Processing units

Need for efficiency (power + energy):

Why worry about
energy and power? ﬂj !W

.LPower is considered as the most important constraint

in embedded systems*
[in: L. Eggermont (ed): Embedded Systems Roadmap 2002, STW]

Current UMTS phones can hardly be operated for more

than an hour, if data is being transmitted.
[from a report of the Financial Times, Germany, on an analysis by Credit
Suisse First Boston; http://www.ftd.de/tm/tk/9580232.htmI?nv=se]
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The energy/flexibility conflict
- Intrinsic Power Efficiency -

Operations/Watt
0 [MOPS/mW] Ambient Intelligence
7] DSP-ASIPs
1- rawire™
01 “Reconfigur® HPS

. poor design

0.01 generation

techniques
| | | | | Technology

1.00 0.5y 0.254 0.134  0.07u

Necessary to optimize! I

[H. de Man, Keynote, DATE'02;
T. Claasen, ISSCC99]
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Target technologies

1. ASICs

2. Processors
* Energy efficient
» Code-size efficient
* Run-time efficient

» Special features of DSP processors

 Multimedia instructions

* Very long instruction word machines

3. Reconfigurable hardware

‘///D P. Marwedel, Univ. Dortmund, Informatik 12

, 2003 -3-

Application Specific Circuits (ASICS)
or Full Custom Circuits

Custom-designed circuits
necessary if ultimate speed or
energy efficiency is the goal and
large numbers can be sold.

Approach suffers from long
design times and high costs (e.g.
Mill. $ mask costs).

ASIC synthesis not covered in
this course.
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Processors

At the chip level, embedded chips include micro-controllers
and microprocessors. Micro-controllers are the true
workhorses of the embedded family. They are the original
'embedded chips’ and include those first employed as
controllers in elevators and thermostats [Ryan, 1995].

Key requirements:
1. Energy-efficiency

2. Code-size efficiency:
Memory is a scarce resource in embedded systems,
in particular for ,systems-on-a-chip” (SoC).

3. Run-time efficiency
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New ideas can actually reduce
energy consumption

Pentium Crusoe

Cruzoe Brocessor (1 M5400)
Max Tels i

18,2

Running the same multimedia application.

As published by Transmeta [www.transmeta.com]
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Dynamic power management (DPM)

Example: STRONGARM SA1100

RUN: operational

IDLE: a sw routine may
stop the CPU when not
in use, while monitoring
interrupts

SLEEP: Shutdown of on-
chip activity
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Fundamentals of dynamic voltage scaling
(DVS)

Power consumption of CMOS Delay for CMOS circuits:
circuits (ignoring leakage):

P=aC Vg f with r=kC, i\/z with

a . switching activity (Vdd - t)
C, : load capacitance V, :threshhold voltage

V,, :supply voltage (V, substancially <thanV,,)
f . clock frequency

= Decreasing V44 reduces P quadratically,
while the run-time of algorithms is only linearly increased
(ignoring the effects of the memory system).
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Variable-voltage/frequency example: INTEL
Xscale
POWER-PERFORMANCE COMPARISON OS should
100,., Intel® XScale™ -l schedule
Intel® StrongARM Mi hi . . .
12004 e S ~ distribution
é of the
s | energy
£ | budget.
8
%
s
233 MHz 175 MHz 150 MHz 400 MHz GO0 MHz BOO MHz 1GHz :Tg
=20V @5 @, 75V @100 @13V @BV @18V =
B mies .Waus LgL
‘I/D P. Marwedel, Univ. Dortmund, Informatik 12, 2003 -9-

Code-size efficiency

* CISC machines: RISC machines designed for run-time-,

not for code-size-efficiency
 Compression techniques: key idea

uP

Adar |

l

MP

Addr 1

[

ROM

decompressor

ROM
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Code-size efficiency

» Compression techniques (continued):
— 2nd instruction set, z.B. ARM Thumb instruction set:

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

rce=
ina zero extended

tion
1110 {001 (01001 | ORd | O 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 [ARM, R. Gupta]
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Two-level control store concept
(indirect addressing of instructions)

.F or eac_h Each instruction pattern is
instruction :;é'}:(;iog stored only once, and not
address contains’ table _repeate_dly stored for each

S instruction address for

gddres; of which it is needed.
Lt INStruction.

