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Embedded System Hardware

Embedded system hardware is frequently used in a loop

(“hardware in a loop®).
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Efficiency:
slide from lecture 1 applied to processing

CPS & ES must be efficient

=) - Code-size efficient
(especially for systems on a chip)

=) - Run-time efficient
Weight efficient
Cost efficient

= - Energy efficient

-tL, technische universitat ® fakultat far © P.Marwedel, SGEfaphliC;iohlﬂlicmsoft, P. Marwedel,
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Why care about energy efficiency ?

Relevant during use?
Execution platform Plugged | Uncharged Unplug-
periods ged
E.g. | Factory Car Sensor
Global warming | H H
Cost of energy M H ]
Increasing performance M M M
Problems with cooling, avoiding hot spots M M M
Avoiding high currents & metal migration | | |
Reliability M M |
Energy a very scarce resource O] M
£ | _§
{ et Imls
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Should we care about energy consumption
or about power consumption?

E:jp(t)dt

>

P(t) 1

v
—~

Both are closely related, but still different

technische universitat ® fakultat far © P.Marwedel,
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Should we care about energy consumption
or about power consumption (2)?

Minimizing power consumption important for
design of the power supply & regulators %6
dimensioning of interconnect, short term cooling
Minimizing energy consumption important due to
restricted availability of energy (mobile systems)

cooling: high costs, limited space

thermal effects
dependabillity, long lifetimes

In general, we need to care about both

technische universitat ® fakultat far © P.Marwedel,
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Application Specific Circuits (ASICS)
or Full Custom Circuits

Approach suffers from
long design times,

lack of flexibility
(changing standards) and

high costs
(e.g. Mill. $ mask costs).

Custom-designed circuits necessary
If ultimate speed or

energy efficiency is the goal and | = HW synthesis not

large numbers can be sold. covered In this course,
let’s look at processors

; | technische universitat o~ fakultat far © P.Marwedel, o Grashics: M. Encel. 2012 3
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PCs: Problem: Power density increasing

Sun’s
Nuclear reactor i 2 Surface

@ = Prescott: 90 W/cm2,
90 nm [c't 4/2004]

Hot plate Pentium lll ® processor
Pentium Il ® processor

Watts/cm®

=
o

Pentium Pro ® processor

Pentium ® processor

1.5p 1p 0.7p 0.5p 0.35p 0.25p 0.18u 0.13p 0.1p 0.07p

Surpassed hot-plate power density in 0.5u © Intel

M. Pollack,
Not too long to reach nuclear reactor Micro-32
technische universitat * _fakultat fur © P.Marwedel, - 10 -
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PCs: Surpassed hot (kitchen) plate ...?
Why not use it?

Strictly
speaking,
energy is not
“consumed”,
but converted
from electrical
energy into
heat energy

’ . http://www.phys.ncku.edu.tw/

~htsu/humor/fry_egg.html

,‘,L{ »“s( ubador*,

Fal g

technische universitat ® fakultat far © P.Marwedel, 11
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PCs: Just adding transistors would have resulted
In this:

Figure 7. Unconstrained evolution of a microprocessor results in excessive power

consumption.

200

Unconstrained Evolution 100mm? Die /

400

% 300
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g 200
o
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20032 2006 2010 2014 2018

S. Borkar, A. Chien: The future of microprocessors, Communications of the ACM, May 2011
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Keep it simple, stupid (KISS)

Il Dic Area B FP Performance (X)
Integer Performance (X) B Int Performance/Watt (X)

386 to 486

485 to Pentium

Pentium to PB PG to Pentium 4

Increase (X)

* Pentium 4

to Core
0
On-die cache, Super-scalar 000-5peculative Deep pipeline Back to non- deep

pipelined |ZIIpE|.II'|E

S. Borkar, A. Chien: The future of microprocessors,

Communications of the ACM, May 2011
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Prerequisite:
Static and dynamic power consumption

