory bandwidth

« But lower power isn't necessarily nmore energy
effidert, nor does it necessarilyleadto nore
conput aions conp eed pa bataylife...
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Hardware

¢ CPUd ock frequency: Most previous work onthis
probl em nakes thefdlowng assunpti ons

* Powera fCV?
« Execuionti nea 1/f
P megy per operaionis
g constant ifV is ket constart

b) proportional to & if bathv,f ae
vaied by afactor of s
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Hardware

Problems with those assumptions:

— The CPU isn't the only power consumer

— Performance doesn’t necessarily scale with frequency
— Implicitly assumes battery capacity is constant

e Must accourt for dl three

e Argt, CPUas pat of sygempower: P = S+fCV?2
e Then energy per operdian =P/f = Sif + C\2
— Only constant if §f << C\V2
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Hardware

«Second, memory bandwidth affects performance

Overall performance of loop at different CPU frequencies:

—— Expected
x: Measred
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Hardware

Normalized computations per battery life:
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Hardware

 Other major problem: Predicting work load

* Lotsof people have looked at this:

— Weiser, et. al. “Scheduling for Reduced CPU Energy,”
Proceedings of the 1st USENIX Symposium on Operating Systems
Design and Implementation, 1994

— Govil et. a. “Comparing Algorithms for Dynamic Speed- Setting
of aLow-Power CPU,” 1st ACM International Conference on
Mobile Computing and Networking, 1995

— Neufeld, et. al.”Policies for Dynamic Clock Scheduling,” Fourth
Symposium on Operating Systems Design and Implementation,
2000.

¢ Andthere ae no good ansvers ..yet
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Software

» Done with hardware, now on to software:

Software
Hardware
Power source

» General consensusis hardware savings are
easier to achieve, but software savings
could be orders of magnitude greater...
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Software

» Main areas of power savingsin software
—Conpiles
— Operaing sysem
— Application

* Less previous work on power savingsin
software than in hardware
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Software

e Conpilas T vari d.d. “Instructi on level ower
and yd's and opti nhzati on of soft ware” Journd of
VLSl Sgna Rocessng, 199.

— Measured power of long loops of an instruction, added
power info to compiler optimization

— Main finding is that fast software is more energy
efficient
« Choice of instructions is more important than order

— Average power while active was about the same or
greater, but execution time was decreased.

« Overall energy decrease
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Software

¢ Compilation: Simunic et.al. “Energy —Efficient Design of
Battery-Powered Embedded Systems,” ISLPED’ 99
« Energy vs. compiler and source code opt’ns for SA-1100
SmartBadge, using cycle-accurate CPU simulator
« Compiler optimizations mostly < 1%
« Source code optimizations could be significant:
— Unsigned int division vs. signed: 15% more energy efficent
— Tablelookup vs. switch statement: 50% more efficient
— Integer variable vs. char: 18% more efficient
— Function call overhead was significant—passing args in registers
vs. passing them on stack: 70-90% more efficient
« For large example, employing all optimizations saved 32%
— Time savings was 35%...
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Software

¢ QOperaing sysens
— Two main specifications:
« Advanced Power Management (APM)
« Advanced Configuration and Power Interface (ACPI)
— APM isbeing phased out, ACPI is its replacement
— ACPI provides for both power management and power-
performance reduction

« Hardware/BIOS provides tables and low-level functions for
device control

« OS provides means to read those tables, functions; uses them
in drivers and kernel

« Global states, Device power states, Performance states...
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Software

¢ OSand Application software: Lorch and Smith, “ Software
Strategies for Portable Computer Energy Management,”
|EEE Personal Communications, June 1998.

« Categorizes software control issues:
— Transition: When should a component switch modes?

— Load-change: How can a component’s functionality needs be
modified so it can be put in low power modes more often?

— Adaptation: How can software permit novel, power-saving uses of
components?

« Other papers by Lorch study power problems of MacOS
— Threads active while not doing any work...
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Software

Flinn et. a. “Powerscope: A tool for profiling the energy
usage of mobile applications,” IEEE Workshop on Mobile
Computing Systems and Applications, 1999

- e | 1 i ) 3
' M- n «i ps—
ey -_:3- - —+
i |
1
« Allows per process and per function energy measurement
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Wrap-up

 Battery life: Isit really what you want to
measure?

— Better neasure: Wirk per bateylife

¢ Suppose 50%decrease i n CPUfrequency g ves:
50%decreasei n pafa nance,

20%decreasei n power:

» Then work per battery life = 0.5/0.8 = 0.63
of original...
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Wrap-up

Find out where power is going

 Thingsto keep in mind while measuring
power:
—Sanpingraed neg
— Laency of trigger

« |.e. you can’'t measure a 100us function call if
trigger latency is 1ms...
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Wrapping up

* Stupid notebook tricks--Windows login and
my laptop:

— W ndows, logged i n screen df: 11.5w
— W ndows, logged in screen i ght: 17.0wW
— W ndows, logged in screend m 4.1 wW

— W ndowsat login prompt, screend m 27.4W

—Linux, screend m 151W
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Wrap-up

Ruminations on the future:

— Conputing wll consune negli g H e power
— Comnuni cati on wil consune sone power
— Humanirterface wil bethe b g hog

* Closing thought:
“Energy is eternal delight.”
—William Blake, the Marriage of Heaven and Hell.
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