+ << 32 bit Similar to concept of

colour lookup table.
table of used instructions I Can be extended to
132 bit include subroutines in
lookup table.
— CPU | Called nanoprogramming

in the Motorola 68000.
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Run-time optimization:
Domain-oriented architectures
n-1
Application: y[j] = Zizox[j-i]*a[i]
Oiz 0si < n-1: y,[j] = y;4[j] + x[j-i]*ali]
Architecture: Example: Data path ADSP210x

- Parallelism
- Dedicated
i registers
fé‘é}?;f:rss' MR:=0; Al:=1; A2:=n-2;
AO, A1, A2 MX:=x[n-1]; MY:=a[0];
. for (j:==1ton)
i+1, j-i+1 {MR:=MR+MX*MY;
Address MY:=a[Al]; MX:=x[AZ];
generation . -
unit (AGU) AL++ A2~}
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Digital Signal Processing (DSP) Processors
- Features (1) -

» Multiply/accumulate (MAC) and zero-overhead loop
(ZOL) instructions (as shown)

» Heterogeneous registers (as shown)

» Separate address generation units (AGUSs)
(as in ADSP 210x)

instruction
+/

address modify
register - register
file A file M
data
memory
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Digital Signal Processing (DSP) Processors
- Features (2) -

« Modulo sliding window
addressing: Tw 2
Am++ =
Am:=(Am+1) N
mod n t

(implements ring

or circular buffer
iIn memory) . T .
X[N-2] [ X[R-3] |-\
X[N-1] [ f X[n-g] |-
X[0] X[N-1}]-
X[1] x[n]
. X[1]
Memory, t=t1 Memory, t2=t1+1
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Saturating arithmetic

» Saturating arithmetic:
returns largest/smallest number in case of over/underflows

Example:

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

wrap around arithmetic 0000
saturating arithmetic + shifted 0111 almost correct*
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Fixed-point arithmetic

sign binary point

|
EEEEN

iwl fwl

wl

Shifting required after multiplications and divisions in
order to maintain binary point.
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Real-time capability

» Timing behavior has to be predictable
Features that cause problems:

— Caches, in particular with difficult to predict replacement
strategies

— Unified caches (conflicts between instructions and data)
— Pipelines with difficult to predict stall cycles ("bubbles")
— Interrupts that are possible any time

— Memory refreshes that are possible any time

— Instructions that have data-dependent execution times
[Dagstuhl workshop on predictability, Nov. 17-19, 2003]
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Multiple memory banks or memories

DD

[ax] [AY]

Address-

registers N

AO, A1, A2 N

Address

generation [

unit (AGU)

Simplifies parallel fetches
‘///D P. Marwedel, Univ. Dortmund, Informatik 12, 2003 -19-

Multimedia-Instructions/Processors

Multimedia instructions exploit that many registers, adders etc
are quite wide (32/64 bit),

whereas most multimedia data types are narrow

(e.g. 8 bit per color, 16 bit per audio sample per channel)

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

<———— 64bits 64 bits

I word3| word 2 I word 1 l word 0 ‘ ‘ word3’ word 2 | word 1 I word 0 ‘

+
—— 4 additions per instruction;

64 bits .
‘ word 3 ‘ word 2 ‘ word 1 ‘ word 0 ‘ Carry dls_abled at WOfd
boundaries.
‘///D P. Marwedel, Univ. Dortmund, Informatik 12, 2003 - 20 -
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Early example: HP precision architecture (hp PA)

Half word add instruction HADD:

Ra Rb
al a2 bl b2
| |
Y v Y
\ cl=al+bl \ c2=a2+b2 /
<0

Half word add?

Rt l’ \L

cl c2

Optional saturating arithmetic.
Up to 10 instructions can be replaced by HADD.