Dynamic power consumption: Power consumption caused
by charging capacitors when logic levels are switched.

v, SMOS o P=a C V2 f with
ﬂ a . switchingactivity # Decreasing
- C, : loadcapacitance V44 reduces P

—c, Vy:supplyvoltage quadratically

f . clock frequency

Static power consumption (caused by leakage current):
power consumed in the absence of clock signals

Leakage becoming more important due to smaller devices

technische universitat ® fakultat far © P.Marwedel, 14
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How to make systems energy efficient:
Fundamentals of dynamic voltage scaling (DVS)

Power consumption of CMOS
circuits (ignoring leakage):

P=a C_ Vg, f with
a . switchingactivity
C, :loadcapacitance
V,, :supplyvoltage
f . clock frequency

Delay for CMOS circuits:

Vdd
(Vdd _Vt )2
V, :threshholdvoltage

V., <thanV,,)

7 =kC, with

®Decreasing V44 reduces P quadratically,
while the run-time of algorithms is only linearly increased

® fakultat far
informatik
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Voltage scaling: Example

Figure 13. Improving energy efficiency through voltage scaling.

B5nm CMOS, 50° C B5nm CMOS, 50° C
0 107 g 450 100
E g 4':“:] 3 AFEYEFIF I FEAF YA F A FHUI PP U F AU A %
£ 10 I [ = 5
g : £ © 300 EE 1 3
2 1 : 1 s £ = P
g N . 2 go0m| £ >
- Iy : 2] s =
F @ £ 150 = 10" §
S 10 i 10* £ S| E "
.E T T E T P R EY Y "-E-- = g >
= - ¢ S0 =
= 1 10 w 0 102 <

02 04 06 08 10 12 14 02 04 06 08 10 12 14
Supply Voltage (V) Supply Voltage (V)

© ACM, 2011

S. Borkar, A. Chien: The future of microprocessors, Communications of the ACM, May 2011
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_.EPH. PAISA

Area vs. Power Envelope (22nm)

256 1
(For 128 - Area (310 mmz)
servers) 64 - -e- Power (130 W)
$ 32 110 GHz clock:
8 .5 |Many cores unusable
S ----...__‘___‘_“
] 8 1 “D - ﬁ.,';-‘
=]
2 | "Darksilicon™y
2 \
2 1 :
\
1 I I I | I . I =

1 2 4 8 16 32 64 128 256 512
Cache Size (MB)

v" Good news: can fit hundreds of cores
X Can not use them all at highest speed

€ 2010 Babak Falsafi

technische universitat " fakultat for © P.Marwedel, .
dortmund | % informatik Informatik 12, 2013 © Babak Falsafi, 2010 - 17 -



LG A

Of course one could pack more

(For slower cores, cheaper cache
256
servers) £
128 -+ Area (310 mm%
64 - -o- Power (130 W)
S 2 — 1 GHz, 0.21V
o — 2.7 GHz, 0.28V
o 16 4.4 GHz, 0.35V
S . , 0.
= 8 5.7 GHz, 0.42V
-E 4 6.9 GHz, 0.49V
= , —— 8 GHz, 0.56V
— 9 GHz, 0.63V
L T T T e A

1 2 4 8 16 32 64 128 256512
Cache Size (MB)

« Result: a performance/power trade-off
« Assuming bandwidth is unlimited

© 2010 Babak Falsafi

technische universitat ® fakultat far © P.Marwedel,
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Dynamic power management (DPM)

Example: STRONGARM SA1100

RUN: operational 400mwW
IDLE: a SW routine may
stop the CPU when not RUN } QQQGJ

in use, while monitoring 10us Qo&;
interrupts / 160 S’
SLEEP: Shutdown of on-

chip activity
[ IDLE }Power fault SLEEP }
signal
o0mW 160pW
technische universitat = fakultat far © P.Marwedel,
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Low voltage, parallel operation more efficient
than high voltage, sequential operation

Basic equations

Power: P~ V2,

Maximum clock frequency: f~Vpp,

Energy to run a program: E =P x t, with: t = runtime (fixed)
Time to run a program: t~1/f

Changes due to parallel processing, with goperations per clock:

Clock frequency reduced to: f=11p,
Voltage can be reduced to: Voo =Vpp !
Power for parallel processing: P°=P/ 2 per operation,
Power for g operations per clock: P'=pxP°=P/p,
Time to run a program is still: t’'=t,
Energy required to run program: E'=P'xt=E/p
Rough
= Argument in favour of voltage scaling, approxi-
and parallel processing mations!
technische universitat = . fakultat fur © P.Marwedel, .21 -
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GOP/J

More energy-efficient architectures:
Domain- and application specific

VIP for car mirrors

1000 Infineon
S\C. -
100 - i.-,-.’..l »
bGP
10 \
- o A
e = e N -OAK:
C:@// 1
o | Interfac@=Sgs=
Isc e
- Hd Compiler ~—{ VPL C
-~ o MPU
0.001 o + RISC \ 200MHz , 0.76 Watt
3 o 3 9 o 100Gops @ 8b
. ? S S S 25Gops @ 32b

© Hugo De Man: From the Heaven of Software to the Hell of Nanoscale Close to power
Physics: An Industry in Transition, Keynote Slides, ACACES, 2007 .. -
efficiency of silicon

technische universitat ® fakultat far © P.Marwedel, 22
dortmund informatik Informatik 12, 2013 B B




Energy-efficient architectures:
Domain- and application specific

GOP/MJ

1000

100

10

0.1

0.01

0.001

- + ® ASIC x cell

< O FPGA o MPU

o} A DSP + RISC
o [T} o [Te]
3 X S S
- - N 3

2010

Nexperia Digital Video Platform

C,C++

UHAPI

© Hugo De Man: From the Heaven of Software to the Hell of Nanoscale

Physics: An Industry in Transition, Keynote Slides, ACACES, 2007

NXP

.

60 coproc, 250 RAM’s
266MHz, 1.5 watt 100 Gops

Close to power
efficiency of silicon

technische universitat
dortmund
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Mobile phones:

Increasing performance requirements

C.H. van Berkel: Multi-Core for Mobile Phones, DATE, 2009;

£ 1000000
O

S 100000
5 10000
S 1000
4

= 100
= 10

2G

1995

2.5-3G

2000

3.5G

2005

pre-4G

2010

4G

2015

Many more instances of the power/energy problem

technische universitat
dortmund
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Mobile phones: Where does the power go?

Audio codec and Other peripherals
amplifiers 10%
10%

Color display :
and backlighting ———=

10% RF modem and
amplifier
30%
Megoo/ries Application
o processor

! 20%
Source: Siemens
[O. Vargas: Minimum power
consumption in mobile-phone
memory subsystems; Pennwell

= [t not just I/O, don’t ighore processing! ik vesign - September 20051

technische universitat ® fakultat far © P.Marwedel,
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Mobile phones: Where does the power go? (2)

Mobile phone use, breakdown by type of computation

B Graphics  (geometry processing, rasterization, pixel shading)
B Media (display & camera processing, video (de)coding)

B Radio (front-end, demodulation, decoding, protocol)
B Application (user interface, browsing, ...)

|

With special purpose HW! C.H. van Berkel: Multi-Core for

Mobile Phones, DATE, 2009;
(no explicit percentages in
original paper)

< During use, all components & computations relevant

technische universitat ® fakultat far © P.Marwedel,

dortmund informatik Informatik 12, 2013 - 26 -



Mobile phones: Where is the energy consumed?