///D P. Marwedel, Univ. Dortmund, Informatik 12, 2003 -21-

Pentium MMX-architecture (1)

64-bit vectors representing 8 byte encoded, 4 word encoded
or 2 double word encoded numbers.

wrap around/saturating options.

Multimedia registers mmO - mm7,
consistent with floating-point registers (OS unchanged).

Instruction Options Comments

Padd[b/w/d] wrap around, | addition/subtraction of

PSub[b/w/d] saturating bytes, words, double words

Pcmpeq[b/w/d] Result="11..11" if true, "00..00" otherwise

Pcmpgt[b/wi/d] Result="11..11" if true, "00..00" otherwise

Pmullw multiplication, 4*16 bits, least significant word

Pmulhw multiplication, 4*16 bits, most significant word
‘///D P. Marwedel, Univ. Dortmund, Informatik 12, 2003 - 22-
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Pentium MMX-architecture (2)

Psra[w/d] No. of Parallel shift of words, double words
Psli[w/d/q] positions in or 64 bit quad words
Psri[wi/d/q] register or
instruction
Punpcki[bw/wd/dq] Parallel unpack
Punpckh[bw/wd/dq] Parallel unpack
Packss[wb/dw] saturating Parallel pack
Pand, Pandn Logical operations on 64 bit words
Por, Pxor
Mov[d/q] Move instruction

///D P. Marwedel, Univ. Dortmund, Informatik 12, 2003
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_ Bild A j BildB j

Appll— B .
cation ImageA R [mageB R

|| |asfepeho] | ] ] [ [Be]B2 Ba|Bo

. ey
Scaled S/ // /
interpolation | ™ Lt | A
between two ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
images /
- mm3

mm(=mm(-mml
Next word = ‘ ‘ ‘ ‘ ‘ fade_val‘ fade_valJ fade_val fade_val‘
next pixel,
same color. mm0=mm0*mm’3 ' pxor mm7,mm7 ;clear register mm7

) ‘ ‘ ‘ movq mm3,fade_val;load scaling value
4 pixels movd  mmO,imageA ;load 4 red pixels for A
prqcessed at I — movd  mm1,imageB ;load 4 red pixels for B
a time. mm(=mm0+mm] unpcklow mm1,mm7 ;unpack,bytes to words
unpcklbw mm0O,mm7  ;upper bytes from mm7
\ psubw  mmO,mml ;subtract pixel values
mm?7 hY pmulhw mmO,mm3 ;scale

‘ ‘paddw mmO,mm1

‘///D P. Marv‘ ‘

packuswb mmO,mm7

;add to image B
;pack, words to bytes
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Ultra-SPARC Processor

visual instruction set (VIS)

* Instruction for MPEG motion estimation,
includes 8 subtractions, 8 additions and 8 absolute value
computations on 8 bit data in a single cycle.
Replaces up to 1500 instructions by 32 of such instructions.
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Very long instruction word (VLIW) processors

Key idea: detection of possible parallelism to be done by
compiler, not by hardware at run-time (inefficient).

VLIW: parallel operations (instructions) encoded in one long
word (instruction packet), each instruction controlling one
functional unit. E.g.:

instruction packet

|instruction 1 | instruction 2 ‘ instruction 3 | instruction 4 |
floating point | | integer integer memory
unit unit unit unit

‘///D P. Marwedel, Univ. Dortmund, Informatik 12, 2003 - 26 -
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Avoiding unused instructions with explicit
parallelism instruction computers (EPIC)

The TMS320C62xx VLIW Processor as an example:
31 031 031 031 031 031 031 O

0 1 1 0 1 1 0
Instr. Instr. Instr. Instr. Instr. Instr. Instr.
A B C D E F G
Cycle Instruction Instructions B, C and D
cannot use any of the same
1 A functional units, cross paths
2 B C D| orother data path
3 E E G| resources. The same is also

true for E, F and G.

///D P. Marwedel, Univ. Dortmund, Informatik 12, 2003 - 27 -

Partitioned register files

* Many memory ports are required to supply enough
operands per cycle.