According to 6000
International 7000 mi
Technology ]
Roadmap for 6,000 =117
Semiconductors 5,000 L
(ITRS), 2010 g | iy
update, g =xininininE B}
[Www.itrs.net] € 2o s
Current trends <= 2 000
violation of 0.5-1
W constraint for 1,000
small mobiles; o |
large mobiles: 2009 2010 2011 2012 20
-~ 7 W EmTrend: Memory Static Power @aTrend: Logic Static Power

ETrend: Memory Dynamic Power CTrend: Logic Dynamic Power

--Requirement: Dynamic plUS Static Power

technische universitat = fakultat far © P.Marwedel,

X ) X © ITRS, 2010 - 27 -
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Energy-efficient architectures: Heterogeneous
processors

(2)Telephony (W-CDMA)

Control ON i
Baseband | w.cDMA ON g
part 7
GSM ON/OFF | 3
™ Application System-domain ON %
@ B oo | [Part Realtime-domain | OFF é
mm Poweron Measured Leakage Current 407 pA £
= Power off (@ Room Temp, 1.2V) :
15  ©2007. Renesas Technalogy Com., All rights reserved. MPSoGC ‘07 Erytrs yom egien. @ RE NESAS

& “Dark silicon” (not all silicon can be powered at the same time, due to
current, power or temperature constraints)

technische universitat ® fakultat far © P.Marwedel,
dortmund _ informatik Informatik 12, 2013
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ARM's big.LITTLE as an example

Decode, Rename &
Fetch Dispatch

I T

A

L

Loop Cache

Used in
Samsung S4

[ ‘1
Highest Cortex-A15 Operating Point
Overdrive condition

7

Figure 2 Cortex-AlS Pipeline

Wiriteback

Fetch Decode Issue

~*=Cortex-A1l5

~#@-Cortex-A7

Queue

Figure 1 Cortex-A7 Pipeline /(cleoncx-AlS Operating Point

Highest Cortex-A7 Operating Point
est Cortex-A7 Operating Point |

Power

Performance

technische universitat ® fakultat far © P.Marwedel,
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Key requirement #2: Code-size efficiency

Overview: http://www-perso.iro.umontreal.ca/~latendre/
codeCompression/codeCompression/nodel.html

Compression techniques: key idea

uP WP
Addr | | Addr |
decompressor
ROM
ROM
technische universitat = fakultat far © P.Marwedel,
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Code-size efficiency

Compression technigues (continued):
2nd instruction set, e.g. ARM Thumb instruction set:

16-bit Thumb instr. Dvnamicall
001 |10 |Rd |Constant ADD Rd #constant y y

\ decoded at
major . S _
minor \ SoUrce=

run-time
opcode ot
p ocode deif’”atlon zero extended

~
1110 001 |01001 |ORd [0 Rd |0000 Constant

Reduction to 65-70 % of original code size
130% of ARM performance with 8/16 bit memory
85% of ARM performance with 32-bit memory

Same approach for LS| TinyRisc, ...
Requires support by compiler, assembler etc.

technische universitat ® fakultat far © P.Marwedel, [ARM R. Gupta]

dortmund informatik Informatik 12, 2013 - 31-



Dictionary approach, two level control store
(indirect addressing of instructions)

“Dictionary-based coding schemes cover a wide range of
various coders and compressors.

Their common feature is that the methods use some kind of a
dictionary that contains parts of the input sequence which
frequently appear.

The encoded sequence In turn contains references to the
dictionary elements rather than containing these over and
over.”

[A. Beszédes et al.: Survey of Code size Reduction Methods, Survey of Code-Size
Reduction Methods, ACM Computing Surveys, Vol. 35, Sept. 2003, pp 223-267]

technische universitat ® fakultat far © P.Marwedel, 32
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Key idea (for d bit instructions)

b For each
instruction instruction Uncompressed storage of
address address, S a d-bit-wide instructions
g [a containstable  requires a x d bits.
address of
instruction. In compressed code, each
—+ b « d bit Instruction pattern is
‘ . ; stored only once.
table of used instructions
“dictionary” small
( ry’) . —
d bit Hopefully, axb+cxd < axd.

CPU

‘v | technische universitat
’ dortmund

Called nanoprogramming
In the Motorola 68000.

® fakultat far © P.Marwedel, 33
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Key requirement #3: Run-time efficiency
- Domain-oriented architectures -

Example: Filtering in Digital signal processing (DSP)

S S S $ S
> | anti- 0 | Sample- | = |A/D- | = |Proces— | =
aliasing & hold conv. sing
n—1
Xy = Z Wk *dg
k=0
Signal at t=t, (sampling points)
technische universitat = fakultat far © P.Marwedel,
informatik Informatik 12, 2013 - 34 -
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Filtering in digital signal processing

» |« ADSP 2100 -
\ b " Xs — Z‘Ws—k*ak
| ! k=0
—— outer loop over
k+2 AX D LAY e IMXEAMYL % -~ sampling times
s—k2 AFl = : { MR:=0; Al:=1; A2:=s-1,
Address- | MXZZW[S]; MY::a[O];
registers d’ i/ \L \—VI_/ - for (k=0; k <= (n-1); k++)
A0, A1, A1 v VNS - {MR:=MR + MX * MY;
Address | Vol MX:=w[A2]; MY:=a[Al];
generation #=| 57Kk Al++; A2--;
unit (AGU) AR $ | }
MR] *,  X[S]:=MR;
: : o)
Maps nicely
technische universitat = fakultat far © P.Marwedel, 35
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DSP-Processors: multiply/accumulate (MAC) and
zero-overhead loop (ZOL) instructions

MR:=0; Al:=1; A2:=s-1; MX:=w[s]; MY:=a[0];
for (k:=0 <=n-1)

{MR:=MR+MX*MY; MY:=a[Al]; MX:=w[A2]; Al++; A2--}
7

Multiply/accumulate (MAC) instruction Zero-over;;ld loop (ZOL)
Instruction preceding MAC
Instruction.
Loop testing done in parallel to

MAC operations.

technische universitat ® fakultat far © P.Marwedel, 36
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Heterogeneous registers

Example (ADSP 210x):

P
D
-5 - T
Ax] [AY

Address- [CAF |«
registers
AQ, Al, A2
Address v
generation ——
unit (AGU)

Different functionality of registers An, AX, AY, AF,MX, MY, MF, MR

technische universitat ® fakultat far © P.Marwedel,
dortmund informatik Informatik 12, 2013
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Separate address generation units (AGUSs)

Example (ADSP 210x):

instruction

\_/

address
register

g3l

file A

=

data

=
memory é}

technische universitat

dortmund

® fakultat far
informatik

modify
register
file M

Data memory can only be
fetched with address contained
in A,

but this can be done in parallel
with operation in main data path
(takes effectively O time).

A=A+ 1 also takes O time,
same forA:=Ax+ M;

A := <immediate in instruction>
requires extra instruction

< Minimize load immediates

& Optimization in optimization

chapter

© P.Marwedel, 38
Informatik 12, 2013 B B



Modulo addressing

sliding window

Modulo addressing: wi

Am++ = Am:=(Am+1) mod n

(implements ring or circular N~
buffer in memory) AR

_____ [ .
. e N
n most | W[tl-1] /// [ ;E;E;\%E;E;E;E;E;E;E;E;E
recent { WI[tl] ;55;45;5;5;5;5;5;:;5;5;5;5 t1] 5;5;5;5;5}&;5;5;5;5;5;5;
values | WItL-n+l] pemmmemeen witl+l] T
W[tl-n+2] [T W[t1-n+2] T

Memory, t=t1 Memory, t2=t1+1

technische universitat = fakultat far © P.Marwedel,
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Saturating arithmetic