* Memories with many ports are expensive.

& Registers are partitioned into (typically 2) sets, e.g. for Tl
C60x:

Data path A Data path B

| register file A | | register file B |
|

lLa| [s1]||m1]||D1] D2 ||[m2] [s2] [L2]

| Address bus |

Data bus
‘///D P. Marwedel, Univ. Dortmund, Informatik 12, 2003 - 28-
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IA-64 Itanium

Succesor to Pentium-Architecture, EPIC

127 0
instruc 1 instruc 2 instruc 3 template
Instruction
grouping
information
///D P. Marwedel, Univ. Dortmund, Informatik 12, 2003 - 29-
= P TrOCE D 0
=
=
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©
=
q—
©
<
- D Proce or Die 4 = =
‘///D P. Marwedel, Univ. Dortmund, Informatik 12, © Harsh Sharangpani, Intel - 30 -
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Itanium™ Processor Core

Itanium™ EPIC Design Maximizes SW-HW Synergy

Architecture Features programmed by compiler:

Branch Explicit
Parallelism

Micro-architecture Features

Instruction|.
Cache
& Branch

|A-64 Itanium

-
o
(]
~
@
E

=t
(]
o
i
7
o
c
®

Register
Stack Predication g:;ﬁlac;;n;ml Meooty

& Rotation
(I \VETCH

Register Parallel Resources Memory
Handling Subsystem

Three
levels of

Philips

DDR SDRAM

TriMedia-
Processor

MAC 44—

InStI‘UCtIOnS/ Ethernet 10/100

MAIN MEMORY
INTERFACE

JTAG

10/100 MAC TRIMEDIA SW DEBUG  [¢———

& VIDEO IN |—> | QVCPILCD é CCIR656, HD,
CCIR656 5 5 VGA, LCD,
or data 9 2 - data
For = FAST GENERIC FAST GENERIC 5
- PARALLEL IN PARALLEL OUT o
multimedia-
i i 125 audio 4>‘ AUDIO IN |—; | AUDIO OUT li—b 125 audio
applications,
u p to 5 SPDIF audio —»‘ SPDIF IN l—b | SPDIF OUT li—b SPDIF audio

cycle.
27 MH. = VIDEO SCALER
XTAL ‘ :-E | S2SAGL S (e eSS AND DE-INTERLACER
12c - MISC 1/O, TIMERS, 2D DRAWING ENGINE
COUNTERS, & [
GPIO + SEMAPHORES
http://www.semiconductors. CI:SCTHRE
philips.com/products/nexperia 3160
/media_processing/pnx1500/ ORTA el o

/ 0 P. Marwedel,

! MSEQ98
fffffff INTERNAL BUS
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The M3 VLIW DSP Processor

256 bit-wide memory

Interconnection network

Data—path 0
Data—path 1

Data—path 2

Data—path 14
Data—path 1

Designed at TU Dresden

(G. Fettweis et al.)
‘///D P. Marwedel, Univ. Dortmund, Informatik 12, 2003

- 33-

Other VLIW-/EPIC-Architectures

Intel i860: 64-Bit instructions.

32 bits for floating point operations
32 bits for integer units.

Not enough flexibility.

63 32 31

Floating point instruction

integer instruction

* PROLOG-machine designed by project group at
Dortmund

‘///D P. Marwedel, Univ. Dortmund, Informatik 12, 2003 - 34-
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Large # of delay slots,

add “sub and’ -of )CESSOTS
sub  niglEY S@E.  div
pipeline = d “",L'St'; ! \m\\‘)‘ | |b€‘0 | instruction fetch

A\ A
stages §| T " T ¥ T NX] instructiondecode

| | | | | instruction execute

| | | | | register writeback t

‘///D P. Marwedel, Univ. Dortmund, Informatik 12, 2003 - 35-

Large # of delay slots,
a problem of VLIW processors

add s,;é&‘j?y Sét-'ﬁél or
pipeline = [ sub” | fuft ]X(\)\?\ 1di¥__ | instruction fetch
stages i! d 7 st V MV [beq. | instruction decode

| | | [ | instruction execute

| | [ [ | register writeback Vt

‘///D P. Marwedel, Univ. Dortmund, Informatik 12, 2003 - 36 -
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Large # of delay slots,
a problem of VLIW processors

delay slots
N NN
77 ] < =
pipeline = sul nd instruction fetch
stages O I ! - . .
\ sub” Imdit Ixot _ IdivY instruction decode
[Id [st ‘mv_ |beg | instruction execute

| | | | | register writeback

The execution of many instructions has been started before it is

realized that a branch was required.
Nullifying those instructions would waste compute power

& Executing those instructions is declared a feature, not a bug.

< How to fill all ,delay slots* with useful instructions?
< Avoid branches wherever possible.

t

///D P. Marwedel, Univ. Dortmund, Informatik 12, 2003
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Predicated execution:
Implementing IF-statements , branch-free”

Conditional Instruction ,[c] I consists of:
» condition c
e instruction |

c =true => | executed
c = false => NOP

‘///D P. Marwedel, Univ. Dortmund, Informatik 12, 2003
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if (c)

{a=x+Yy;
b=x+z

}

else

{a=x-vy;
b=x-z

}

///D P. Marwedel, Univ. Dortmund, Informatik 12, 2003

Predicated execution:
Implementing IF-statements , branch-free®: Tl C6x

Conditional branch Predicated execution
[c] B L1 [c] ADD x,y,a
NOP 5 || [c] ADD x,z,b
BL2 || ['c] SUB x,y,a
NOP 4 || ['c] SUB x,z,b
SUB x,y,a
|| SUB x,z,b
L1: ADD x,y,a
|| ADD x,z,b
L2:
max. 12 cycles 1 cycle
- 39-

Microcontrollers

- MHS 80C51 as an example -

« 8-bit CPU optimised for control applications «-------------------- o

« Extensive Boolean processing capabilities «---------------------
* 64 k Program Memory address space

* 64 k Data Memory address space

* 4 Kk bytes of on chip Program Memory
« 128 bytes of on chip data RAM ~

« 32 bi-directional and individually addressable /O lines «------

* Two 16-bit timers/counters «
e Full duplex UART  «---ooommmomeeee

* 6 sources/5-vector interrupt structure with 2 priority levels <
* On chip clock oscillators  «--------=--====r-mmmmmmmmm oo

* Very popular CPU with many different variations «<-----------------

w3 1J10J salnjesH

pPappaq

‘///D P. Marwedel, Univ. Dortmund, Informatik 12, 2003 - 40 -
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Reconfigurable Logic

Full custom chips may be too expensive,
software may be too slow.

& Use of configurable hardware;
most common form: field programmable gate arrays
(FPGAS)

Considered e.g. for configuring mobile phone according to
local standards;

Fast ,object recognition”.
Example: Xilinx Virtex Il FPGAs

‘///D P. Marwedel, Univ. Dortmund, Informatik 12, 2003
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Floor-plan of VIRTEX Il FPGAs

Configurable Logic

!
!

Configurable Logic
1
1

Digital clock manager

I

Programmble 1/0s

LI

]

I I
I T

X

I/O Blocks

LILE
[ IE
=
=
L JE

(1=

Block RAM

Muitiplier
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Virtex Il Configurable Logic Block (CLB)

COUT/P
slice
X1Y1
slice
< CouT X1 YO)P
5 CIN
£ F fast connects
g ;Ié)c\z to neighbourghs
w
slice
L XoYo
CIN )P
///D P. Marwedel, Univ. Dortmund, Informatik 12, 2003 - 43 -

cout cout
& wsootnenencie to CIN of §2 of the next CLB

2 carry paths per [T ? --------------
CLB (Vertex Il Pro)