Returns largest/smallest number in case of
over/underflows

Example:

a 0111
b + 1001
standard wrap around arithmetic 0000
saturating arithmetic 1111
(a+b)/2: correct 1000

wrap around arithmetic 0000
saturating arithmetic + shifted 0111 “almost correct’

Appropriate for DSP/multimedia applications:
No timeliness of results if interrupts are generated for overflows
Precise values less important
Wrap around arithmetic would be worse.

technische universitat ® fakultat far © P.Marwedel, 40
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Example

=z L L - + - + [ .
| , . =7 |: . Rl o) 8] )9 0 Linein | 4]

— L - A2k ) w -24 E‘)ﬁv -24 o { & 0 e poapc /8‘ L) i
1.21?230 l.Et?l?SD | 1.21?2?0 1.21?290 | 1.21?310 1.21?330 | 1.21?350 | 1.21?3?0 1.21?390 1.21?410 1.2?430 |
)(|Origin:|l | 1.0 pr
Monao, 11025Hz 7 _
32-bit float 0.5 y T T

Mute [ Solo ~ /‘/ Te— _

+ | 0.0-—— — e —— ——
O — i
L Ro|-0.5- T~
2
=1.0
x|Saturation | 1.0 .
Mana, 11025 Hz — T T—
32-bit float 0.54 T
Mute | Solo — H"w—____“_ -
- + | 00 = ——— e
) - M
L R -0.5 \.H‘“‘-._
;) ' S
=1.0
x|overflow  w [ 1.0 [ 7 _
Mano, 11025Hz T
32-bit float 0.51 T
Mute | Solo S \ H“-w______*_ -
- + | 0o - — =
0 = - = \ /
\ f =
L R |-0.5- \ s
0 o3 \ -
=-1.0
technische universitat = fakultat far © P.Marwedel, MATLAB D 11
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Fixed-point arithmetic

sign binary point
V v
S
@
iwl fwl
- — =
wi
- —

Shifting required after multiplications and divisions in
order to maintain binary point.

technische universitat " fakultat for © P.Marwedel,
dortmund informatik Informatik 12, 2013
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Real-time capability

Timing behavior has to be predictable
Features that cause problems:

Unpredictable access to shared resources
Caches with difficult to predict replacement strategies
Unified caches (conflicts between instructions and data)
Pipelines with difficult to predict stall cycles ("bubbles")
Unpredictable communication times for multiprocessors

Branch prediction, speculative execution

Interrupts that are possible any time

Memory refreshes that are possible any time

Instructions that have data-dependent execution times
<~ Trying to avoid as many of these as possible.
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Multiple memory banks or memories

ARl

P

L 1

1 A
v v v
A

X AY MX MY

Address- [AF J4 [MF]

registers

A0, Al, A2

Address

generation Lae] v

unit (AGU) —LvR]
Simplifies parallel fetches
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Multimedia-Instructions, Short vector extensions,
Streaming extensions, SIMD instructions

Multimedia instructions exploit that many registers,
adders etc are quite wide (32/64 bit), whereas most
multimedia data types are narrow

2-8 values can be stored per register and added. E.g.:

« 32 bits > > 32 bits >
al a2 bl b2
+
< 32 bits >

2 additions per instruction;
no carry at bit 16

cl c2

Cheap way of using parallelism
SSE Instruction set extensions, SIMD instructions
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Summary

Information processing
Importance of energy efficiency
Special purpose HW very expensive
Energy efficiency of processors
Code size efficiency
Run-time efficiency
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SPARES
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Voltage scaling: Example

= 50[ 50MHz= 150
& Maximum Clock Frequency gw
"'5 401 40nd 2 40 =
< | 2
| 1 E
~ 30 30 3
T | | S
= "25MHz —
20t Energy Consumption 20 £
10} ¢ | | , , 110
25 30 35 40 45 50
[Courtesy, Yasuura, 2000] Vdd
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Variable-voltage/frequency example:
INTEL Xscale

POWER-PERFORMANCE COMPARISON
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