SLICE 83

SLIGE 82

SLICE 81
(Second Carry Chain)
SLICE S0
[© and source: Xilinx Inc.: Virtex-1l Pro™
Platform FPGAs: Functional Description, Sept.
2002, //www.xilinx.com] ciN CIN oL
w0 D Marrmrdal 1imi T | e

///D P. Marwedel, Univ. Dortmu

Figyre 32; Fast Carry Logic Path
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Virtex Il Slice (simplified)

Example:
Look-up tables LUT F and G can be used to NN
compute any Boolean function of < 4 variables. o lofololo
............................................ 0 O 0 1 1
. 0011
RAM 16| . ORCY o0
X 0L jojrlo
Y N D
+ | SRLt6L ~ 2 bofrliolo
~ T register (OB O
8 E cY 1lofolofa
RAM 16[ 1 ool
. e 1010
. | sRLCts 35 1joppp
b A = 1 (1 [0[0]0
. | LUTE ’—| register 1 iofih
A h cY 11101
""""""""""""""""""""""""" 11110
///D P. Marwedel, Univ. Dortmund, Informatik 12, 2003 - 45 -

Virtex |l

(Pro) Slice  soene—
o ¢ [—>SOPOUT
Egt\lzl—gorl * YBMUX -
i#t-Reg >
G4 = Ad : ngcv‘
= A3 DLUT
ORAM
G2 = A2 BRom
SR At B
WG4 —> wed o GYMUX Y
WG3 —> WG3 ]
we2 — We2 sl <—1ov.]
WG1 > wat XORG OFF
ws DI CILATCH
ALTDIG +
IS DYMUX| D Qf—r>a
';DMULTAND PGFfOD cefce 7
{sv CYoG| CLK—{ CK
J:: SR_REV
BY Il] i T
SLICEWE[2:0] WSG SHIFTOUT SR
= {Wel0) DIG
e —

e« MUXCY|
WSF (o] [
I
CE D—'j]
CLK Shared between | [© and source: Xilinx Inc.:
x & y Registers | .
e DI ] Virtex-1l Pro™ Platform

FPGAs: Functional

|
I

‘ Description, Sept. 2002,
h Ilwww.xilinx.com]
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Virtex Il Pro Devices
include

up to 4 PowerPC
processor cores

[© and source: Xilinx Inc.: Virtex-1l Pro™ Platform
FPGAs: Functional Description, Sept. 2002,
Ilwww.xilinx.com]

///D P. Marwedel, Univ. Dortmund

Multipliers and
Block SelectRAM

DCM

Rocket I/O™
Multi-Gigabit Transceiver
/

\

CLB

Selectl/O™-Ultra

Configurable
Logic

Processor Block

DS083-1_01_010802

Number of resources
available in Virtex Il Pro devices

Table 16: Virtex-1l Pro Logic Resources Available in All CLBs

Max Distributed

CLB Array: | Number SelectRAM+ or Number

Row x of Number Shift Register Numberof Number of of SOP

Device Column Slices | of LUTs (bits) Flip-Flops | Carry Chains(!) | Chains(1)
XC2vP2 16 x 22 1,408 2,816 45,056 2,816 44 32
XC2VP4 40x 22 3,008 6,016 96,256 6,016 44 80
XC2VP7 40x 34 4,928 9,856 157,696 9,856 68 80
XC2VP20 56 x 46 9,280 18,560 296,960 18,560 92 112
XC2VP30 80 x 46 13,696 27,392 438,272 27,392 92 160
XC2VP40 88x 58 19,392 | 38,784 620,544 38,784 116 176
XC2VP50 88 x 70 23,616 47,232 755,712 47,232 140 176
XC2VP70 104 x 82 33,088 | 66,176 1,058,816 66,176 164 208
XC2VP100 120 x 94 44,096 88,192 1,411,072 88,192 188 240
XC2VP125 136x 106 | 55,616 | 111,232 1,779,712 111,232 212 272

Notes:

1. The carry-chains and SOP chains can be split or cascaded.

[© and source: Xilinx Inc.: Virtex-1l Pro™ Platform FPGAs:

Functional Description, Sept. 2002, //www.xilinx.com]
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